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SUMMARY

Besides their function in limiting blood loss and promoting wound healing, experimental evidence 

has highlighted platelets as active players in all steps of tumorigenesis including tumor growth, 

tumor cell extravasation and metastasis. Additionally, thrombocytosis in cancer patients is 

associated with adverse patient survival. Due to the secretion of large amounts of microparticles 

and exosomes, platelets are well positioned to coordinate both local and distant tumor-host 

crosstalk. Here, we present a review of recent discoveries in the field of platelet biology and the 

role of platelets in cancer progression as well as challenges in targeting platelets for cancer 

treatment.
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1. INTRODUCTION

Significant platelet involvement in cancer growth and metastasis is a longstanding concept. 

Historically, thrombocytosis in association with solid tumors was first noted over a century 

ago by Leopold Riess (Riess, 1872). Given the short life span of circulating platelets 

(average of 7 days), the adult human must produce an estimated one-hundred billion 

platelets daily to maintain a platelet count within normal range. This massive level of 

baseline platelet production can potentially increase via thrombocytosis as much as 20-fold 

in response to various tumor derived and systemic factors. Correlations between high 

platelet counts and shorter disease-specific survival are often described for lung, colon, 

breast, pancreatic, kidney and gynecologic cancers. Platelets affect disease burden and 

treatment efficacy in cancer patients, and participate in several steps of cancer metastasis. 

Platelets also play an important role in protecting cancer cells against chemotherapy-induced 

apoptosis and in maintaining integrity of tumor vasculature. Recognition of the pro-tumor 

effects of platelets has led to incorporating anti-platelet agents more frequently into cancer 

prevention and treatment strategies. Nevertheless, crucial challenges remain in identifying 

and treating cancer patients who would derive the most benefit from anti-platelet therapy. 

Furthermore, incorporation of platelet-based biomarkers into emerging “liquid biopsy” 

platforms for cancer patients has significant potential for improving diagnostic accuracy and 

predicting therapeutic response.

2. ROLE OF PLATELETS IN MALIGNANCY

2.1. Importance of thrombocytosis and thromboembolism in cancer

Over 100 years ago, Armand Trousseau diagnosed patients, including himself, with 

excessive blood clotting, which was caused by an occult carcinoma (Trousseau, 1865). Gasic 

first ascertained that tumors in mice with neuraminidase-induced thrombocytopenia 

exhibited reduced metastasis (Gasic et al., 1968). Clinically, from approximately 140,000 

patients with thrombocytosis (>400,000 platelets/µl blood) and devoid of inflammatory 

condition or iron deficiency, almost 40% exhibited occult malignancy, mainly of the 

stomach, colon, lung, breast or ovary (Levin and Conley, 1964). Increased platelet counts 

were revealed as a predictor of cancer in patients with an occult malignancy (Bailey et al., 

2016) and are consistently related to a worse progression-free and/or overall survival in 

ovarian (Stone et al., 2012), lung (Pedersen and Milman, 1996), colorectal (Sasaki et al., 

2012), gastric (Ikeda et al., 2002) and breast cancers (Taucher et al., 2003). We discovered 

that in ovarian cancer, tumor-derived interleukin 6 (IL-6) stimulated thrombopoietin (TPO) 

production by the liver, thereby stimulating megakaryopoiesis and thrombocytosis (Stone et 

al., 2012) (Figure 1).

Up to 20% of cancer patients suffer from vascular thromboembolism including pulmonary 

embolism (PE) and deep vein thrombosis (DVT) (Khorana et al., 2007). This associated risk 

is especially high in patients with brain, pancreatic or gastric cancer along with 

hematological malignancies (Sallah et al., 2002; Stein et al., 2006). A case-control study of 

3,220 participants demonstrated that cancer patients have a 4 to 7.5 times greater risk of 

venous thrombosis or embolus compared to those without a malignancy (Blom et al., 2005). 

Risk factors for venous thrombosis in cancer patients include anatomical location of the 
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tumor and cancer-related treatments including surgery, chemotherapy, hormonal or anti-

angiogenic therapy (Khorana and Connolly, 2009). Identifying cancer patients who are at 

risk for developing venous thrombosis is an important, but challenging task. Clinical risk-

assessment systems considering cancer type, pre-chemotherapy platelet and leukocyte 

counts, hemoglobin level and body mass index (BMI) may identify patients with a 

specificity of almost 90% (Khorana and Connolly, 2009). Alternatively, the Vienna VTE 

Risk Assessment Score (Eichinger et al., 2014) may predict the risk of recurrent VTE, which 

considers soluble P-selectin, D-dimer levels primarily before chemotherapy and pro-

thrombin fragment 1 and 2. The possible contribution of platelets to the increased risk of 

venous thrombosis in malignancy is not only due to increased platelet numbers (Khorana et 

al., 2005), but might also be related to altered platelet function. For example, platelets from 

subjects with late-stage metastatic disease have increased reactivity to ADP and epinephrine 

(Cooke et al., 2013). However, other studies found either no hyper-reactivity (Feng et al., 

2016) or even an overall decreased platelet reactivity, most likely as a consequence of 

continuous platelet activation (Riedl et al., 2016). These variances may be due to differences 

in cancer type and stage, time of blood draw and cancer-related treatments and require 

further study. Despite a knowledge base of platelet and VTE involvement in cancer, few 

routinely used clinical standard of care laboratory assessments are applied in this space. 

There is a clear need for more effective standardized assessments involving malignancy 

related thrombogenic potential of cancer. These should be coupled with clinically validated 

platelet/lymphocyte ratio, platelet function, and platelet/plasma molecular profiling and 

biomarker assays that more effectively identify and help to monitor cancer patients with a 

high risk of venous thrombosis.

2.2. Platelet – tumor cell interactions and their role in cancer dissemination

A prerequisite for cancer metastasis is the survival of cancer cells in circulation. While a 

substantial amount of circulating tumor cells (CTCs) are rapidly destroyed, a mechanism of 

CTC survival involves interactions of tumor cells with platelets, shielding them from TNFα 
(Philippe et al., 1993) and natural killer (NK) cell-induced cell death (Nieswandt et al., 

1999). Indeed, preclinical evidence suggests that mice lacking functional NK cells have 

increased susceptibility for experimental metastasis (Wiltrout et al., 1985), independent of 

the number of circulating platelets (Nieswandt et al., 1999). This physical interaction of 

cancer cells with platelets is mainly mediated via GPIb-IX-V, GPIIb-IIIa and tumor cell 

integrin αvβ3 as well as P-Selectin, which can bind to mucins on the surface of cancer cells 

(Kim et al., 1998). Besides helping to protect cancer cells by building a partial physical 

barrier towards NK cells, platelets may also interfere with the recognition of cancer cells by 

NK cells. Platelets can transfer ‘normal’ MHC-class I molecules onto the surface of tumor 

cells, which makes them unrecognizable as foreign cells and impairs cytotoxicity and IFN-γ 
production by NK cells (Placke et al., 2012). Moreover, platelet-derived TGF-β diminishes 

NK cell activity by NKG2D downregulation and inhibition of NK cell antitumor reactivity 

(Kopp et al., 2009). TGF-β from platelets not only weakens NK cell function, but also 

increases tumor cell survival by activating the TGF-β/Smad and NF-κB pathways, which 

induce an EMT-like phenotype in cancer cells and increase metastases in vivo (Labelle et al., 

2011), and increases proliferation of cancer cells (Cho et al., 2012). Mice with selective 

deficiency in TGF-β develop less metastasis (Labelle et al., 2011) and smaller tumors (Hu et 
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al., 2017). Our data suggest that YAP activation in tumor cells by platelets provides a 

platform of increased cancer cell survival in circulation and ascites (Haemmerle et al., 

2017). Finally, mice with platelets lacking platelet integrin GPIIb-IIIa (Bakewell et al., 

2003) or having quantitative or qualitative defects in platelets (Camerer et al., 2004) have 

reduced numbers of metastases to the bone and lungs, respectively. Moreover, platelet-

secreted 12-lipoxygenase induces MMP-9 expression and thereby cellular invasion in 

prostate cancer (Dilly et al., 2013). Breast cancer metastasis to bone was enhanced by 

platelet-derived autotaxin (Leblanc et al., 2014) and lysophosphatidic acid (Boucharaba et 

al., 2004). Similar results were found for fibrinogen (Palumbo et al., 2005) or the fibrin 

crosslinker FXIII (Palumbo et al., 2008) with diminished experimental and spontaneous 

metastasis when these genes were knocked out. Table 1 summarizes the receptors expressed 

on the surface of platelets and reported to have influence on cancer metastasis. The impact 

of platelets on cancer cell dissemination and metastasis is depicted in Figure 2.

