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Abstract

The interplay between platelets and tumor cells is known to play important roles in metastasis by 

enhancing tumor cell survival, tumor-vascular interactions, and escape from immune surveillance. 

However, platelet-covered circulating tumor cells (CTC) are extremely difficult to isolate due to 

masking or downregulation of surface epitopes. Here we describe a microfluidic platform that 

takes advantage of the satellite platelets on the surface of these “stealth” CTCs as a ubiquitous 

surface marker for isolation. Compared to conventional CTC enrichment techniques which rely on 

known surface markers expressed by tumor cells, platelet-targeted isolation is generally applicable 

to CTCs of both epithelial and mesenchymal phenotypes. Our approach first depletes unbound, 

free platelets by means of hydrodynamic size-based sorting, followed by immunoaffinity-based 

capture of platelet-covered CTCs using a herringbone micromixing device. This method enabled 

the reliable isolation of CTCs from 66% of lung and 60% of breast cancer (both epithelial) patient 

samples, as well as in 83% of melanoma (mesenchymal) samples. Interestingly, we observed 

special populations of CTCs that were extensively covered by platelets, as well as CTC-leukocyte 

clusters. Because these cloaked CTCs often escape conventional positive and negative isolation 

mechanisms, further characterization of these cells may uncover important yet overlooked 

biological information in blood-borne metastasis and cancer immunology.
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Introduction

A large body of evidence has accumulated suggesting the involvement of the coagulation 

system in the hematogenous dissemination of cancer. As early as 1865, the association 

between venous thromboembolism and cancer has been reported which is now referred to as 

the Trousseau’s Syndrome1. In 1878, Billroth found histological evidence of tumor cells 

within a thrombus, suggesting that thrombosis may play a mechanistic role in the spread of 

distant metastases2. It is now recognized that both high platelet count and expression of 

coagulation factors by cancer cells are negative prognostic markers in many different types 

of cancers3–5. In vitro and animal experiments have shed light on how platelets are involved 

in various steps of the metastatic cascade. Platelets contain a variety of angiogenic and 

vascular remodeling factors in granules that are released upon activation, regulating the 

tumor vasculature through which circulating tumor cells (CTCs) disseminate5,6. The 

physical interaction between platelets and tumor cells, frequently enhanced by tumor-

derived tissue factor and thrombin7,8, confers a number of survival advantages in the 

circulation. For instance, platelets (together with fibrin) can protect tumor cells from natural 

killer cell-mediated lysis by physical shielding9,10, or by conferring a “pseudonormal” 

phenotype via the transfer of platelet-derived MHC class I to the tumor cell surface11. 

Platelets may also aid in the establishment of metastases by promoting tumor cell adhesion 

under shear flow12 and guide the formation of early metastatic niches13. The central role that 

platelets play in these processes is evident in several independent animal studies that 

demonstrated inhibition of metastasis by platelet depletion and the restoration of metastatic 

potential by platelet reconstitution14–16.

Over the past two decades, numerous technologies have emerged to isolate rare CTCs from 

blood of cancer patients for a range of scientific and clinical applications (for a 

comprehensive review, refer to reference 17). To this end, our group pioneered the 

development of microfluidic technologies that isolate CTCs by immunoaffinity-based 

positive enrichment18,19 or “negative” selection (i.e., by depleting hematologic cells)20, or 

by taking advantage of the size and asymmetry of CTC clusters21,22. However, the isolation 

of platelet-covered CTCs is extremely difficult and current technologies have not been 

designed to detect this particular CTC population. This difficulty derives from the inherent 

biological and physical interactions between platelets and CTCs. For instance, platelet-

derived growth factors and the direct contact between platelets and tumor cells may induce 

epithelial-mesenchymal transition (EMT)23, which downregulates the surface expression of 

epithelial cell adhesion molecule (EpCAM)—an extensively used marker for the isolation 

and identification of CTCs of epithelial origin17. In addition, the platelet cloak on the CTCs 

may shield them from being captured by antibodies. Further, because CTCs are often 

clustered with leukocytes19,21 and this interaction may be enhanced by activated platelets 

and clotting proteins24–26, “negative” enrichment by leukocyte depletion20 likely removes a 

significant fraction of CTCs.

