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Abstract: Cancer-associated thrombosis (CAT) is a leading cause of mortality in cancer patients and its incidence varies in different
parts of the world. Venous thromboembolism (VTE) is a prominent manifestation of CAT, and significantly impacts morbidity and
survival compared to arterial thrombosis in cancer patients. Several risk factors for developing VTE such as chemotherapy and
immobilization have also been found co-existing with cancer patients and contributing to the increased risk of VTE in cancer patients
than in non-cancer patients. This review highlights recent mechanisms in the pathogenesis of hypercoagulable syndromes associated
with cancer, multiple mechanisms implicated in promoting cancer-associated thrombosis and their diagnostic approaches. Cancer cells
interact with every part of the hemostatic system; generating their own procoagulant factors, through stimulation of the prothrombotic
properties of other blood cell components or the initiation of clotting by cancer therapies which can all directly activate the coagulation
cascade and contribute to the VTE experienced in CAT. It is our hope that the multiple interconnections between the hemostatic system
and cancer biology and the improved biomarkers reported in this study can be relevant in establishing a predictive model for VTE,
optimize early detection of asymptomatic microthrombosis for more personalized prophylactic strategies and incorporate effective
therapeutic options and patient management to reduce mortality and morbidity, and improve the quality of life of affected cancer
patients.
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Introduction

Cancer is the second most common cause of mortality in the United States and recently in some other countries too.
Thrombosis has been established as having a close association with cancer and thus represents a common complication of
malignancy and the second leading cause of death in cancer patients.' The association of cancer with thrombosis has
been recognized over the years, with numerous postmortem studies identifying an increased incidence of thromboem-
bolic deaths in cancer including mucinous carcinoma of the pancreas, lung, and gastrointestinal tract.” It is commonly
called cancer-associated thrombosis (CAT), and was first described by Armand Trousseau due to increased incidence of
phlegmasia alba dolens particularly affecting patients with gastrointestinal cancers.” The abnormalities of coagulation
tests have been increasingly observed in cancer patients, indicating the presence of an ongoing subclinical hypercoagul-
able condition in this group. Several laboratory tests results have also demonstrated that a fibrin formation and removal
process parallels the development of malignancy and this becomes paramount considering that fibrin and other clotting
products are essential components of thrombogenesis and tumor progression.”

The incidence of thrombotic complications in cancer can vary from arterial or venous thromboembolism to
disseminated intravascular coagulation. Cancer patients have an increased occurrence of both venous thromboembolism
(4-20%) and arterial thrombosis (2-5%) when compared to the general population.’® However, cancer patients have
recently had an increased risk of deep venous thrombosis (DVT); significantly impacting morbidity and survival than
with arterial thrombosis.” The presence of clinically detectable venous thromboembolism (VTE) has also been reported
in 15% of all cancer patients, with a likelihood of the number being more when subclinical thromboembolism (TE) is
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added. Venous thromboembolism (VTE) is a collective term for broadly describing acute superficial vein thrombosis,
acute deep venous thrombosis (DVT), acute pulmonary embolism (PE), and splanchnic vein thrombosis (SPVT).® It is
the third most prominent cardiovascular disorder with an estimated annual incidence of 0.1%, and affecting 2% to 5% of
the entire population during their lifetimes. Venous thromboembolism is the second highest cause of mortality among
cancer patients."”” Cancer patients represent 20% of all patients with deep venous thrombosis (DVT) and pulmonary
embolism (PE) diagnosis.”

There is a ninefold increase in the risk for VTE across all cancer patients, with cancer being majorly responsible for
18% of all incident VTE. There have been cases of the VTE risks being elevated to as much as 28-fold in certain types of
malignancies.'®!" Consistent with other previous studies, certain cancers were also discovered to be more predisposed to
prothrombotic tendencies; and associated with disease staging, bed rest, as well as the therapeutic interventions
employed. Evidence of TE has also been described in 5-10% of patients with breast cancer despite undergoing adjuvant
chemotherapy with about 15% in those having metastatic disease. The recurrence of TE is also twice as probable in
cancer patients despite being established on oral anticoagulant therapy when compared with the general population.”
These patients were also observed to have had longer hospitalization, poor response to oral anticoagulant therapy
alongside a poorer prognosis following their first episode of VTE. Regardless of the lack of thrombotic presentations,
some cancer patients such as those with solid tumors and leukemia however, still commonly present with aberrant
laboratory coagulation tests which are characterized by varying degrees of clotting activation; suggesting the presence of
a subclinical hypercoagulable condition. Such complications like the recurrent VTE, postthrombotic syndrome, and
chronic thromboembolic pulmonary hypertension are costly and common occurrences even among the patients who
survive an episode of VTE, and thereby having a profound impact on the patient’s quality of life.'?