In mice, tumor cells injected intravenously lead to platelet aggregation within minutes, 

followed by degranulation and entrapment of tumor cells by additional platelet recruitment 

that walls off these cells rapidly. Extensive membrane interactions ensue between these 

heterotypic clusters that include platelet engulfment by tumor cells (Menter et al., 1987b). 

Tumor-cell induced platelet aggregation (TCIPA) triggers secretion of a plethora of pro-

angiogenic and protumorigenic factors from platelets depending on the type of stimulus 

(Italiano et al., 2008; Ma et al., 2001). TCIPA has been shown in vitro for various cancer 

cells (Egan et al., 2011) and platelets are generally present at the core of the heterotypic 

aggregates that rarely fully engulf the tumor cells (Menter et al., 1987a). This is likely due to 

the significant differences in surface to volume ratios of the much larger tumor cell versus 
the very small platelets. These heterotypic aggregates could serve as a more effective target 

for isolating CTC subsets that represent a greater risk for triggering prothrombogenic 

properties and exhibiting EMT associated with metastasis. The molecular basis of TCIPA 

remains to be fully characterized. Proposed mechanisms include expression of podoplanin 

on cancer cells, which binds to CLEC-2 on the surface of platelets (Suzuki-Inoue et al., 

2007). Developmentally, CLEC-2 and podoplanin knockout mice fail to separate the 

lymphatic and blood vascular system due to lack of platelet aggregate formation at the 

separation zone of lymph sacs and the cardinal veins (Uhrin et al., 2010). Moreover, 

podoplanin-CLEC-2 interaction might be important for vessel integrity in vivo (Herzog et 

al., 2013). In cancer, platelet CLEC-2 promotes tumor growth and metastasis via interaction 

with podoplanin on cancer cells (Takagi et al., 2013). TCIPA might also be triggered by 

MMP-2 (Jurasz et al., 2003), thromboxane A2 (de Leval et al., 2003; Pacchiarini et al., 

1991), and thrombin (Danckwardt et al., 2013). After platelets are activated, they undergo a 

shape change and release ADP, which further enforces activation in an autocrine and 

paracrine fashion. ADP is not only secreted by platelets, but also by cancer cells, especially 

under hypoxic conditions in vitro and in vivo (Haemmerle et al., 2016). Platelet activation 

via ADP is mainly dependent on platelet expression of P2Y1 and P2Y12 (Kahner et al., 

2006). P2Y1-knockout mice display increased bleeding time and are resistant to ADP-

induced thromboembolism (Fabre et al., 1999). Similar, although less pronounced 

phenotypes are reported for P2Y12 knockout mice (Wang et al., 2013). We have recently 

shown that P2Y12 receptor on platelets plays an important role in the interaction between 
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platelets and cancer cells. Blocking or deficiency of P2Y12 on platelets significantly reduced 

growth of orthotopic tumors in murine models of ovarian cancer (Cho et al., 2017). Aside 

from being blood-based, platelet-tumor cell interaction may occur in ascites and the tumor 

microenvironment. There is growing evidence that platelets can extravasate into the tumor 

microenvironment which is, in part, dependent on platelet expression of focal adhesion 

kinase (FAK) (Haemmerle et al., 2016). Moreover, platelet accumulation specifically 

increases around tumor cells in various types of human cancer (Qi et al., 2015b) and might 

even precede development of colorectal cancer (Qi et al., 2015a).

Interaction between tumor cells and microvascular endothelium occurs prior to successful 

extravasation and transmigration to form secondary metastases. In vivo experiments indicate 

that tumor cell adhesion to vessels was significantly increased by platelets (Zhang et al., 

2011). Intriguingly, platelet-secreted ATP induced breakdown of the endothelial barrier and 

increased subsequent tumor cell transmigration and extravasation, which was dependent on 

endothelial P2Y2 (Schumacher et al., 2013). Most interestingly, this study provided insight 

into a new approach to interfere with platelet-dependent tumor metastasis without affecting 

the physiological function of platelets. Important for metastasis is the development of a 

suitable microenvironment to support engraftment of tumor cells. In addition to myeloid 

cells, platelets might guide the formation of a pre-metastatic niche in lung by secretion of 

CXCL5 and CXCL7 and thereby increasing granulocyte recruitment (Labelle et al., 2014) 

and in bone by secretion of TGF-β and MMP-1 (Kerr et al., 2013). Additionally, stromal 

derived factor 1 (SDF-1) secreted from platelet granules supports the homing of 

hematopoietic progenitor cells to sites of neovascularization in tumors and ischemic tissues 

(Jin et al., 2006). Cancer cells can also exhibit “platelet mimicry”, in which tumor cells 

express platelet or megakaryocyte specific gene products such as GPIIb-IIIa, protease-

activated receptors (PARs) and platelet endothelial cell adhesion molecule 1 (PECAM1) that 

facilitates dissemination (Bambace and Holmes, 2011). Figure 3 summarizes the interactions 

between platelets and cancer cells during transmigration of cancer cell across endothelium 

(invasion into and extravasation out of vasculature) and circulation of cancer cells inside 

blood vessels.

2.3. Impact of platelets on tumor angiogenesis

Tumor angiogenesis results from a complex network between tumor cells and cells of the 

tumor microenvironment as well as cells recruited to the tumor from the bone marrow 

(Kerbel, 2008). This intercellular communication is provided by secreted growth factors 

(e.g. VEGF, FGF, PDGF, etc.) and their corresponding receptors (e.g. Notch signaling 

receptors, integrins, etc., (Carmeliet and Jain, 2011)). As a key source of circulating 

angiogenesis-related factors, platelets may regulate tumor angiogenesis and vascular 

integrity. One of the most important angiogenic proteins is vascular endothelial growth 

factor (VEGF) that is transported and released by platelets (Mohle et al., 1997). Platelet 

alpha (α) and dense (δ) granules contain and release proteins, lipids, growth factors, 

cytokines and proteases that impact angiogenesis directly or indirectly (Table 2, (Carmeliet 

and Jain, 2000; Carmeliet and Jain, 2011)). Platelets can actively take up these factors via 
endocytosis and sequester them (Klement et al., 2009) or megakaryocytes selectively 

transfer a subset of mRNAs or proteins to platelets (Cecchetti et al., 2011). Moreover, once 
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stimulated, platelets can actively synthesize proteins (Schwertz et al., 2012). This 

compartmentalization and organization in distinct granules in platelets leads to selective 

release of factors depending upon specific stimuli; for example, a selective PAR4 agonist 

stimulated the release of endostatin-containing granules, whereas VEGF-containing granules 

were released after stimulation with a selective PAR1 agonist (Italiano et al., 2008). VEGF is 

also released from platelets by ADP stimulation, which is inhibited by antagonizing P2Y1 

and P2Y12 receptors and does not affect endostatin release (Bambace et al., 2010). In 

addition, release of CXCL12 (SDF-1) from platelets induces revascularization by 

recruitment of hematopoietic progenitors (Jin et al., 2006). Besides regulating angiogenesis, 

platelets can regulate vascular integrity and thereby prevent tumor hemorrhage (Ho-Tin-Noe 

et al., 2009b). Maintaining vascular integrity can result from secretion of granules that 

contain ANGPT1 and serotonin as well as, which stabilizes tumor blood vessels by 

counteracting tumor cell-derived VEGF (Ho-Tin-Noe et al., 2008). By regulating vascular 

integrity, platelets might also reduce tissue damage by dampening tumor infiltration of 

immune cells and thereby controlling cytokine release (Ho-Tin-Noe et al., 2009a).

2.4. Platelet interactions with other cells of the tumor microenvironment

Platelet-mediated secretion of TGF-β and other growth factors including PDGF and 

ANGPT1 are important for pericyte differentiation, proliferation, recruitment and interaction 

with endothelial cells (Armulik et al., 2011). Interestingly, thrombocytopenia in mice led to 

decreased pericyte coverage in B16/F10 tumors accompanied with reduced tumor 

angiogenesis, increased vascular leakage and decreased metastasis (Li et al., 2014). Platelet-

induced growth of fibroblasts is mediated by an increase in 5-lipoxygenase activity (Berg et 

al., 2006). Furthermore, platelets, via membrane-bound FasL, induce apoptosis in fibroblasts 

(Schleicher et al., 2015). Similar to their effect on pericytes, platelets impact fibroblast 

proliferation and contribute to tumorigenesis and metastasis. Little is known about the 

impact of platelets on the function of immune cells other than NK cells. Recently, it was 

shown that platelet-derived TGF-β inhibits T-cell proliferation and interferon-γ production 

in vitro. Furthermore, a combination of anti-platelet agents including aspirin and clopidogrel 

with adoptive T-cell transfer (ACT) in vivo significantly increased ACT efficacy (Rachidi et 

al., 2017). Likewise, aspirin increases T-cell infiltration into ovarian tumors in mice and 

might be used in combination with checkpoint inhibitors (Motz et al., 2014). However, 

whether aspirin induced effects on T-cell infiltration are mediated by its inhibitory impact on 

platelets is not known. Figure 4 summarizes the involvement of platelets in inflammation 

and immunity.