Here we address this gap by treating platelets as a ubiquitous cell-surface marker for the 

isolation of platelet-cloaked CTCs from patient blood. We target this CTC population using 

a positive enrichment approach that captures platelet-covered cells. Due to the massive 

number of free, unbound platelets that are present in whole blood on the scale of 108 per 
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mL, their efficient depletion prior to cell isolation is critical to prevent the saturation of 

capture antibodies. We implement a two-step microfluidic strategy that first depletes free 

platelets by size20 using principles of deterministic lateral displacement (DLD)27, followed 

by the isolation of platelet-covered CTCs and clusters using the herringbone CTC chip (HB-

Chip)19 which induces microvortices28 to enhance cell-capture surface interactions. Using 

blood from patients with lung cancer, we compare this approach to a conventional one that 

uses EpCAM-based capture, and formally show the presence of a CTC population that is 

coated with platelets in clinical samples. Further, we demonstrate a critical advantage of this 

approach in isolating CTCs from both epithelial (lung & breast) and mesenchymal 

(melanoma) cancer types without the a priori knowledge about their surface tumor marker 

expression. This work enables the isolation of a CTC subpopulation that is correlated with 

high metastatic potential but yet overlooked by existing CTC isolation technologies.

Results and Discussion

Microfluidic CTC isolation from patients with metastatic lung cancer

We employed a two-stage microfluidic approach to isolate platelet-covered CTCs based on 

immunoaffinity to platelets (Fig. 1). Because platelets are abundant in whole blood (~108/

mL), we first processed whole blood through a microfluidic debulking device which consists 

of arrays of microposts to remove free platelets—together with red blood cells (RBCs)—by 

hydrodynamic size-based sorting (DLD)20. This process achieves a >2-log depletion of free 

platelets while retaining nucleated cells. The product containing CTCs and leukocytes was 

then processed through a microfluidic herringbone mixing device functionalized with 

antibodies to human platelets (CD41 HB-Chip) or EpCAM (EpCAM HB-Chip) for the 

isolation of CTCs.

We applied this platform to process 32 blood specimens from 24 independent metastatic 

(stage IV) lung cancer patients. All captured cells on the HB-Chips were immunostained to 

score CTCs, which are identified by the positive staining of tumor markers EpCAM and 

cadherin-11 while negative for the leukocyte marker CD45. A platelet marker (CD61) was 

also included. Using the CD41 HB-Chip, CTCs were found in 21 out of 32 cases (66%) with 

counts ranging from 0.4 to 8.5 CTCs/mL of blood (mean 1.68 ± 2.04 CTCs/mL; Fig. 2A). In 

comparison, the EpCAM HB-Chip resulted in lower capture rates in terms of both positivity 

of CTCs (29% of patients) as well as CTC count (range 0.4–1.2 CTCs/mL; mean 0.17 

± 0.31 CTCs/mL; p = 0.0013; Fig. 2A). In control blood specimens from healthy 

individuals, we detected only one false-positive event in our 5 control samples using the 

CD41 HB-Chip (Fig. 2A), demonstrating the specificity of this approach. A larger cohort of 

healthy donor control samples will be required to characterize the rate of false-positive 

detection for clinical diagnostic applications.

CD61 staining on captured CTCs confirmed the presence of platelets specific to the CD41 

HB-Chip, whereas the traditional EpCAM-targeted approach reveals little to no platelet 

coverage (Fig. 2B). The degree of platelet coverage around CTCs exhibited a wide spectrum 

including cells that are completely soaked with platelets (Fig. 2B & Fig. 3B). This finding 

may partially explain the lower capture rates of CTCs using the EpCAM HB-Chip, as the 

platelet cloak may have masked the EpCAM on cell surface and thereby reducing capture 
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efficiency. We also note that there is a population of platelet-cloaked cells on the CD41 HB-

Chip that remain unidentified with the current staining protocol. We attempted to include 

cytokeratin staining as an additional tumor marker; however, the required fixation and 

permeabilization procedures were incompatible with our live-cell membrane staining 

protocol. Further optimization of immunostaining and spectral separation of epithelial and 

mesenchymal markers will be critical in characterizing the heterogeneous CTCs along the 

EMT spectrum.

CTC isolation from patients with breast cancer and melanoma

We extended this microfluidic platform to isolate CTCs from other cancer types that are of 

epithelial (breast, n = 5) and non-epithelial (melanoma, n = 6) origins. Breast CTCs were 

identified using the same protocol as lung patient samples, while melanoma CTCs were 

stained with an antibody cocktail that targets melanoma specific antigens (CSPG4, MCAM, 

TYRP1, and α-SMA) as previously described29. In a small cohort of patients, we have 

demonstrated reliable CTC capture (Fig. 3A) in breast cancer (3 of 5 patients; range 1.0–2.7 

CTCs/mL; mean 1.1 ± 1.2 CTCs/mL) and melanoma (5 of 6 patients; range 1.4–17.3 

CTCs/mL; mean 4.9 ± 6.5 CTCs/mL). Similar to the CTCs from lung cancer patients, all 

CTCs captured with this approach are associated with different degrees of platelet coverage 

(Fig. 3B). Furthermore, across all three cancer types analyzed in this study, we did not 

observe any association between the type of cancer treatment (chemotherapy, targeted 

therapy, or immunotherapy) and the number of platelet-coated CTCs. Together, these results 

suggest that platelet-CTC interaction is a general phenomenon, and demonstrate the 

applicability of platelet-targeted approach in isolating CTCs from both epithelial and 

mesenchymal origins without requiring knowledge of their surface epitopes.

