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Abstract

The hemostatic system is often subverted in patients with cancer, resulting in life-threatening
venous thrombotic events. Despite the multifactorial and complex etiology of cancer-associated
thrombosis, changes in the expression and activity of cancer-derived tissue factor (TF) — the
principle initiator of the coagulation cascade — are considered key to malignant hypercoagulopathy
and to the pathophysiology of thrombosis. However, many of the molecular and cellular
mechanisms coupling the hemostatic degeneration to malignancy remain largely uncharacterized.
In this review we discuss some of the tumor-intrinsic and tumor-extrinsic mechanisms that may
contribute to the prothrombotic state of cancer, and we bring into focus the potential for circulating
tumor cells (CTCs) in advancing our understanding of the field. We also summarize the current
status of anti-coagulant therapy for the treatment of thrombosis in patients with cancer.
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1. Introduction

In 1865, Armand Trousseau was the first to consider thrombotic events as reflective of
malignant burden and indicative of a poor outcome for patients with cancer (1). Today,
Trousseau’s syndrome is considered intrinsically related in part to cancer progression as the
consequence of an aberrant thrombotic activity exploited by malignant tumors. As a result,
patients diagnosed with malignancy following an initial episode of thromboembolism have a
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lower survival rate and higher mortality risk in comparison to those patients without an
underlying thrombotic condition (2, 3). Indeed, complications from venous
thromboembolism (VTE), including pulmonary embolism, are the second leading cause of
death for patients with cancer, with the risk of VTE elevated from 7-fold to up to 28-fold in
patients with cancer as compared to patients without cancer (3). This variability in VTE risk
is correlated with the type of malignancy, patient demographics, treatment regimen, duration
of follow-up period, period of study, and method of detecting and reporting VTE (4). Several
mechanisms have been suggested to contribute in part and in combination to the increased
thrombotic complications observed in patients with cancer: 1) the expression of tissue factor
(TF) by circulating tumor cells (CTCs); 2) the shedding of procoagulant microparticles by
malignant cells; 3) the interaction of cancer cells with blood platelets; 4) the generation of
neutrophil extracellular traps (NETS); and 5) the secondary deleterious effects of anti-cancer
therapies (3). Despite the tremendous strides made in defining the molecular and genetic
drivers of tumorigenesis, much remains to be learned about the mechanisms underlying the
observed increase of thrombotic events in patients with malignancy. In this review, we will
summarize the complex biological processes related to cancer-associated thrombosis and we
will bring to the fore some of the questions that we believe need to be addressed to better
understand the prothrombotic biology of cancer.

2. The procoagulant phenotype of tumor cells and microparticles

Tissue factor is widely considered to be the major molecular driver of cancer-associated
coagulopathy and thromboembolic disorders (8). TF is a membrane receptor and protein co-
factor required for initiating the extrinsic coagulation cascade necessary for physiological
hemostasis (4-7). TF exposure following tissue injury converts the zymogen coagulation
factor VII (FVII) to activated factor Vlla (FV1la), thus potentiating its catalytic efficiency in
converting factor X to activated factor X (FXa) and factor X to activated factor 1X (FIXa).
The catalytic efficiency of these reactions is increased by several orders of magnitude by the
presence of calcium (Ca2*) and an anionic phospholipid surface. For instance, FIXa forms
the tenase complex with its protein cofactor FVIlla on the surface of phosphatidylserine
(PS)-containing cell membranes in the presence of calcium ions to generate FXa. The
protease FXa produced on phosphatidylserine (PS)-expressing cell membranes reversibly
associates, in a Ca2*-dependent manner, with the cofactor factor Va (FVa), forming the
prothrombinase complex (19). The latter converts pro-thrombin (FII) into the serine protease
thrombin (Flla). Thrombin is a promiscuous enzyme which cleaves fibrinogen into insoluble
fibrin, activates platelets and amplifies its own production through direct activation of factor
X1 (FXI) and the cofactors FVIII and FV (8, 9). TF-dependent reactions are negatively
regulated by the tissue factor plasma protein inhibitor (TFPI), which forms a quaternary
complex with TF/FVI1la and FX to inhibit thrombin generation (20).