2.5. Platelets and chronic wound healing related to cancer

Platelets are derived from bone marrow stem cell lineages and play a key role in normal 

wound healing, which occurs in four stages including hemostasis, inflammation, 

proliferation and remodelling (Baum and Arpey, 2005; Nami et al., 2016). After tissue 

injury, platelets recognize vascular breaches and in coordination with the coagulation 

cascade limit blood loss by forming fibrin mesh that traps and activates additional platelets, 

and through multiple rounds of this process lead to fibrin clot formation. Platelets initially 

secrete multiple growth factors, chemokines and cytokines into the wound 

microenvironment that promote inflammation and cell proliferation, and subsequently 
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promote resolution of inflammation and repair of injured tissue (Gawaz and Vogel, 2013). In 

physiological wound healing, the inflammatory process is carefully regulated to start and 

stop cell proliferation and the epithelial mesenchymal transition (EMT) in a timely manner. 

In cancer, the inflammatory response is not well regulated, which results in a pathogenic 

chronic wound healing process. Whether platelet interaction with tumor cells initiates EMT 

in circulating cancer cells remains unknown, but TGF-β may also affect cancer cells and 

immune milieu inside the tumor microenvironment (Labelle et al., 2011). TGF-β is released 

from platelet aggregates in a complex with latent TGF-β binding protein (LTBP) and latency 

associated peptide (LTB) that undergoes processing and slow chronic release into the 

circulation (Grainger et al., 2000). Persistent TGF-β release could directly and/or indirectly 

result in an immune suppressive tumor microenvironment. Platelets may be recruited 

inadvertently through chronic wounding found in solid tumors and co-opted to release TGF-

β, thereby enabling tumor cells to avoid the immune system.

3. PLATELETS AND CHEMOTHERAPY

Multiple studies have shown that cancer patients who receive chemotherapy have a three- to 

five fold higher risk for developing VTE compared to those with no chemotherapy (Blom et 

al., 2006; Heit et al., 2000). In turn, platelets can influence efficacy of chemotherapy. In vitro 
experiments demonstrated that platelets increase resistance of colon and ovarian cancer cell 

lines to 5-fluorouracil and paclitaxel (Radziwon-Balicka et al., 2012). Moreover, lower 

blood platelet counts in a murine model of breast or lung carcinoma strongly increased 

sensitivity to paclitaxel (Demers et al., 2011). In cancer patients and mouse models of 

cancer, high platelet counts have been shown to be associated with a poor response to 

chemotherapy (Bottsford-Miller et al., 2015; Kim et al., 2015). We have shown that number 

and infiltration of platelets into the tumor microenvironment can influence rebound growth 

of orthotopic ovarian tumors in mice after cessation of anti-angiogenic therapy, including 

bevacizumab or pazopanib (Haemmerle et al., 2016). This was mediated by hypoxia-induced 

ADP production by cancer cells and FAK expression by platelets. Treatment with a FAK 

inhibitor reduced platelet infiltration into the tumor tissue and prevented tumor rebound 

growth after discontinuation of anti-angiogenic therapy (Hutchinson, 2016).

4. PLATELET-DERIVED MICROPARTICLES

Platelet activation, complement, high shear forces or apoptosis generates platelet-derived 

microparticles (PMP) from the plasma membrane (Goubran et al., 2015). Platelet activation 

increases intracellular calcium which in turn activates calpain, cytoskeleton proteins and Rho 

kinase resulting in cellular contraction and membrane blebbing (Fox et al., 1990). 

Alternatively, microparticles can also be released by resting platelets involving αIIβ3 

integrin-mediated destabilization of the actin cytoskeleton independent of calpain activation 

(Cauwenberghs et al., 2006). Initially considered as “platelet dust” (Wolf, 1967), these 

microparticles represent a heterogeneous group of vesicles that are 0.05–1 µm in diameter 

and differ in their composition. In general, plasma microparticles are mainly derived from 

platelets (Flaumenhaft et al., 2009) although other cell types including endothelial cells, 

leukocytes, erythrocytes or cancer cells also release them. Depending on the cell type of 

origin, microparticles are characterized by their surface antigens, identifying those derived 
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from platelets by surface expression of CD41 or CD42b (George et al., 1986; George et al., 

1982). In general, microparticles differ from exosomes, which are derived from endocytosis 

and are released from multivesicular bodies (Heijnen et al., 1999). It has been shown that 

microparticles derived from platelets are important for various physiological and 

pathophysiological signaling pathways. As a source of tissue factor (TF) and 

phosphatidylserine, PMPs participate in coagulation (Freyssinet and Toti, 2010). In cancer 

patients with VTE, increased MP procoagulant activity was present already at baseline, 

suggesting that this could be used as a predictive marker for VTE in cancer patients (van 

Doormaal et al., 2012). In other studies, increased numbers of tumor derived TF-containing 

microparticles correlated with venous thrombosis in cancer patients (Hron et al., 2007; 

Tesselaar et al., 2009) and high PMP levels were associated with aggressive tumors, poor 

prognosis and metastasis in prostate cancer patients (Helley et al., 2009). In gastric cancer, 

PMP levels were significantly higher in stage IV compared to stage I or stage II/III tumors 

and correlated with plasma levels of IL-6, VEGF and RANTES. Intriguingly, PMP levels 

had the highest diagnostic accuracy and could predict existence of distant metastasis with 

specificity and sensitivity rates of over 90% (Kim et al., 2003). Functionally, PMPs promote 

the expression of adhesion molecules (Nomura et al., 2001), regulate the release of cytokines 

such as IL-17 and IFN-γ (Dinkla et al., 2016) and induce angiogenesis (Kim et al., 2004). 

Their tumor promoting capacity is likely mediated by VEGF, PDGF, TGF-β and bFGF, 

which also have angiogenic activity (Burnouf et al., 2014). Furthermore, they might transfer 

platelet surface receptors, including GPIIb-IIIa and P-Selectin (Salanova et al., 2007) to 

different cell types and thereby enhance engraftment of hematopoietic stem/progenitor cells 

(Janowska-Wieczorek et al., 2001). Moreover, PMPs can deliver miRNAs and other RNA 

molecules to cancer cells which can either promote or inhibit tumor growth. Interestingly, 

platelet microparticles can infiltrate into solid tumors of various origins and suppress tumor 

growth by delivering tumor suppressive miRNA-24 which targets mitochondrial mt-Nd2 and 

Snora75 in cancer cells (Michael et al., 2017). Oncogenic miR-223 derived from PMPs was 

shown to promote tumor cell invasion by downregulating tumor suppressor EPB41L3 (Liang 

et al., 2015). Besides RNA molecules and proteins, platelet microparticles also harbor lipids. 

Lipid profiling of platelets and PMPs showed increased procoagulant (i.e. 

phosphatidylinositol) and decreased anti-coagulant (i.e. lysophosphatidylcholine) lipids in 

ovarian cancer patients compared to healthy controls, suggesting a possible role for this class 

of lipids in hypercoagulability related to ovarian cancer (Hu et al., 2016).

5. ROLE OF ANTI-PLATELET THERAPY IN CANCER TREATMENT

Numerous drugs have been developed that target platelet receptors, interfere with platelet 

granule release or inhibit platelet-specific enzymes. These drugs are either used clinically or 

are still in pre-clinical development. For some of these drugs, survival advantage in cancer 

patients has been shown. However, obvious limitations for implementation in cancer patient 

care arise from their interference with hemostasis and also include challenges due to our 

limited understanding of the importance of platelet interaction with other cell types 

including cancer cells. Figure 5 and Table 3 summarize the most important drugs including 

depiction of the relevant pathways.
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5.1. Integrin glycoprotein receptors

Platelet glycoprotein (GP) receptors mediate platelet adhesion, activation and aggregation. 