CTC-leukocyte clusters

In addition to single CTCs, we have also identified cell clusters comprising CTCs and 

leukocytes using platelet-targeted isolation. Indeed, over 40% of captured CTCs were in the 

form of CTC-leukocyte clusters (Fig. 4A), and the number of associated leukocytes appear 

to correlate with the extent of platelet coverage around the CTCs (Fig. 4B–D). These 

findings provide support that platelets mediate CTC-leukocyte interactions, and implicate 

their potential roles in establishing early metastatic niches13, promoting tumor-vascular 

interactions12,30,31, and facilitating metastatic growth32,33. Whereas these pro-tumorigenic 

effects are typically conferred by granulocytic and monocytic cells, the interaction of T cells 

and natural killer cells with CTCs may also originate from anti-tumor immune responses. 

The capability of our approach to isolate platelet-cloaked CTCs and CTC-leukocyte clusters

—both of which are difficult to detect using conventional affinity-based selection methods—

enables the comprehensive characterization of CTCs that are highly relevant in blood-borne 

metastasis and tumor immunology. Further, given the pro-survival signals conferred by 

platelets and certain types of leukocytes, some of these CTCs may possess a much higher 

chance of ex vivo expansion, and thereby overcome a critical bottleneck in establishing 

patient-derived CTC lines for personalized drug screening without the need of invasive 

biopsies34.
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CTC purity with platelet-targeted isolation

A key issue that potentially limits the performance of our approach is the relatively low 

purity of CTCs compared with other technologies. Because size-based enrichment of 

nucleated cells followed by platelet-targeted capture does not preferentially isolate CTCs 

over leukocytes, we observed a large number of contaminating leukocytes on the CD41 HB-

Chip (~105/mL), compared to the conventional EpCAM HB-Chip (~104/mL; p = 0.0046; 

Fig. 5). As leukocytes also interact with platelets in the circulation35, such undesired 

leukocyte capture is different from non-specific binding events as observed in other isolation 

strategies and presents significant engineering challenges. To minimize the impact of 

leukocyte contamination in downstream molecular analyses, selective release of captured 

CTCs can be achieved by localized degradation of polymeric nanocoating in the 

microfluidic device36.

Conclusions

In this work, we present a two-stage microfluidic approach that isolates CTCs by targeting 

platelets that satellite on the surface of the tumor cells without requiring the a priori 
knowledge of CTC surface marker expression. We show proof-of-principle that platelet-

coated CTCs indeed exist in significant numbers in metastatic cancer patients of both 

epithelial (lung and breast) and non-epithelial (melanoma) tumor origins. We report robust 

capture of these cells in the form of both single cells and clusters, including an interesting 

population that associates extensively with leukocytes. The ability to isolate these “stealth” 

CTCs opens up new avenues for non-invasive cancer diagnostics as well as investigations in 

blood-borne metastasis and tumor immunology. More work will be needed to molecularly 

characterize this special CTC population to understand the interplay between EMT and 

interactions with platelets and leukocytes, and to determine their clinical significance.

Methods

Patient samples and blood processing

Patients with advanced lung, breast and melanoma cancer (all stage IV) were recruited 

according to protocol DF/HCC 05-300 approved by the institutional review board of 

Massachusetts General Hospital. Informed consent was obtained for all donors and all 

experiments were performed in compliance with the relevant laws and institutional 

guidelines. All specimens were collected into vacutainer (Becton-Dickinson) tubes 

containing the anticoagulant EDTA and were processed using the microfluidic chips within 

4 hours of blood draw.

Microfluidic device fabrication and operation

The first-stage hydrodynamic sorting (DLD) devices were designed at Massachusetts 

General Hospital and fabricated by Silex with deep reactive ion etching on silicon wafers as 

described previously20,37. The DLD array consists of 24 parallel channels that are 150 μm in 

depth. The gap size between posts and the vertical pitch are both 32 μm, the horizontal pitch 

is 56 μm, and the row shift fraction is 1/60. The device was sealed with anodically bonded 

glass cover to form the microfluidic chamber. A custom polycarbonate manifold was used to 
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form the fluidic connections to the microchip. The second-stage HB-Chips were made of 

PDMS bonded to glass substrates using soft lithography techniques, and functionalized with 

anti-EpCAM (20 μg/mL, R&D Systems) or anti-CD41 (20 μg/mL, Abcam) using avidin-

biotin chemistry as described19.