Membrane bound- and intravascular-TF expression and activity has been shown to be
upregulated in many human cancers compared with normal tissues, often correlating with
thromboembolic complications and poor prognosis (9-15). The highest levels of TF
expression have been reported in cancers which are most strongly associated with a high
incidence of thrombotic events such as cancers of the pancreas, brain, lung, stomach, ovaries
and gliomas (10, 11, 12, 14, 16-18). /n vitro, cancer cells exhibit highly procoagulant
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surfaces characterized by prominent expression of TF and PS which are able to generate
thrombin (3-5, 11). Additionally, cultured cancer cells have been shown to endogenously
synthetize FVI1la, which is capable of sustaining TF catalytic activity and thus, the
amplification of the procoagulant activity of cancer cells (12). Moreover, TF-expressing
microparticles (MPs) shed from growing tumors have been demonstrated to enhance
thrombus propagation in a mouse model of vessel injury (15). This finding is analogous to
the evidence that TF-positive MPs derived from leukocytes trigger the activation of the
coagulation cascade following incorporation into thrombi. Specifically, the localization of
TF-MPs into a developing thrombus has been shown to be mediated by the selective
interaction of PGSL-1 on the MPs with P-selectin expressed on the membrane of activated
platelets (13-15). Consequently, anti-P-selectin blocking antibodies have been shown to
markedly reduce thrombotic events in mice with solid tumors (16). Furthermore, /n vivo
studies of carcinoma cells implanted in mice have shown that the release of TF-MPs was
proportional to the size of the primary tumor and its TF-expression levels, supporting the
hypothesis that primary cancer cells may be a predominant source of TF-MPs (18, 19).
Subsequent experiments demonstrated that the ability of cancer cells and MPs to form a
thrombus /17 vitro could be abrogated by TF-blocking antibodies or by annexin V, which
binds to the membrane-exposed PS to inhibit activation of FX (4).

The increased expression of TF in tumor is considered to be the result of the activation of
dominant-acting oncogenes or loss of recessive tumor suppressors rather than dictated by
genetic aberrations of the TF gene, as different genetic loci regulate the levels of TF in
cancer. For example, in colorectal cancer cells (CRC), the proto-oncogene kRAS and the
tumor suppressor p53 have been shown to cooperate to cause TF regulation at a
transcriptional and translational level (17). Similarly, loss of PTEN, a lipid phosphatase
known to be essential for tumor suppression, has been found to be associated with profound
upregulation of TF in cultured tumor cells, and promote their procoagulant activity (18). In
addition, in a mouse model of tumorigenesis, the oncoprotein MET has been demonstrated
to enhance the pathological procoagulant activity of cancer cells via upregulation of the
hemostatic plasminogen activator inhibitor type 1 (PAI-1) and cyclooxygenase-2 (COX-2)
genes (19). Furthermore, transforming growth factor 8 (TGFg) has been reported to regulate
TF expression through the induction of an epithelial to mesenchymal transition (EMT) in
cancer cells (20).

To date, whilst the mechanisms describing the genetics underlying TF expression in
malignancy have been largely described, is still unclear whether TF on cancer cells functions
in a regulated fashion. Cell culture studies have shown that resting intravascular cells, such
as monocytes, express a membrane-bound encrypted form of TF, with negligible
procoagulant response, which can be subsequently decrypted to locally activate FX (21).
The molecular determinants underlying the conversion of the encrypted TF into its
procoagulant form (decryption) remain ill-defined, if not controversial (23). Several /n vitro
studies have proposed that the increase in membrane exposure of negative charged lipids,
such as phosphatidylserine, is a key cellular determinant of the conversion of encrypted TF
towards its active form (24-26). Moreover, mutational studies in which cysteines of the TF
extracellular disulfide loop (Cys186-Cys209) were substituted with serines or alanines
uncovered the importance of the disulfide isomerization for TF decryption (27, 28). In this
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context, the disulfide exchange to form a disulfide bond within TF has been shown to be
regulated by the targeted action of the protein disulfide isomerase (PDI) (22). Adding to this
complexity is the fact that tumor cells may exhibit extensive intra- and inter-procoagulant
phenotypic heterogeneity, potentially deriving from stochastic events in TF protein
expression and microenvironment signals (23). Along these lines, a number of studies have
shown the role of the microenvironment as a key mediator of TF activation and function on
endothelial cells, vascular smooth muscle cells, monocytes and macrophages (29). For
instance, the vascular expression of TF as well as its procoagulant potential are known to be
regulated by reactive oxygen species (ROS), inflammatory cytokines (e.g., tumor necrosis
factor-a), biogenic amines (e.g., serotonin) and molecular activators (e.g., thrombin) (29,
30). However, whether tumor cells possess a cryptic form of TF and whether its activation is
controlled by microenvironment-derived paracrine signals or internal cellular structural
rearrangements is not known.

It is important to note that the physiological activation of the coagulation system in blood
and plasma by triggers such as bacteria can only be achieved when the surface concentration
of procoagulant stimuli is greater than a threshold value (44, 45). In the setting of cancer, it
is unclear whether a threshold value of procoagulant activity is required to initiate the
coagulation cascade and generate sufficient thrombin production to form fibrin and activate
platelets. Moreover, the distinct activity of TF seems to be influenced by the physiological
variance in the levels of coagulation factors, specifically coagulation factor IX (FIX) and
factor X (FX) (50). These findings suggest that a diverse set of extracellular procoagulant
mediators as well as exposure to different microenvironment niches may signal to influence
the activity of tumor-derived TF, with potential profound prognostic implications for cancer-
related thrombosis.