Many GP receptors exist as non-covalently linked heterodimers, including those belonging 

to the α and β subunit integrin family. Under physiologic conditions, local generation of 

thrombin by tissue factor or exposure of the underlying subendothelial matrix upon 

endothelial cell activation/injury triggers platelet adhesion and activation. Early phase 

platelet adhesion is coordinated by GPIbα interactions with von Willebrand factor (VWF) 

and integrin binding to collagen. Engagement of these GP receptors in concert with 

thrombin signaling via PARs (see below) activates platelets. Upon platelet activation, GPIIb/

IIIa (integrin αIIbβ3) conformation changes from a low to high affinity state. High affinity 

GPIIb-IIIa binds fibrinogen, accelerating the formation of inter-platelet bridges and 

thrombus formation. Given that all of these GP receptors coordinate platelet-tumor cell 

interactions, blocking them could be an effective anti-cancer strategy. Drugs designed to 

block platelet collagen GPVI/α2β1 receptors are being evaluated in clinical trials for 

cardiovascular disease and GPIIb/IIIa antagonists are registered drugs with wide clinical 

application. There are also several trials evaluating the clinical safety and effectiveness of 

blocking platelet aggregation with antibodies directed against VWF and GPIbα, bivalent 

humanized nanobodies targeting the GPIbα binding site of VWF and aptamers with high 

binding affinity for VWF (Firbas et al., 2010). Blocking these GP receptors can abrogate the 

tumor promoting effects of platelets. For example, revacept (AdvanceCor) is a soluble fusion 

protein consisting of the human immunoglobulin Fc domain linked to the extracellular 

domain of the platelet collagen receptor GPVI. In contrast to anti-GPVI antibodies, revacept 

does not reduce platelet GPVI receptor expression or impact platelet counts (Ungerer et al., 

2011). At clinically relevant concentrations, this drug inhibits platelet adhesion to HT29 

colon cancer cells. This effectively prevents platelet-induced upregulation of 

cyclooxygenase-2 (COX-2) as well as markers of epithelial-mesenchymal transition (EMT) 

in cancer cells (Dovizio et al., 2013). There are currently three FDA approved GPIIb/IIIa 

inhibitors including abciximab (Reopro), tirofiban (Aggrastat) and eptifibatide (Integrilin). 

Tirofiban and eptifibatide are highly selective, reversible small molecule GPIIb/IIIa 

inhibitors, whereas abciximab is a chimeric human/murine antibody directed against GPIIb/

IIIa receptor. It is unique among the three available GPIIb/IIIa inhibitors in that it also binds 

to integrin αVβ3 on tumor and endothelial cells, as well as the integrin αMβ2 expressed on 

leukocytes (Trikha et al., 2002). This cross reactivity on both platelets and endothelial cells 

may help suppress tumor angiogenesis (Yan et al., 2014). Recently, a humanized single-

chain variable fragment antibody (scFv Ab) was developed against integrin GPIIIa49–66 

(named A11) capable of inducing oxidative platelet fragmentation and selective lysis of 

activated platelets. Experimental findings suggest that scFv primarily exerts its anti-platelet 

activity when activated platelets are bound to tumor cells (Zhang et al., 2012). A potential 

use of A11 can be during surgical resection of a primary tumor, when scFv administration 

can reduce the likelihood of platelet mediated tumor cell embolization (Ware, 2012).

5.2. P-Selectin

Malignant transformation of cells is associated with abnormal glycosylation, resulting in 

altered carbohydrate structures (Varki et al., 2009). Enhanced expression of sialyl-Lewisx 

and sialyl-Lewisa structures is frequently associated with cancer progression and poor 
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prognosis. These carbohydrates act as ligands for selectins, which are vascular cell adhesion 

molecules involved in interactions between leukocytes, platelets, and the endothelium. P-

selectin is stored in platelet α granules and is expressed on activated platelets and 

endothelium, while E-selectin and L-selectin are constitutively expressed on endothelial 

cells and leukocytes, respectively. Upon activation, P-selectin is rapidly transferred to the 

cell membrane through exocytosis. Experimental evidence suggests that P-selectin 

dependent binding of platelets to sialyl-Lewis carbohydrates on cancer cells contributes to 

platelet-tumor microemboli formation and tumor cell extravasation through a process that 

resembles that of leukocyte transendothelial migration (Laubli and Borsig, 2010). Given that 

P-selectin dependent platelet-tumor cell interactions appear to be important for 

hematogenous metastasis during the intravascular phase of cancer cells, new compounds that 

target selectins are now emerging for cancer therapy. The glycomimetic small molecule 

rivipansel has inhibitory activity against P-, L-, and E-selectins. This agent has been shown 

to prevent homing of malignant plasma cells to the bone marrow in multiple myeloma (MM) 

and to increase their sensitivity to bortezomib (Azab et al., 2012). Crizanlizumab is a 

monoclonal antibody that selectively binds to P-selectin and can reduce vaso-occlusive 

crises in patients with sickle cell anemia (Ataga et al., 2017). The utility of this new drug in 

cancer treatment remains unknown.

5.3. Protease-activated Thrombin Receptors and other Anti-Thrombin Approaches

Protease-activated receptors (PARs) are a family of 4 transmembrane G-protein-coupled 

receptors that are activated by the most potent platelet agonist, thrombin, (PAR-1, PAR-3 

and PAR-4) or by trypsin-like serine proteases (PAR-2) (Zhao et al., 2014). PARs are 

expressed on platelets, neutrophils, macrophages and on nearly all cell types in the blood 

vessel wall (endothelial cells, fibroblasts, myocytes). Human platelets express two types of 

thrombin-triggered PARs, the high-affinity PAR-1 and low-affinity PAR-4. In addition to 

triggering platelet aggregation, PAR-1 and PAR-4 activation may induce selective release of 

platelet angiogenic and mitogenic regulators. Some experimental evidence suggests that 

release of VEGF-containing granules is elicited by PAR-1 activation, whereas PAR-4 

signaling preferentially releases endostatin-containing granules (Italiano et al., 2008). 

However, other quantitative proteomic analyses have shown that PAR-1 and PAR-4 

stimulation leads to non-differential release of VEGF, endostatin and other angiogenesis 

mediators from human platelets (Etulain et al., 2015; van Holten et al., 2014). Furthermore, 

the observation that spontaneous mammary tumor development is delayed in PAR-2-null, 

but not in PAR-1-null mice, suggests that PAR-2, rather than PAR-1 may play a more 

dominant role in the angiogenic switch at least in breast cancer development (Versteeg et al., 

2008).

Anti-tumor efficacy is also possible by direct blockade of PARs on tumor cells, platelets, 

fibroblasts and the endothelium (e.g., with SCH79797, vorapaxar, atopaxar) or by 

administering tissue factor or thrombin inhibitors (e.g., hirudin, argatroban). For example, 

the thrombin inhibitor hirudin decreased platelet-derived VEGF at the site of thrombus by 

almost 50% and inhibited metastasis in experimental models (Sierko and Wojtukiewicz, 

2007). Although preclinical results remain promising, inhibition of PAR activity on both 

host and tumor cells may cause serious side effects, such as hemorrhage, making PAR-
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tailored drug discovery a great challenge. Vorapaxar and atopaxar are orally active, 

reversible selective small molecule inhibitors of PAR-1 activation. Vorapaxar is first-in class 

and has an FDA indication for the reduction of thrombotic cardiovascular events in patients 

with a history of myocardial infarction or with peripheral arterial disease. Clinical 

development of atopaxar is currently limited to phase 1 and 2 trials and abnormalities in 

liver enzymes and cardiac conduction detected with its use may negatively impact the future 

of this drug. Non-competitive modulators of PAR activity include pepducins and 

parmodulins. Pepducins are cell-penetrating lipidated peptide mimetics that target the 

intracellular loops of G-protein receptors. The PAR-1 pepducin antagonist PZ-128 is 

currently being tested in a trial of patients undergoing non-emergent percutaneous coronary 

intervention. The recently published safety study of PZ-128 in patients with coronary risk 

factors suggests that PZ-128 may be associated with decreased bleeding risk compared to 

vorapaxar (Gurbel et al., 2016). Adverse bleeding events are also expected to be less with 

the parmodulin ML-161, a reversible allosteric PAR-1 inhibitor that targets the intracellular 

receptor domains. However, its clinical value as an anti-platelet agent remains undetermined 

(Cunningham et al., 2016).