Despite numerous reports establishing a correlation between cancer and thrombotic complications for over two
decades, it is still largely unclear if there is a similarity between the mechanisms that trigger cancer-associated DVT and
those found in nonmalignant thrombotic incidences in the ordinary population.” The mechanisms underlying cancer-
associated thrombosis much like cancer itself have been described as being multifactorial and incompletely understood. '
Generally, cancer patients are in a hypercoagulable state characterized by abnormalities in each component of the
Virchow’s triad, thereby enhancing thrombogenesis. The triad comprises three broad categories which includes stasis of
blood flow, endothelial injury, and hypercoagulability, with the latter including abnormalities in the coagulation and
fibrinolytic pathway and platelet activation.'* The specific mechanisms resulting in Virchow’s triad in cancer patients,
particularly the effect on the host hemostatic system to promote the prothrombotic state, still remain poorly understood as
the cancer types and stages, tumor-derived factors and genetics all pose varying risks rate for cancer-associated
thrombosis. This review is aimed at giving an overview of the current factors implicated in the pathogenesis and capable
of contributing to the hypercoagulable syndromes associated with cancer (arterial and venous thrombosis), the risk
factors for developing cancer-associated thrombosis, patterns of thrombosis associated with cancer, the multiple

mechanisms (direct and indirect) implicated in promoting cancer-associated thrombosis and their diagnostic approaches.

Thrombotic Complications in Cancer

Venous Thromboembolism

Venous thromboembolism (VTE) primarily comprises deep vein thrombosis (DVT) and pulmonary embolism (PE) and
their development is commonly initiated in the valve sinus. A number of features surrounding these valves such as
abnormal and reduced blood flow, reduced shear stress, and hypoxia leading to an intact but dysfunctional endothelium;
all contribute to the prothrombotic nature of the sites.'> Platelets and leukocytes are also capable of becoming trapped in
valve pockets, tumors are capable of compressing veins in cancer patients thereby resulting in venous stasis and
subsequently encouraging thrombosis. A VTE diagnosis is a serious complication of cancer, adversely affecting the
quality of life of the patient by decreasing their overall survival rates and subsequently contributes significantly to the
morbidity and mortality of this patient group.'® Fatal PE has been reported to be thrice more common in cancer patients,
and a five- to sevenfold increased risk of VTE development in cancer patients than in noncancer patients.'’ Cancer
patients who develop VTE at diagnosis of their cancers or within the diagnosis year usually have a worse prognosis
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compared to those without VTE. Approximately 4-20% of cancer patients experience VTE at some stage, and the highest
rate occurring in the initial period following diagnosis. Furthermore, 0.5% of cancer patients will experience thrombosis

annually compared to a 0.1% incidence rate in the general population.'*

Arterial Thrombosis

Arterial thrombosis in cancer are less common compared to the VTE as multiple case reports indicative of acute arterial
thrombosis in the setting of a new malignancy exists. The incidence of arterial thrombosis at six months was recently
assessed in a large retrospective matched-cohort study, and it was reported at 4.7% in cancer patients compared with
2.2% in the matched controls.'® Arterial thrombosis differs substantially in their pathogenesis from venous thrombosis as
it typically occurs with endothelial damage. Atherosclerotic plaques having lipid-rich core with thin fibrous caps are
prone to thrombosis, and a ruptured plaque or an intact plaque with superficial endothelial erosion can result in the
formation of a thrombus. Persistent platelet activation at the rupture site promotes thrombosis by exposing the
procoagulant molecules within the plaque core.'” The high shear rates in stenosed arteries contribute to a thrombus
predominantly composed of platelets unlike in the low venous shear rates in VTE development. Platelets are the only
blood elements that are capable of adhering at high shear stress and the high shear rates has a positive feed-forward
activity for platelet activation which further enhance thrombogenesis.'* However, arterial thrombosis in cancer can also
occur in the absence of an atherosclerotic plaque as seen in cardiovascular patients, where several secreted factors from
cancer cells which includes thrombin and vascular endothelial growth factor (VEGF) can induce systemic hypercoagula-
tion which results in the promotion of platelet activation and coagulation.*