The key question remains: to what degree does the microenvironment contribute to the
procoagulant phenotype of cancer cells and thus to the risk of developing thrombotic events?
Indeed, the procoagulant tendency of cancer cells is considered as one of the causes
responsible for the prothrombotic state of patients with cancer. It is perhaps intuitive that a
contact between TF-bearing tumor cells (and/or microparticles) and the blood system would
trigger the coagulation cascade in malignancy. Cancer cells shed from primary tumor and
wandering in the bloodstream, referred to as circulating tumor cells (CTCs), could represent
a “vector” of cancer-associated thrombosis. Figure 1 depicts the potential causes and
consequences of procoagulant CTCs. It is also worth mentioning that CTCs can be found as
a multicellular cluster in homotypic and/or heterotypic (associated with platelets and white
blood cells) aggregates (24-26). However, the contribution of single CTCs or CTC clusters
to thrombotic events remains ill-defined. Certainly, the possibility to isolate and analyze
CTCs and CTC clusters may provide insights into mechanisms of thrombosis in cancer.
Indeed, the biophysical, molecular and genetic profiling of CTCs from patient samples may
be used to define their thrombotic potential and act as biomarkers to develop
recommendations for the use of anticoagulant therapies to prevent or block the onset of
vascular events in patients with cancer. Also, given the heterogeneous character of cancer,
there might be subpopulations within individual tumors that possess different procoagulant
phenotypes. It remains to be defined whether subpopulations of CTCs activate the
coagulation cascade and platelet responses responsible for thrombosis, and whether
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hematogenous CTC clusters have a higher prothrombotic potential compared to single
CTCs.

The morphological abnormalities of tumor blood vessels consisting of excessive and
haphazard branching, marked permeability, leakage of plasma, and clotting of extravasated
fibrinogen and chronic vascular damage may exacerbate thrombotic events in patients with
malignancy (28-30). Indeed, many kinds of carcinomas, including those of the breast and
stomach, often succeed in stimulating extravascular coagulation in active angiogenic sites by
upregulating TF expression (31, 32). However, no studies to date have explored the
differential procoagulant state of CTCs when compared to tumor cells localized in a primary
or metastatic mass.

3. The intricate involvement of TF-bearing tumor cells in cancer

progression

Metastasis - the dissemination of cancer cells from the primary tumor mass to distant organs
- occurs predominantly through the bloodstream (27) and is responsible for as much as 90%
of cancer-associated mortality (28). The metastatic process is an intricate multi-step cascade
during which cancer cells intravasate from the primary site into the blood vessels, circulate
in the bloodstream towards distant anatomical sites, adhere to the luminal wall of micro-
vessels (arterioles and capillaries) and penetrate into the surrounding tissue (extravasation)
to eventually form secondary colonies (29). Perhaps TF expression confers a survival
advantage to cancer cells in the circulation. Indeed, inhibition of TF, FXa or thrombin has
been shown to prevent the formation of metastatic niches in SCID mice bearing human
melanoma tumors (41-43). Similarly, C57BI/6 mice injected with highly metastatic tumor
cells devoid of TF were protected from metastatic disease (44). Along similar lines,
metastasis was also abrogated when mice were injected with melanoma cells in presence of
an anti-TF antibody which impaired TF ability to bind to FVIla and initiate the proteolytic
cascade (34).

Normal cell survival depends on anchorage to solid substrates; thus, the detachment of cells
from a matrix support results in anoikis (33). Remarkably, the functional TF-FVIla complex
is thought to orchestrate cell survival signals in TF-expressing cells through its ability to
activate downstream anti-apoptotic targets such as MAP kinase and P13 kinase, and in
particular in the absence of mitogenic signaling in the context of anoikis (34, 35) (Figure 1).
In addition, the survival advantage provided by the TF-FVIla complex has been shown to be
further enhanced by the presence of FXa (34). Together these observations suggest that
procoagulant activity may permit cancer cells to acquire multiple alterations and survive
under conditions that usually lead to death of nontransformed cells. It remains unclear
whether clustering of CTC enhances the activation of the TF-FVIla signaling cascade to
increase their metastatic potential in the bloodstream as compared to single CTCs. Using
mouse models of metastasis, Aceto and colleagues have demonstrated that the metastatic
efficiency of CTC clusters is from 23- to 50- fold higher that single CTCs (30). Additionally,
the metastatic potential of cancer cell lines has been shown to correlate with their ability to
initiate the proteolytic cascade /n vitro (5). As previously mentioned, genetic alterations that
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are responsible for tumor progression appear to confer a procoagulant phenotype and
possible survival benefit. Thus, the control of the expression of the TF gene by oncogenes
may create a feedback pathway that selects for procoagulant CTCs. Evidence supporting a
pathological role for procoagulant activity in cancer progression is based upon a large
number of epidemiological observations in which the administrations of low-molecular-
weight heparins (LMWH) resulted in a delay in metastasis growth in a variety of tumors in
patients (15-18). Together, these studies raise the possibility that metastasis and
procoagulant activity of CTCs are intrinsically linked.