5.4. Selective Inhibition of Platelet Storage Granule Release

While controlling differential release of pro- and anti-angiogenic factors from platelet α-

granules by manipulating PARs is feasible, the exact mechanisms of granule release and 

whether they can be selectively manipulated requires more study. For example, platelet α 
granule release and aggregation are regulated, in part, via protein kinase C (PKC) α and β 
signaling. PKCα inhibition with Ro32-0432, a small molecule inhibitor with greater 

selectivity for PKCα than other isoforms, preferentially suppresses angiogenesis-regulator 

secretion from α granules but not platelet aggregation, limiting platelet-stimulated 

angiogenesis. These data suggest that it may be possible to pharmacologically abate the 

effects of platelets on tumor angiogenesis while maintaining hemostasis (Moncada de la 

Rosa et al., 2013). Aspirin may block the differential release of angiogenic regulators from 

platelets and inhibit angiogenesis (Battinelli et al., 2011). In fact, a recent prospective study 

in women with breast cancer on tamoxifen showed that platelet and serum 

thrombospondin-1 (TSP-1) levels rise upon initiation of aspirin therapy. Conversely, platelet 

and serum VEGF levels decreased following the completion of a 45-day course (Holmes et 

al., 2013).

5.5. Aspirin and Cyclooxygenase Inhibition

While aspirin therapy may suppress angiogenesis-dependent tumor growth, many other 

aspirin-acetylation based mechanisms can impact malignancy including disruption of 

platelet-tumor cell interactions, cyclooxygenase inhibition, promotion of apoptosis, 

restoration of DNA mismatch repair, and inhibition of tumor cell proliferation by blockade 

of mitochondrial calcium uptake. Aspirin irreversibly acetylates cyclooxygenase (COX) and 

prevents the conversion of arachidonic acid to thromboxane A2 (TXA2). This is particularly 

important in platelets because they lack the ability to resynthesize COX-1. Thus, long-term 

aspirin use results in a durable decrease in TXA2 production and platelet aggregation. 

Pharmacologic data suggest that low dose aspirin (81–162 mg orally daily) is relatively 

selective for COX-1 inhibition, blocking platelet aggregation and interaction with circulating 
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tumor cells. Higher or more frequent dosing likely also inhibits the inducible COX-2 

pathway in other cells. This may also inhibit the proaggregation role of PGE2 on platelets 

(Vezza et al., 1993). Presently, there is a significant body of preclinical, epidemiologic, and 

randomized trial data supporting the anticancer effects of aspirin. There is consistent 

evidence that regular low-dose aspirin reduces the incidence and death rates from colon and 

other cancers (Algra and Rothwell, 2012; Rothwell et al., 2012). Reduction in the incidence 

of cancer has a latency period of around 5 to 10 years, suggesting an effect on early 

carcinogenesis. Emerging data also indicate that aspirin as an adjuvant treatment following a 

diagnosis of cancer may mitigate metastatic spread and prolong survival. A comprehensive 

meta-analysis examining cause-specific mortality for patients taking aspirin regularly after a 

cancer diagnosis revealed that aspirin, in addition to treatment for cancer, is associated with 

a 24% reduction in colon cancer mortality as well a 13% and an 11% decrease in deaths due 

to breast or prostate cancer, respectively (Elwood et al., 2016). The most pronounced 

reductions in mortality have been observed in proximal colon (HR 0.55; 95% CI 0.37 to 

0.82), compared to distal colon or rectal cancer (HR 1.00; 95% CI 0.72 to 1.41) (Coghill et 

al., 2011). Given that two-thirds of Lynch syndrome associated colon cancers originate in 

the proximal colon, the question of a selective benefit of aspirin prevention in this patient 

population has been raised. The Colorectal Adenoma/carcinoma Prevention Programme 2 

(CAPP2) was the first large-scale genetically targeted chemoprevention trial, focused on 

individuals diagnosed with Lynch syndrome. The 861 participants were randomly assigned 

to aspirin (600 mg daily) or placebo. An intention-to-treat, time-to-event analysis accounting 

for participants with multiple colon primaries (mean follow-up of 55.7 months) 

demonstrated a compelling protective effect [Incidence Rate Ratio (IRR) 0.56; 95% CI 0.32 

to 0.99, p=0.05]. The effect size was significant for participants completing 2 years of 

intervention (IRR 0.37; 95% CI 0.18 to 0.78, p=0.008) (Burn et al., 2011). Aspirin benefit in 

colorectal cancer, and possibly other cancers, may be restricted to patients with tumors 

containing certain genetic alterations (e.g., high COX-2 or HLA class 1 antigen expression 

and PIK3CA mutation). In two large observational cohorts, the Nurses’ Health Study (NHS) 

and Health Professionals Follow-Up Study (HPFS), regular aspirin use after a diagnosis of 

colorectal cancer reduced disease-specific mortality in patients with COX-2 overexpressing 

tumors (Chan et al., 2009) and in patients with cancers harboring activating mutations in 

PIK3CA, with a multivariate hazards ratio for cancer death of 0.18 and for all-cause 

mortality of 0.54 (Liao et al., 2012). The survival benefit associated with low-dose aspirin 

use after a diagnosis of colon cancer may be associated with the presence of HLA class I 

antigen-positive tumors (Reimers et al., 2014). While platelets are known to transfer HLA-1 

to tumor cells (Placke et al., 2012), a connection between platelets, tumor cell HLA-1 

expression and aspirin has not been described.

5.6. Heparins

The impact of heparin and its low molecular weight derivatives (LMWH) on survival in 

solid tumors is uncertain. The inhibitory effects of heparins on tumors seem to be less 

dependent on a direct anticoagulant effect and more dependent on modulation of cellular 

interactions, as well as modulation of platelet function. Heparins block the conversion of 

prothrombin to thrombin, thereby leading to impaired platelet PAR-1 activation. For 

example, LMWH inhibits tumor cell-mediated release of platelet angiogenic proteins 
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(Battinelli et al., 2014). While heparins also inhibit P- and L-selectin, their variable effects 

on integrin GPIIb-IIIa can result in platelet activation in some cases (Gao et al., 2011; Lever 

and Page, 2002). The effect of heparin on platelet-tumor cell interactions mediated by these 

adhesion receptors has been demonstrated in in vivo models of metastasis (Borsig et al., 

2001). A number of early studies showed improved patient survival with LMWH for the 

initial treatment of VTE and for perioperative VTE prophylaxis (Hettiarachchi et al., 1999; 

Kakkar et al., 1995; Prandoni et al., 1992). In the prospective MALT trial of a 6-week course 

of therapeutic dose nadroparin versus placebo in advanced cancer patients without clotting 

history, the hazards ratio for mortality was 0.75 in favor of nadroparin over placebo (Klerk et 

al., 2005). The Fragmin Advanced Malignancy Outcome Study (the FAMOUS trial) 

assessed the effect of extended duration LMWH in cancer patients without VTE on 1-, 2- 

and 3-yr survival. Patients with advanced malignancy were randomized to receive either 

dalteparin (5,000 IU daily) or placebo for 1 year. Despite the primary endpoint not being 

met, the subgroup of patients still alive 17 months after randomization to dalteparin had a 

significant survival advantage at 2 and 3 years (Kakkar et al., 2004). In contrast, results from 

larger scale randomized prospective trials are mixed without a significant survival benefit 

(the FRAGMATIC and the CLOT trials) (Lee et al., 2005; Macbeth et al., 2016). Patient 

selection, dose and duration of LMWH administration and the selection of warfarin for the 

control arm may account for the discrepancy in the outcomes of these trials. For example, in 

the CLOT trial, beneficial effect of LMWH was greater in patients with early-stage cancers 

who undergo surgical resection and adjuvant chemotherapy over those with metastatic 

disease. Additionally, treatment of VTE with warfarin is associated with higher rates of 

recurrent thromboembolism in cancer patients, resulting in cross-over to LMWH that could 

impact survival analyses (Lee et al., 2003). Currently, LMWH remains under further study 

as an adjunct to standard anti-cancer therapies (Zhang et al., 2016).

5.7. ADP P2Y12 Receptor Antagonists

The P2Y12 receptor is the predominant receptor involved in the ADP-stimulated activation 

of the platelet glycoprotein IIb/IIIa receptor. While clopidogrel (Plavix) is the most widely 

used P2Y12 receptor antagonist for the treatment of vascular disease, the newly developed 

P2Y12 inhibitors such as prasugrel (Effient) and ticagrelor (Brilinta) are more potent and 

have a faster onset of action (Damman et al., 2012). Since the 2010 analysis of the Trial to 

Assess Improvement in Therapeutic Outcomes by Optimizing Platelet Inhibition with 

Prasugrel (TRITON-TIMI 38), concern has grown that these drugs may actually increase the 

incidence and accelerate the growth of existing solid malignancies. This study randomly 

assigned 13,608 patients with moderate-to-high-risk acute coronary syndromes to prasugrel 

or clopidogrel (Wiviott et al., 2007). Excluding non-melanoma skin cancers and brain 

tumors, there were 112 treatment-emergent cancers in the prasugrel arm and 69 treatment-

emergent cancers in the clopidogrel-treated patients, a difference that translated into a 

significant 62% increase in the risk of new or worsening solid tumors. In addition to these 

findings, there was a non-significant 57% increase in deaths from cancer among patients 

treated with prasugrel (Floyd and Serebruany, 2010). The association between clopidogrel 

and cancer risk remains controversial. In the Dual Anti-Platelet Therapy (DAPT) study for 

the prevention of thrombotic complications following drug-eluting stent placement, the risks 

for non-cardiovascular deaths were predominantly attributed to cancer, and emerged 24 
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months after therapy (Mauri et al., 2014). This outcome was similar to that seen with the 

CAPRIE trial (clopidogrel versus aspirin in patients at risk of ischemic events) in which the 

cancer curves diverged at about 26 months, suggesting a potentially delayed cancer risk 

emerging after 2 years of clopidogrel treatment (Committee, 1996; Serebruany et al., 2015). 