Whole blood was first processed through the DLD chip with co-flow of buffer (1% w/v 

Pluronic F-68, Sigma; in PBS). The product contains highly enriched nucleated cells in 

buffer with complete blood counts (Sysmex KX-21N) that indicate >2 log-depletion of 

platelets. This product was then processed using the CD41 or EpCAM HB-Chip at 1.14 

± 0.24 mL/hr for CTC isolation.

Immunostaining of captured cells

For lung and breast patient samples, captured cells on the HB-Chips were stained with 

fluorochrome-conjugated antibodies as follows: anti-EpCAM (3:100, Alexa Fluor 488 

conjugate, Cell Signaling Technologies), anti-cadherin-11 (1:10, Alexa Fluor 488 conjugate, 

R&D Systems), anti-CD45 (1:20, Alexa Fluor 647 conjugate, BD Biosciences), and anti-

CD61 (1:100, Abcam) that was conjugated to Alexa Fluor 568 via amine groups (Alexa 

Fluor 568 Antibody Labeling Kit; Life Technologies). We chose to group together epithelial 

and mesenchymal markers into the same color in order to maximize the sensitivity of CTC 

detection while simultaneously including markers for platelets (CD61) and leukocytes 

(CD45). The cells were then fixed with 2% paraformaldehyde for 1 hour after which nuclei 

were stained with DAPI. For melanoma patient samples, cells were fixed with 4% 

paraformaldehyde, permeabilized with 1% NP-40 (Sigma-Aldrich), and immunostained as 

previously described29. The primary antibodies used were: anti-CSPG4 (1:100, mouse 

IgG2a, Abcam), anti-MCAM (1:200, mouse IgG2a, BioLegend), anti-TYRP1 (1:200, mouse 

IgG2a, Abcam), anti-SMA (1:400, mouse IgG2a, Sigma), anti-CD45 (1:400, rat IgG, Santa 

Cruz Biotechnology), and anti-CD61 (1:100, mouse IgG1, Abcam). Secondary antibodies 

were Alexa Fluor 488-conjugated goat anti-mouse IgG2a, Alexa Fluor 568-conjugated goat 

anti-mouse IgG1, and goat anti-Rat Alexa Fluor 647 (all from Invitrogen).

Statistical analyses

Numerical data are expressed as mean ± standard deviation. Pair-wise comparisons used 

two-tailed t test. Comparisons of grouped data used one-way ANOVA followed by Tukey’s 

posttest for multiple comparisons. All tests were performed with Prism 7 (GraphPad).
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Figure 1. 
Schematic of microfluidic blood processing. Whole blood is first enriched for nucleated 

cells based on size using a DLD micropost array. The product is then processed using the 

herringbone micromixing chip (HB-Chip) functionalized with CD41 or EpCAM antibodies 

to achieve affinity-based CTC capture.
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Figure 2. 
Lung CTC isolation using platelet- and EpCAM-targeted capture. (A) CTC counts in blood 

samples obtained from healthy donor (HD) and metastatic lung cancer patients (Lung pt) 

that were captured using CD41 or EpCAM antibodies. (B) Fluorescent images of CTCs 

captured using CD41 (top) and EpCAM antibodies (bottom). The cells were immunostained 

for EpCAM/cadherin-11 (CTC marker; Alexa Fluor 488; green), CD45 (leukocyte marker; 

Alexa Fluor 647; red) and CD61 (platelet marker; Alexa Fluor 568; gold) respectively. Scale 

bar, 10 μm.
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Figure 3. 
(A) CTC count from breast cancer and melanoma patient blood using platelet-targeted 

capture. (B) Representative fluorescent images of CTCs from lung and breast cancer and 

melanoma patient samples. Lung and breast CTCs were immunostained for EpCAM/

Cadherin-11 (Alexa Fluor 488; green). Melanoma CTCs were immunostained for CSPG4, 

MCAM, TYRP1, and α-SMA (Alexa Fluor 488; green). Leukocytes and platelets were 

stained with antibodies to CD45 (Alexa Fluor 647; red) and CD61 (Alexa Fluor 568; gold) 

respectively. Note the extensive platelet coating on both CTCs and leukocytes. Scale bar, 10 

μm.
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Figure 4. 
CTC-leukocyte clusters. (A) CTC counts in the form of single cells and clusters that contain 

1–2 or >2 leukocytes (WBCs). (B–D) Representative fluorescent images of CTC-leukocyte 

clusters from lung cancer patient samples. Cells were stained with antibodies to EpCAM/

cadherin-11 (Alexa Fluor 488; green), CD45 (Alexa Fluor 647; red), and CD61 (gold). Scale 

bar, 10 μm.
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Figure 5. 
Leukocyte (WBC) contamination in EpCAM- and platelet-targeted CTC capture.
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