Several studies have demonstrated that TF may be directly involved in tumor growth,
angiogenesis and invasion independently of its hemostatic activity (32, 89-92). TF in
complex with FV1la cleaves protease-activated receptor 2 (PAR-2), triggering a downstream
transmembrane signaling cascade resulting in the phosphorylation of two serine residues on
the cytoplasmic tail of TF (91, 93-95). This phosphorylation event is proposed to have at
least two consequences: [1] enhanced cancer cell migration elicited via reversible release of
integrin agP suppression, upregulation of interleukin 8 (IL-8) and/or beta-arrestin-
dependent dephosphorylation and activation of the actin filament-severing protein (cofilin)
(96-98); [2] a proangiogenic switch, triggered by the upregulation of VEGF and
downregulation of thrombospondin (99, 100). The potential molecular mechanisms by
which TF is linked to cancer progression have been reviewed in details elsewhere (31-33).

4. The cross-talk between the hemostatic and the malighant system

A growing body of evidence suggests that changes in the activation and regulation of the
hemostatic system in patients with cancer directly contribute to cancer progression (Figure
2). During their migration through the bloodstream, cancer cells are exposed to a
challenging microenvironment, including exposure to shear forces and cytotoxic natural
killer (NK) cells. (34). It has been hypothesized that tumor cells may escape NK-mediated
immune recognition and overcome shear forces by inducing the formation of platelet-fibrin
rich microemboli (35, 36). This implicitly suggests that the role of TF in the hematogenous
survival of CTC is mainly driven by thrombin generation and function. In support of this
statement, platelet- or fibrinogen-depletion in mice caused a reduction in tumor colonization
when compared to mice with a normal platelet count or fibrinogen levels (37-39). In
addition, the ability of NK cells to lyse tumor cells /in vitro has been shown to decrease with
an increasing platelet count (37). Palumbo and colleagues subsequently showed that platelet-
fibrin deposits form a cloak around B16-F10 melanoma cells, helping to camouflage the
tumor cells to enable them to escape immune recognition and elimination (40). The mesh of
fibrin, induced by TF surface expression, was found to envelop cancer cells (35, 41)
preventing them from being recognized by NK cells (42, 43). In addition, the platelet-fibrin
coat may enable a mechanism of molecular mimicry resulting in the acquisition of platelet-
derived major histocompatibility complex (MHC-I) by cancer cells (44). Moreover, platelet-
derived TGFg and platelet-derived growth factor (PDGF) may impede NK immune
surveillance by down-regulating the NK cell activating immune-receptor (NKG2D) (45) and
NK cell PDGF receptor expression (46). TGFg derived from platelet a-granules has been
shown to profoundly impact tumor metastasis and survival by enhancing EMT via activation
of the TGFg/Smad and NF-KB signaling pathways in cultured tumor cells (22). Moreover,
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metastatic progression has been shown to be profoundly impaired in tumor-bearing mice
lacking plasma transglutaminase factor XI11 (FXIII), suggesting a role for FXII1-dependent
platelet-fibrin coat stabilization in cancer metastasis (47).

In order to leave the circulation and develop secondary colonies, CTCs must adhere or
become entrapped within the microvasculature of a target organ (48). As early as 1985,
electron micrographs studies showed B16 melanoma cells trapped in an intricate network of
platelets and fibrin at the lung vasculature site (49). Indeed, under /n vitro flow conditions,
platelets, bound to cancer cells or immobilized on a matrix surface, have been shown to
facilitate tumor cell adhesion, tethering and arrest under shear flow (50-52). The formation
of a platelet-tumor cell aggregate has also been implicated in the formation of a metastatic
niche rich in prometastatic granulocytes in an experimental mouse model of metastasis. In
this model, granulocytes were recruited by the release of selected chemokines (CXCL5 and
CXCL7) from tumor cell-activated platelets. Consequently, granulocyte recruitment was
prevented in platelet-depleted mice or in mice deficient in B3 integrins required for tumor
cell-induced platelet aggregation (53). Importantly, several studies have shown that platelet
P-selectin and apP3 act as potential receptors for tumor cells. The tethering and stable
adhesion of cultured cancer cells to the subendothelium has been shown to be prevented by
blockade of P-selectin and aj,p3 on platelet surface (50, 51, 54). Additionally, studies have
provided a direct correlation between platelet concentration and the number of cancer cells
tethering to human umbilical vein endothelial cells (HUVECS) in a P-selectin- and ayjpp3-
dependent manner /n vitro (55).