However, the recent large-scale cohort study examining the long-term use (≥ 5 years) of dual 

anti-platelet therapy with clopidogrel and aspirin showed that combined aspirin and 

clopidogrel use is at least as safe as prolonged aspirin use with regard to cancer incidence 

(Leader et al., 2017). Risk is similarly uncertain with PAR-1 inhibitors. The excess of solid 

cancers after vorapaxar in the TRACER trial (Thrombin-Receptor Antagonist Vorapaxar in 

Acute Coronary Syndromes) appeared similar to that for prasugrel in TRITON. However, 

cancer incidence did not differ by study arm in the TRA2P-TIMI study (Thrombin Receptor 

Antagonist in Secondary Prevention of Atherothrombotic Ischemic Events). Since cancer 

rates were only reported until 60 days after the last dose of study drug in both trials, they 

may be inaccurate if the risk is time-dependent. The mechanisms by which P2Y12 receptor 

antagonists and PAR-1 inhibitors might increase cancer risk are unknown. One possible 

explanation is that platelet-tumor cell trapping in the microvasculature, is to some extent, 

anti-metastatic and platelet inhibition with these agents impairs the natural barrier function 

of platelets (Floyd and Serebruany, 2010). While experimental evidence supporting this 

theory is lacking, it reflects our current understanding of the important role platelets play in 

maintaining normal endothelial barrier function. In some circumstances, this protective 

function of platelets may be overcome, resulting in increased vascular permeability and 

tumor cell entry into circulation and/or extravasation at metastatic sites.

5.8. Other Potential Therapeutic Approaches

Successful development of therapeutics that interfere with platelet-cancer cell interactions 

must balance inhibiting platelet specific targets that play a role in cancer progression against 

maintaining normal platelet function in hemostasis. With the continued evolution of anti-

platelet agents, there is an added challenge of critically appraising their risk-benefit profiles 

within the context of oncology. Given the high proportion of cancer patients with 

thrombocytosis, approaches aimed at long-term maintenance of normal platelet counts and 

turnover may provide a solution. Challenges persist though since our understanding of the 

drivers of paraneoplastic thrombocytosis in various malignancies remains limited. The 

interplay between tumor IL-6, thrombopoietin and paraneoplastic thrombocytosis was 

described in ovarian cancer. IL-6 neutralization with an anti-IL-6 antibody (e.g., siltuximab) 

safely lowered platelet counts and improved disease control in patients with recurrent, 

platinum-resistant ovarian cancer (Stone et al., 2012). Clinical benefit was also observed for 

metastatic renal cell and castration-resistant prostate cancer (Dorff et al., 2010; Rossi et al., 

2010), but changes in platelet counts with anti-IL-6 treatment were not assessed in these 

studies. An alternative strategy, inspired by the adhesion of activated platelets to circulating 

tumor cells, involves using biocompatible silica (Si) particles with membrane-derived 

vesicles from activated platelets. This biomimetic coating of platelet membrane-derived 

vesicles is designed to allow for targeted drug delivery to circulating tumor cells. 

Conjugation of tumor necrosis factor-related apoptosis inducing ligand (TRAIL) to the 

platelet membrane-coated Si particles was an effective method for arresting hematogenous 

tumor spread in experimental models of metastasis (Li et al., 2016).
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5.9. Challenges of Targeting Platelets in Cancer Treatment

The most obvious challenge in incorporating anti-platelet agents into the treatment of cancer 

is our limited understanding of the conditions that differentially elicit the mitogenic, pro- or 

anti-angiogenic, pro-inflammatory, anti-inflammatory, and adhesive functions of platelets. 

We also do not know which specific platelet activities are most relevant to the malignant 

process and to what extent such an intervention will impair the necessary physiologic role of 

platelets in maintaining hemostasis. Current anti-platelet drugs target platelet receptors, their 

binding partners, signaling proteins or soluble mediators of platelet function. While drugs 

that block cyclooxygenase (e.g., aspirin), the ADP receptor P2Y12 (clopidogrel, prasugrel, 

ticagrelor) and GPIIb/IIIa (abciximab, eptifibatide, and tirofiban) are most widely used, their 

effects on cells other than platelets make it difficult to conclude with certainty that their anti-

neoplastic properties are solely due to platelet inhibition. For example, the off-target effects 

of small molecule GPIIb/IIIa receptor inhibitors are predominantly related to their 

suppressive influence on the inflammatory response and this might be as beneficial as 

platelet GPIIb/IIIa receptor blockade in some patients. The limited distribution of GPIbα 
and GPVI/α2β1 to megakaryocytes and platelets offers some advantage for studying platelet-

specific events, compared to targets with more diverse expression profiles. However, these 

glycoprotein receptors are probably most important in the high shear rate conditions of the 

blood stream. Blockade of platelet granule release or neutralization of specific factors in 

platelet releasate, as opposed to inhibition of these adhesion receptors, in the slowed blood 

flow of local tumor microenvironments may be an attractive approach for preventing cancer 

growth. There is also wide inter-individual variation in response to anti-platelet agents like 

aspirin and clopidogrel. In fact, observational studies suggest that at standard doses of 

aspirin (100 mg) and clopidogrel (75 mg), over one-third of patients have predefined ex vivo 

resistance. Reasons for anti-platelet drug resistance are manifold and include gene 

polymorphisms that influence drug metabolism, increased baseline platelet reactivity such as 

that found in diabetes mellitus and smoking, and increased platelet turnover (Metharom et 

al., 2015). Presently, we have little insight into how these factors impact anti-platelet drug 

activity in patients with active cancer or even how to best assess this pharmacodynamically. 

Variable response to and the off-target effects of anti-platelet agents could explain the 

conflicting observations that have been made about their influence on cancer incidence and 

survival. To date, this has significantly decreased enthusiasm for cancer management 

protocols reliant on anti-platelet strategies. Forward progress depends on better 

understanding of the mechanisms of paraneoplastic thrombocytosis and of the cancer-

promoting interactions between platelets and other host cells. Applied in the right context, 

this has potential to add to our growing success with molecular- and immune-based cancer 

treatments. For example, genetic and pharmacologic targeting of platelets can enhance 

adoptive T cell therapy of cancer, suggesting that there may be unique opportunity to 

optimize cancer immunotherapy by simultaneously blocking platelets and immune 

checkpoint molecules (Rachidi et al., 2017).

6. PLATELETS AS BIOMARKERS

Interest in developing blood-based biomarker platforms that reliably detect cancer has 

intensified within the context of “liquid biopsies.” These approaches invoke findings that all 

Haemmerle et al. Page 15

Cancer Cell. Author manuscript; available in PMC 2019 June 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells, including cancer cells, release small fragments of DNA into the bloodstream, known 

as cell-free DNA (cfDNA). Blood cfDNA can be isolated and rapidly sequenced by 

advanced methods for the presence of circulating tumor DNA (ctDNA). Alternatives to 

filtering cfDNA from blood plasma include capturing whole CTCs or small vesicles ejected 

by tumor cells called exosomes and analyzing their nucleic acid content. While “liquid 

biopsies” hold great promise as a convenient, minimally invasive means for early cancer 

detection, monitoring therapeutic response and forecasting recurrence, concerns exist about 

specificity and accurate quantitation. The stability of cfDNA is not well understood and the 

isolation of cfDNA requires highly sensitive techniques due to the small fraction of tumor-

specific DNA masked by background levels of wild-type cfDNA. The low frequency of 

CTCs and the associated problems of their reliable detection also remains a challenge. 

Isolation of tumor-derived exosomes, which are variable in size, and their separation from 

normal exosomes, presents technical challenges as well. Thus, looking beyond traditional 

body fluids at other less obvious biomarker sources is of great interest.