Platelets may play a role in promoting metastasis through the selective release of key growth
factors (e.g., vascular endothelium growth factor (VEGF; TGFg; PDGF) and
metalloproteases (MMPs)) at sites of CTC adhesion to the endothelium (56-58). Once
released from platelet a-granules, MMPs will degrade specific components of the
extracellular matrix (ECM), increasing vascular permeability and the extravasation of CTCs,
as well as the release of growth factors sequestered in the ECM (59). Platelet-derived
nucleotides may also promote the extravasation of CTCs. For instance, Munc13-4 deficient
mice, whose platelets lack the ability to secrete dense granule components such as ADP and
ATP, or mice deficient in the P2Y»-ATP receptor on endothelial cells, have been shown to
exhibit a significant decrease in melanoma (B16) and breast carcinoma (LCC) cell
extravasation and metastasis colony formation as compared to wild-type mice (60).
Moreover, platelet-derived ADP has been shown to promote tumor cell-induced platelet
aggregation (61), a potential strategy utilized by several tumor cell lines to evade the
immune system and resist arterial shear stress during the hematogenous journey (36). Thus,
platelet-bound adhesive molecules, platelet-derived soluble molecules and fibrin can
synergistically enhance the ability of CTCs to traverse the endothelial cell barrier, penetrate
the parenchyma and establish a metastatic lesion.

The assembly of a new vascular network (angiogenesis) is of central importance to the
growth of solid tumors beyond 2-3 mm (62). The intimate association with the circulation is
required for the tumor to acquire the necessary oxygen and nutrients, to shed metabolic
waste products and to have access to proteases and cytokines which sustain further tumor
growth, invasion, dissemination and extravasation (57, 63). Interestingly, tumor blood
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vessels display remarkable morphological abnormalities consisting of marked permeability
and leakiness, and excessive and haphazard branching (59, 64). This dysregulated vessel
morphology has been hypothesized to permit the access of cancer cells to the circulation,
favoring contacts with platelets which, in turn, can function as a source of proangiogenic
factors at the metastatic niche and contribute to tumor survival and progression (65). Indeed,
platelets and fibrin have been shown to stimulate endothelial cell proliferation and augment
the formation of capillary-like tubes /n vitro (66, 67) and angiogenesis in vivo (68-70).
Platelets are recognized as a major physiological transporter of VEGF in the blood, and have
been shown to be active and selective “scavengers” of soluble tumor-derived angiogenesis
regulators in patients with cancer (65, 71-77). In support of the latter, levels of
proangiogenic factors were found to be more abundant in platelets isolated from mice
bearing malignant tumors as compared to platelets deriving from non-tumor bearing mice
(76). Along these lines, elegant studies have shown that platelets isolated from mice with
cancer and activated with ADP could induce angiogenesis more efficiently than platelets
obtained from cancer-free mice (78). In addition to VEGF, platelets are carriers of over 30
crucial regulators of angiogenesis (pro- and antiangiogenic factors), which can be released in
a selective fashion depending on the stimuli (79-81). In this context, MCF-7 breast cancer
cells have been shown to orchestrate the preferential release of proangiogenic molecules
(e.g. VEGF), but not of the anti-angiogenic counterpart (e.g. endostatin), from platelet a-
granules, to induce angiogenesis /17 vitro (79). Interestingly, treatment of human platelets
with aspirin (COX-1 inhibitor) or antibodies against cp,B3 prior to exposure to breast cancer
cells has been shown to disable the release of proangiogenic factors in vitro (79, 82, 83).

For the homeostasis of the vasculature, it is crucial to maintain a normal platelet count in the
blood. Thrombocytosis is often an indicator of an advanced stage of cancer and is often
associated with poor prognosis for patients with cancer (41, 84-86). Moreover, patients with
metastatic cancer often display increased platelet reactivity and a concurrent high risk of
developing thrombosis (87, 88). In addition to the storage and release of angiogenic
regulators, key to the de novo formation of blood vessels at the metastatic foci, platelets have
been shown to contribute to maintaining tumor vessel homeostasis by protecting the tumor
vasculature from hemorrhage (69). This intriguing observation has been validated by
inducing thrombocytopenia in tumor-bearing mice. Thrombocytopenic mice had
significantly reduced levels of metastasis, compared to mice displaying a normal platelet
count. The authors noted that there was a tendency for the metastatic tumors to have fragile
blood vessels and evidence of hemorrhage. Transfusing these mice with fresh platelets
reversed this effect and promoted angiogenesis at the metastatic site (69, 70). However, pre-
activating the platelets to deplete their granule contents, before transfusion into the
thrombocytopenic mice, ablated the angiogenic response without impairing platelet clotting
functions. Collectively, this research suggests that the platelet secretome is of crucial
importance to the maintenance of vascular homeostasis and that this ability occurs
independently from thrombus formation. Along these lines, a recent study described the
presence of impaired blood vessel density and maturation at the tumor niche in platelet-
depleted mice (89).

Blood Rev. Author manuscript; available in PMC 2017 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mitrugno et al.

Page 9

5. NET(s) and cell-free DNA: enhancer of cancer-induced thrombotic

events

Recent observations have shown that neutrophil extracellular traps (NETS) are involved in
promoting coagulation and thrombosis in patients with cancer. NETSs are networks of DNA-
fibers which, in addition to their bactericidal function, can also provide a scaffold for platelet
adhesion, activation and thrombus formation (90, 91). Interestingly, G-CSF, which is
aberrantly expressed by diverse human tumors, including pancreatic and ovarian cancer (92,
93), have been shown to activate neutrophils and induce the release of NETs through a
process called NETosis (91). A striking increase in NETosis and subsequent thrombotic
degeneration was observed in murine models of metastasis following implantation of liquid
or solid tumors (91). Remarkably, NETosis can be impaired by the well-known anti-platelet
drug aspirin (94).

A second source of nucleic acids found in the blood, namely cell-free DNA (cfDNA), has
been shown to induce thrombin generation when added to re-calcified plasma (95). The
concentration of cfDNA in the blood is known to be increased in the setting of cancer and in
response to treatment with chemotherapy, and thus may represent a mechanism underlying
cancer-associated thrombosis, as DNA has been shown to activate the coagulation factor XII
to induce thrombin generation (95, 96). Notably, plasma samples from patients with cancer
normally present with higher levels of cfDNA than the samples isolated from healthy
subjects, indicating a potential correlation with tumor burden (97). In addition, a direct
correlation between CTC number and plasma and serum levels of cfDNA in patients with
diverse types of cancer has also been demonstrated (97). Thus, cfDNA holds promise as both
a biomarker for both tumor diagnosis and tracking as well as risk assessment for thrombosis.

6. Exacerbation of thrombotic events by anti-cancer therapies

In addition to the potential procoagulant phenotype of cancer cells, extensive evidence point
to anti-cancer therapy as an additional cause of the enhanced risk of developing thrombosis
in patients with cancer (98). Different chemotherapeutic agents, including
cyclophosphamide, methotrexate, 5-fluorouracil cisplatin, gemcitabine, cyclophosphamide,
doxorubicin, epirubicin, and daunorubicin, have been found to greatly potentiate the aberrant
hemostatic response leading to an increased risk of VTE and associated mortality (98, 99).
The underlying mechanism(s) responsible for chemotherapy—induced thrombotic events is
still being resolved. Nevertheless, a range of possible mechanisms have been proposed.
These include tumor cell and endothelial cell lysis and subsequent release of cytokine and
procoagulant paracrine mediators, upregulated expression of TF on the surface of
monocytes, platelet activation, increased endothelial cell reactivity to platelets as well as
direct damage to vascular endothelium and increase in circulating levels of cfDNA (97, 99,
100). The most extensive studies regarding the causal relationship between chemotherapy
and VTE have been conducted in women with early stage breast cancer, where
administration of chemotherapy caused an increased risk of VTE of 2—7 folds compared
with rates reported in a healthy population (101). It should be noted that in patients with
breast carcinoma, chemotherapy is rarely used on its own but it is applied in combination
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with hormonal therapy which further augments the risk of undesired VTE of 1.5-7 folds
(100-102). Chemotherapy is normally delivered by intravenous catheters, which can
contribute to aberrant thrombosis in upwards of 2/3"9S of cancer patients by physically
traumatizing the vessel wall and thus, enhancing its thrombogenicity (98). Lastly, functional
injury of endothelial cells and vascular inflammation caused by surgical interventions
represents another mechanism underlying thrombotic events associated with cancer patients
(98). Overall, the fact that cancer therapy and treatment may serve as a thrombotic trigger
represents a major challenge for creating guidelines for treating and preventing cancer-
associated thrombosis.