Cancer associated platelets represent a compelling addition to our liquid biopsy arsenal. 

Emerging data suggest that platelet-based analytics have the potential to add to the 

diagnostic utility of other biomarker strategies (Chi, 2016). Platelets are the second most 

abundant cell type in peripheral blood and are easily isolated and counted in blood tests. 

Platelets are anucleate and derive most of their genetic material and proteins, in part, from 

megakaryocytes. Platelets also actively uptake and accumulate additional biomass during 

their lifespan in circulation, which may include that shed from tumor cells as exosome 

cargo. In addition to sequestering both solubilized tumor-derived proteins as well as spliced 

and unspliced mRNA transcripts, platelets are also the largest storage pool of oncogenic and 

angiogenic growth factors, including VEGF, PDGF, and TGF-β in the human body. Thus, 

platelets represent a massive, concentrated biorepository of tumor-derived and bioactive 

molecules. It is known that platelets scavenge tumor-derived transcripts. For example, the 

cancer-associated RNA biomarkers epidermal growth factor variant III (EGFRvIII) and 

prostate cancer antigen 3 (PCA3) have been recovered from platelets isolated from patients 

with glioma and prostate cancer, respectively. Further, analysis of platelet RNA profiles from 

healthy control subjects and glioma patients using gene-expression arrays reveals distinctly 

different expression profiles. Differences were significant enough that a glioma-associated 

gene-expression signature could be formulated solely based on information gleaned from 

platelets (Nilsson et al., 2011). Recently, Best and colleagues expanded upon this finding by 

characterizing the differential expression patterns between healthy donor and cancer patient 

platelet transcriptomes (Best et al., 2015). They prospectively isolated, amplified and 

sequenced RNA from blood platelets obtained from large cohorts of healthy donors and both 

treated and untreated patients with early, localized or advanced, metastatic cancer. They 

detected 5,003 differentially expressed protein coding and non-coding RNAs between 

healthy donors and cancer patients. Using this readout, they were able to distinguish patients 

with localized and metastatic tumors from healthy individuals with 96% accuracy. Further, 

platelet profiles appeared to be tumor-type specific enough that the primary origin of disease 

was correctly pinpointed in the majority of cases. In many instances, platelet RNA profiles 

precisely predicted the oncogene status of many tumors including MET or HER2-positivity 

and the existence of KRAS, EGFR, or PIK3CA mutations (Best et al., 2015). Consequently, 
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these findings suggest that profiling the platelet transcriptome may enrich the clinical utility 

of blood-based “liquid biopsies”.

Extending this platelet liquid biopsy notion may even help predict response to targeted 

therapies. For example, in ALK-rearranged non-small-cell lung cancer, exosome-mediated 

transfer of tumor-derived EML4-ALK rearranged RNA from cancer cells to platelets is an 

early predictor of resistance to ALK inhibitors (Nilsson et al., 2016). The platelet proteome 

may be an equally opportune source of both diagnostic and predictive biomarkers. Platelets 

contain 40 to 100 times as much TGF-β as other cells (Meyer et al., 2012). It is also well 

known that platelets are the largest reservoir of VEGF in the human body and contain over 

95% of the VEGF in healthy adults. The amount of free circulating VEGF in the liquid 

fraction of blood is miniscule by comparison. In cancer patients, platelet VEGF is markedly 

higher (6.5 to 28.2 fold) than VEGF concentrations in other relevant body compartments, 

even compared to the tumor itself. It has been suggested that platelets scavenge VEGF 

produced by other cellular sources, including tumor cells, since the VEGF concentration in 

platelets increases over time as long as the VEGF source is present (Kut et al., 2007). Thus, 

thrombocytosis may be an ominous prognosticator because it represents a massive expansion 

of the carrying capacity for VEGF in the body. Further research is needed to determine how 

platelets contribute to VEGF upregulation in cancer and whether the concentration of tumor-

derived platelet VEGF impacts therapeutic response to anti-VEGF therapy. Interestingly, 

thrombocytosis has been identified as an independent adverse prognostic factor for overall 

survival among patients with metastatic renal cell carcinoma who were treated with VEGF-

targeted agents including sunitinib, sorafenib, and bevacizumab (Heng et al., 2009). Platelets 

from patients receiving biweekly bevacizumab for the treatment of renal cell or colorectal 

carcinoma take up bevacizumab in a dose-dependent and durable manner (Verheul et al., 

2007). These and related findings could explain some of the variability observed in the 

therapeutic index of and the unique toxicities associated with bevacizumab based therapy. 

Experiments in mice also demonstrated that platelet levels of angiogenic factors, while 

relatively constant and stable under physiologic conditions, selectively increase in the 

presence of even microscopic tumors (Klement et al., 2009). Clinical studies also revealed 

that cancer patients (breast, colorectal, prostate, renal, ovarian, lymphoma) have elevated 

platelet angiogenesis regulator levels compared to healthy controls. These factors include: 

VEGF, ANGPT-1, MMP2, platelet factor-4 (PF-4), and PDGF (Yan et al., 2014). 

Accordingly, fluctuations in the platelet proteome may serve as surrogate markers of tumor 

activity. The finding that the platelet VEGF load positively correlates with tumor growth 

kinetics among breast cancer patients may provide one example of this relationship (Salgado 

et al., 2001). However, anti-VEGF therapies have only shown modest improvements in time-

to-progression and response rates in metastatic breast cancer, underscoring the fact that 

biomarkers and therapeutic targets are often paradoxically different.

Mindful of the cancer-platelet role, global ultrastructural changes in platelet morphology in 

cancer may coincide with alterations in the platelet transcriptome and proteome. Using 

electron cryotomography to examine platelets from healthy donors and from patients with 

either a benign ovarian mass or ovarian cancer, we discovered major morphological 

alterations in the microtubules, mitochondria, storage granules and open canalicular system 

of platelets isolated from ovarian cancer patients compared to healthy donors as well as 
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women with benign adnexal pathology (Wang et al., 2015). Collectively, these data provide 

substantial basis for incorporating platelet biomarkers into “liquid biopsy” development. 

Their concentration of tumor-derived proteins as well as spliced and unspliced mRNA 

transcripts may improve on some cfDNA-based shortcomings (e.g., high levels of normal 

DNA during inflammation and injury could dilute ctDNA or result in detection of non-

progressing benign lesions). However, as with ctDNA, appropriate analytic and clinical 

validity will need to be established. Foremost, isolation of pure platelet samples from whole 

blood is crucial for the study of platelet gene expression. The main obstacles to overcome 

include (1) platelet activation; (2) leukocyte and red blood cell contamination, and (3) time-

dependent platelet mRNA degradation (Amisten, 2012). Methodology will need to ensure 

inhibition of platelet activation during leukocyte removal by filtration followed by magnetic 

bead-depletion of residual contaminating leukocytes and red blood cells. Additionally, 

considering that leukocytes have 10,000 times more RNA than platelets, protocols will need 

to set high standards for platelet purity along with bioinformatics analysis (Rolf et al., 2005). 

Only once analytic validity is established should we move forward with incorporating 

platelet- and other blood-based biomarkers into future prospective clinical trials.

7. CONCLUDING REMARKS

This review highlights the vital role of platelets in cancer. Our knowledge of the mechanisms 

by which platelets and thrombocytosis contribute to tumor growth and metastasis has 

substantially increased since the first experimental in vivo evidence by Gasic in the 1960s 

(Gasic et al., 1968). It has become evident that platelets are not merely bystander cells in the 

circulation, but rather functional players in primary tumor growth and in all steps of the 

metastatic process. They infiltrate into the tumor microenvironment to directly interact with 

cancer cells. In the circulation, platelets protect CTCs from the deadly attack of the immune 

system and other pro-apoptotic stimuli. Platelets help CTCs to attach to the endothelium and 

provide signals to establish a pre-metastatic niche. They even influence the sensitivity of 

chemo- and other targeted therapies in cancer patients. Approaches to target platelet-tumor 

cell interaction or reduce platelet counts have been undertaken, but these often interfere with 

their normal physiological role and can result in life-threatening bleeding complications. 