7. Clinical considerations for the procoagulant phenotype of cancer cells

Anticoagulant prophylaxis in patients with cancer has been shown to be effective in reducing
rates of venous thromboembolism (VTE) with no significant increased risk of serious
bleeding or effect on mortality (103, 104). However, guidelines indicate that patients with
solid tumors being treated in an ambulatory setting should not be routinely prophylaxed for
venous thromboembolism primarily due to low incidence of thrombosis in these studies
(<5%) (105). Therefore, risk stratification methods for thrombosis in patients with cancer
are needed for future trials so that only patient subgroups with relatively high thrombotic
risk are included in studies. In line with this, clinical parameters have been used to identify
patients with cancer who are at highest risk to develop thrombosis. Primary disease site is
one of the most important clinical parameters associated with thrombosis (106).
Randomized controlled clinical trials evaluating thromboprophylaxis for patients with cancer
based on primary disease site have shown mixed results for the efficacy of VTE prophylaxis.
For example, TOPIC-1 and TOPIC-2 evaluated thromboprophylaxis with certoparin, low
molecular weight heparin, versus placebo in patients with metastatic breast cancer and stage
I11 or IV non-small cell lung cancer (NSCLC), respectively. TOPIC-1 showed no difference
in VTE rates (4%) for metastatic breast cancer patients given VTE prophylaxis, while
TOPIC-2 showed a reduction in VTE from 8.3% in the placebo arm to 4.5% in the
prophylaxis arm with no increased risk of bleeding (103). Rates of VTE for patients with
pancreatic cancer have been shown to decrease from 28% to 12% in the FRAGEM trial for
patients receiving VTE thromboprophylaxis (104). Patients with newly diagnosed grade
I11/1V glioma given VTE prophylaxis saw VTE rates decrease from 15% to 9% in the
PRODIGE trial, although a trend toward increased intracranial bleeding was observed (107).
In addition to primary disease site, the Khorana score was developed and independently
validated and includes four other clinical parameters by which to stratify risk of VTE for
patients with cancer and includes disease site, pretreatment platelet count, hemoglobin level
or use of erythropoietic agents, body mass index, and leukocyte count (108, 109). The
Khorana score has been individually validated, with six month cumulative incidence of VTE
increasing with score (score 0 = 1.5%, score 1 = 3.8%, score 2 = 9.4%, score 3 or greater =
17.7%). ASCO guidelines recommend utilization of the risk score to assess patient risk to
develop thrombosis, and future studies to evaluate thromboprophylaxis in patients with
cancer would likely benefit from utilizing clinical scores in order to prescreen patient
populations and include only patients with relatively high thrombosis incidence. Despite the
success of the Khorana index, it excludes several disease specific and patient specific
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characteristics that have been independently associated with risk to develop thrombosis. A
multitude of biomarkers have been associated with venous thrombosis in patients with
cancer (110). Theoretically, improved specificity in stratifying patients by risk to develop
thrombosis might be achieved with the inclusion of individual patient biomarkers. The
Vienna Cancer and Thrombosis study (VCATS) identified D-dimer and soluble P-selectin
levels as independent predictors of VTE and the initial results of a risk score that includes
these values are promising for identifying patients at highest risk to develop cancer-
associated thrombosis (109). The extensive evidence to support a procoagulant phenotype
for cancer cells would suggest that CTCs may be intimately involved with aberrant
activation of coagulation and may even be prognostic for thrombosis in patients with cancer.
As such, CTCs make for an intriguing potential biomarker for thrombosis in patients with
cancer. The first study to assess the correlation between circulating tumor cells and
development was performed in 2009, retrospectively analyzing the development of
thrombosis as a function of pre-treatment CTC count (111). This study revealed that
detectable levels of CTCs at baseline correlated with a hazard ratio for venous thrombosis of
5.3. Moreover, baseline CTC counts greater than five had double the risk to develop
thrombosis than baseline CTC counts below five; however these results were not statistically
significant. Similarly, the presence of CTCs correlated with levels of D-dimer, a marker of
coagulation activation (112) Therefore, the hypothesis that CTCs might be a potential
biomarker for thrombosis is supported by the studies published to date. More studies, and in
particular, studies on patients with cancers of known high thrombotic risk are needed to
further explore the association of CTCs with thrombosis.

In vitro, cancer cells exhibit significant heterogeneity in their morphology, viability and
metastatic potential. Efforts to distinguish critical features of CTCs, such as stem cell
markers, have demonstrated that cancer stem cells overexpress TF (113). As CTC stem cells
are a mere subpopulation of the total CTCs population, this finding suggests heterogeneity in
the procoagulant phenotype of CTCs. In support of this, /n vitro studies have shown
heterogeneity in cancer cell surface expression of TF and PS, both of which are critical to
determining the procoagulant phenotype of cancer cells. As such, the utility of implementing
CTC analysis as a means to rationally base thrombaosis prophylaxis may hinge upon
determining critical features of CTCs in addition to CTC counts as a marker for risk to
develop thrombosis (114).

Finally, the host response to procoagulant tumor cells in the peripheral blood may be
different depending on a number of factors to include platelet count, levels of coagulation
factors and number of CTCs or CTC clusters, all of which may determine an individual’s
propensity to develop thrombosis over the course of their disease. In fact, debate exists over
the utility of circulating TF as a predictor of thrombosis, as it has a demonstrated association
with thrombosis in pancreatic cancer, but not all patients with high levels of circulating TF
develop thrombosis (115). Further, circulating TF is not associated with thrombosis in
patients with colorectal cancer or brain glioma (116). Therefore, the development of
thrombosis may not rely on of the mere initiation of coagulation by circulating TF, but rather
the magnitude of the host’s coagulation response to that trigger. Our studies have shown that
physiological variance of coagulation factors 1X and X influence /n vitro coagulation
kinetics to equivalent procoagulant TF triggers, and evaluation of individual patient
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coagulation factor levels may hold promise in predicting who is at greater risk to develop
thrombosis in the presence of procoagulant TF or CTCs (117).