However, developing methods to specifically target platelet interaction with tumor cells 

without interfering with normal platelet functions could provide an exciting advance in the 

treatment of cancer patients, especially in the metastatic setting. Therefore, investigation of 

platelets and their influences on the coagulation system, their surface receptors and their 

uptake and release functions will aid to elucidate their roles in metastatic dissemination and 

tumor angiogenesis. Moreover, the role of platelets in intratumoral inflammation and 

impairing drug response offers unique opportunities for improving clinical outcomes. The 

inclusion of bioinformatics approaches that account for both beneficial and negative platelet 

influences on cancer will undoubtedly help improve selectively targeted interventions 

moving forward. Ultimately, the lifeline that platelets provide to cancer deserves significant 

attention in order to fully reveal their complex roles and contributions and any associated 

selective targeting challenges.
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Figure 1. Mechanisms of Trousseau’s Syndrome
Paracrine secretion of interleukin-6 (IL-6) from tumor cells stimulates the production of 

thrombopoietin (TP) by the liver. In turn, this fuels megakaryopoiesis and platelet genesis. 

The combination of these events contributes to thrombocytosis and hypercoagulability in 

cancer patients known as Trousseau’s Syndrome.
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Figure 2. Platelet involvement in cancer growth and metastasis
Platelet activation releases growth factors and small molecules that facilitate growth and 

invasion. Once tumor cells enter the blood stream, platelet-tumor cell aggregates form and 

platelets protect CTCs from NK-cell and TNFα-induced cell death. Additionally, platelets 

stimulate and aid cancer cell adhesion and extravasation thereby supporting cancer cell 

transmigration and metastasis formation. On the other hand, tumor cells mediate platelet 

activation leading to platelet aggregation and granule release. Activated platelets are also 

able to extravasate into the tumor microenvironment via focal adhesion kinase (FAK) to fuel 

tumor growth.
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Figure 3. The interactions between platelets and cancer cells during transmigration and 
circulation
(A) Tumor cells release complement (enzymatically processed to anaphylatoxin, C3a and 

C5a), prostaglandin E2 (PGE2), IL-1alpha (IL-1α), and matrix metalloproteases that assist 

transmigration of cancer cells across the endothelium (both into and out of blood vessels). 

Concurrently, ATP secreted from dense granules of platelets activates P2Y2 on endothelial 

cells, increasing permeability of the endothelium and promoting transmigration of cancer 

cells. Furthermore, activated platelets release the content of their alpha granules that contain 

numerous growth factors such as platelet-derived growth factor (PDGF) and vascular 

endothelial growth factor (VEGF) that promote tumor growth and angiogenesis.
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(B) Tumor cell-induced platelet aggregation leads to formation of heterotypic platelet-cancer 

cell aggregates, activation and degranulation of platelets. Platelet dense granules release G-

protein coupled receptor agonists such as adenosine diphosphate (ADP) and serotonin (5-

HT). Alpha granules release growth factors including VEGF and PDGF. Through a 

multistep synthetic process, arachidonic acid in activated platelets is converted to 

thromboxane A2 (TXA2) that in turn activates TXA2 receptors on other platelets and 

endothelial cells. Tissue factor (TF) expressed on cancer cells and platelet microparticles 

(PMP) further magnifies the procoagulant milieu generated by the interaction between 

platelets and cancer cells and result in thrombin generation and venous thrombosis.
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Figure 4. Platelet involvement in inflammation and immunity
Bone marrow derived cell (BMDC) induction and differentiation is stimulated by platelet 

secretion of CXCL5 and CXCL7 which promotes granulocyte recruitment to tumor cells. 

Transforming growth factor-beta (TGF-β) released from platelets and microenvironmental 

PGE2 accumulation also stimulate marrow derived stem cells (MDSC) and T-cell 

differentiation or inhibition, which encompasses CD8+ cytotoxic T-cells, T-helper1 (TH1), 

T-helper17 (TH17) and T-regulatory cells (Treg). Secreted TGF-β induces epithelial-

mesenchymal-transition (EMT) genes and also facilitates myeloid polarization of 

macrophages and neutrophils towards immunosuppressive phenotypes. This can generate 

microenvironmental niches at platelet facilitated arrest sites for cancer cells during the 

establishment of metastasis. Thus, these platelet-tumor cell microenvironmental niches may 

direct tumor-associated immune cells to convert from a pro-inflammatory to an 

immunosuppressive phenotype.
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Figure 5. Platelet receptors, intracellular signaling, and targeted therapeutics
This figure is accompanied by table 3, which lists the targeted receptors or enzymes, ligands 

or substrates/products, and signal pathways in platelets and the relevant drugs.

Adhesion receptors, Platelet A: Adhesion molecules on platelets bind platelets to the 

vessel wall at sites of damaged endothelium, these interactions result in intracellular 

signaling, actin polymerization, and shape change in platelets. The key interactions are 

between Von Willebrand factor (VWF) in the subendothelium and Glycoprotein (GP) Ib-IX-

V complex and integrin αIIbβ3 on platelets, and between collagen in the in the 

subendothelium and GPVI and integrin α2β1. Focal adhesion kinase (FAK) facilitates GPVI 

binding to collagen. Tumor cell mucins interact with P-selectin on platelets, E-selectin on 

endothelial cells and L-selectin on leukocytes. Eicosanoid Pathway, Resting Platelet: 
Prostacylin (PGI2) activates Gαs-protein coupled receptor (IP) on platelets that stimulates 

cyclic adenosine monophosphate (cAMP) production by adenylate cyclase (AC) and 

prevents aggregation. Eicosanoid Pathway, Platelet B: One key platelet prostaglandin is 

the potent pro-aggregatory (TX)A2 synthesized by TXA2 synthase (TXAS) from PGG2 and 

then PGH2 that in turn are generated by cyclooxygenase-1 (COX-1) from arachidonic acid. 

TXA2 stimulates G-protein coupled TP receptors. Cyclooxygenase 2 (COX- 2) in cancer 
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cells generates prostaglandin E2 (PGE2) that activates EP1 and EP3 receptors on platelets 

stimulating calcium release. Another abundant eicosanoid produced from arachidonic acid is 

12(S)-HETE [12-(S)-hydroxyeicosatetraenoic acid] via the activity of platelet-type 

lipoxygenase (p12-LOX). Tumor cell podoplanin interacts with platelet C-type lectin 

domain family 2 (CLEC-2). GPCR, Platelet C: Platelet activation occurs through protease-

activated receptors (PAR1 and 4) via Tissue factor (TF)-Factor VII-Factor X-mediated 

thrombin production. ADP (adenosine diphosphate) released from cancer cells and from 

dense granules of platelets stimulates P2Y1 or P2Y12 receptors. Serotonin (5-

hydroxytryptamine) is also released from dense granules that act through 5-

hydroxytryptamine receptors (5HT2AR).
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Table 1

Platelet receptors with known roles in metastasis

Molecule Effect on metastasis References

GPIbα Reduced experimental metastasis of melanoma cells in GPIbα−/− mice (Jain et al., 2007)

GPVI Reduced experimental metastasis of melanoma and Lewis lung carcinoma in 
GPVI−/− mice

(Jain et al., 2009)

P-Selectin Reduced metastasis of B16 cells in P-sel−/− mice (Becker et al., 2017; Qi et al., 2014)

NFE2 Fewer lung metastases after intravenous injection of melanoma cells (Camerer et al., 2004)

Par4 Fewer lung metastases after intravenous injection of melanoma cells (Camerer et al., 2004)

Gαq Reduced experimental metastasis of B16-BL6 melanoma and Lewis lung 
carcinoma cells following intravenous injection

(Palumbo et al., 2005)

LPA Reduced bone metastasis of breast cancer after LPA deprivation or LPAR 
overexpression in tumor cells

(Boucharaba et al., 2004; Leblanc et al., 
2014)

β3 integrin Reduced bone metastasis of B16 melanoma cells after intracardiac injection (Bakewell et al., 2003)

α6β1 integrin Reduced metastasis of AT-3, B16F10, MC38 and E0771 cancer cells in α6β1 
integrin−/− mice

(Mammadova-Bach et al., 2016)

CLEC2 Reduced metastasis of CHO cells by inhibition of Podoplanin-CLEC-2 binding (Takagi et al., 2013)

P2Y12 Reduced metastasis of Lewis lung carcinoma and B16 melanoma cells (Wang et al., 2013)
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Table 2

Platelet released factors important for tumor angiogenesis

Effect on angiogenesis Molecule

Alpha granules Pro-angiogenic SERPINE1

EGF

PDGF

bFGF

IGF

VEGF

TP (PD-ECGF)

IL-1β

SDF-1

Anti-angiogenic ANGTP1

S1P

PF4

TSP1

PGK

Endostatin

TIMPs (TIMP-1, -2, -4)

Pro- and anti-angiogenic MMPs (MMP-1, -2, -3, -9, -14)

TGFβ

HGF

Dense granules Pro-angiogenic Epinephrine

ATP, ADP

Anti-angiogenic TFIP

Pro- and anti-angiogenic Histamine

Serotonin
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