8. Conclusive remarks and perspectives

Tumor cells may serve as a prothrombotic trigger through the aberrant regulation of
coagulation activity and enhanced platelet activation. However, like the metastatic process
itself, mechanisms by which the coagulation cascade is activated in patients with cancer is
difficult to dissect directly. Importantly, differently from other cancer phenotypes, the
mechanisms contributing to coagulation may be strictly influenced by the blood
microenvironment. For instance, there are no procoagulant genes that undergo mutation to
trigger thrombotic behaviors, yet there are potential paracrine or juxtacrine cross-talk
mechanisms that might drive a genotypic and phenotypic conversion towards a procoagulant
behavior. The prediction of a thrombotic event in patients with cancer is also complicated by
the fact that we do not fully understand when and how the procoagulant power of tumors
overwhelms the endogenous anticoagulant pathways present in the vasculature. Although the
exact molecular triggers behind the initiation of thrombosis in patient with cancer remain ill-
defined, one exciting advance is the identification and possible isolation of CTCs and CTC
clusters and detection of cfDNA in patient blood samples. We propose that novel studies of
CTC and cfDNA biophysics and transport may help bridge the gap in our understanding of
molecular and cellular mechanism of thrombosis in cancer. The study of cfDNA and
identification and isolation of CTCs from patients with cancer might help us in deciphering
changes in the procoagulant phenotype of tumors in real time and establish whether specific
patient subpopulations are associated with a greater risk of developing thrombotic events.
Together with this, experimental and computer modelling approaches are also likely to be
predictive of the prothrombatic risk of certain tumors. Future research will identify the
mechanisms underlying the activation of the coagulation cascade by cfDNA and CTCs in the
bloodstream, and the potential role of the blood microenvironment in reprogramming the
procoagulant phenotype. The possibility that a tumor cell may escape the immune response
in the bloodstream and be successful in its progression may be regulated by its
prothrombotic activity. Several questions remain: Are CTC clusters more procoagulant and
thus, more aggressive than single CTCs? What is the contribution of CTCs to the pool of
cfDNA, and what role does cfDNA play in initiating the coagulation cascade? Does
activation of the coagulation cascade and platelets help or hinder metastasis? Is the
coagulation pathway activated only during primary dissemination or also during metastatic
relapse? Answering these questions may help provide a rationale for the use of cfDNA and
CTCs for cancer diagnosis, therapy and prognosis.
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FIGURE 1. The procoagulant phenotype of circulating tumor cells
In CTC, the expression of the procoagulant protein TF can be enhanced by intrinsic and

extrinsic cellular routes. The intrinsic route includes the mutated activity of tumor
suppressors (p53 and PTEN) and/or oncogenes (kRAS and MET) that aberrantly induce the
transcription and translation of the TF gene. The extrinsic route is initiated outside the cell
by TGFy paracrine signaling, thereby dependent on the EMT program. The TF cytoplasmic
domain is linked to a variety of signal transduction proteins (e.g., PI3K and MAPK) that
become activated following cell intravasation to prevent anoikis. At the same time, the
ectodomain of TF on the CTC surface or on shed tumor-derived microparticles (MPs)
initiates the extrinsic coagulation cascade leading to thrombin generation and thus, fibrin
formation and platelet activation.
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FIGURE 2. Coagulation and platelet activation support tumor metastasis
CTCs activate and aggregate platelets via paracrine and/or juxtacrine signals to ensure their

survival in the bloodstream and to permit extravasation, proliferation and angiogenesis at the
metastatic site. Aggregated platelets and fibrin surround and protect CTCs from NK-
mediated lysis via physical shielding. Platelets also release TGFg and PDGF, which function
as downregulators of the NK-activating receptor NKGD. In addition, CTCs can escape the
immune surveillance through molecular mimicry of platelets. Tumor cell interaction with the
endothelium is thought to be mediated by platelets, specifically via P-selectin binding to
PSGL-1 and integrin-fibrinogen-integrin bridges. Platelet release of growth and angiogenic
factors (e.g., PDGF, TGFg, VEGF) as well as proteases (e.g., MMPs) and adenine
nucleotides (e.g., ATP) contribute to cancer cell extravasation and formation of new stable
capillaries at the metastatic site. Moreover, intracellular signaling transduced via molecules
downstream of TF has several benefits for tumor progression (Yellow Box).
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