There have also been multiple case reports establishing an association between chemotherapy and arterial thrombosis
with numerous chemotherapy agents known to be prothrombotic such as the platinum-based agents (cisplatin), vascular
endothelial growth factor (VEGF) inhibitors (bevacizumab), and VEGF tyrosine kinase receptor inhibitors (sorafenib/
sunitinib/pazopanib) have been associated with increased rates of arterial thrombosis.?® Vascular damage resulting from
hypertension, atherosclerosis, or vascular anomalies are other major risk factors for arterial thrombosis by inducing
turbulence and blood flow perturbation, thereby enhancing platelet adhesion which is a key aspect of thrombotic
pathogenesis.'’

Chronic Disseminated Intravascular Coagulation

Cancer-associated thrombotic complications are not restricted to VTE or arterial thrombosis, as other more severe
procoagulant manifestations such as the disseminated intravascular coagulation (DIC) and thrombotic microangiopathy
(TMA) are also types of CAT complications.”' Simply put, DIC refers to a relatively rare but severe complication of
cancer manifesting as a consumptive coagulopathy that leads to microvascular thrombosis with tendency for severe
bleeding, thrombocytopenia, and subsequent organ failure.”> The bleeding is, however, believed to result from hyperfi-
brinolysis which dominates microvascular thrombosis.?®> There have been varying reports of incidence of DIC with 7%
recorded for solid tumors and other reports indicating a higher incidence of about 85% in acute promyelocytic leukemia
also. Defects in the three constituents of normal host defense against thrombosis tend to be commonly implicated in DIC
and thrombogenesis in cancer patients and these include: (1) blood flow leading to stasis, (2) balance of the procoagulant
and anticoagulant proteins within the blood, resulting in the activation of circulating procoagulant proteins, and (3) vessel
wall activation, resulting in an increase in its procoagulant contribution.'* DIC in cancer patients often has less severe
clinical presentations with a more delayed onset, sequel to which DIC progresses in a gradual yet chronic manner leading
to systemic activation of coagulation and subsequently resulting in the quick exhaustion of coagulation factors and
platelets. Bleeding would usually result at the first clinical symptom to indicate DIC.*!

Thrombotic microangiopathy (TMA) manifests as thrombotic purpura and hemolytic uremic syndrome and often
difficult to distinguish from DIC as it shares similar clinical presentations as DIC which subsequently result in
microvascular thrombosis with increased predisposition for bleeding and organ failure. A distinctive diagnosis of
TMA is highly essential in order for accurate treatments of the condition since TMA and DIC both have different
therapeutic approaches despite their similarities and close associations.”* Unlike DIC which results from the marked
activation and consumption of the coagulation system and subsequent secondary fibrinolytic activation, the initiation of
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TMA occurs by the marked activation and consumption of platelets in response to numerous factors which results in the
activation and subsequent damage to the vascular endothelium.'*

Thrombotic Thrombocytopenic Purpura

The complication of thrombotic thrombocytopenic purpura can occur in patients with cancer, and various cancer
chemotherapeutic agents have been associated with both TTP and hemolytic uremic syndrome. TTP is commonly
characterized by pulmonary manifestations, especially pulmonary edema and neurologic changes have also been
frequently observed. The condition has been observed to have resulted directly from many different types of cancer
and found only in a minute fraction of these cancer patients, most commonly gastric adenocarcinoma patients followed
by carcinoma of the breast, colon, and small cell lung carcinoma patients.** The deficiency of a von Willebrand factor
(vWF)-cleaving protease (ADAMTS13) resulting from an inhibitor(s) present in the patient or congenital deficiency and
the presence of unusually large (uL)vWF multimers in the TTP patients have been associated with the pathophysiology
of this condition.”> The protease have also been discovered to be responsible for cleaving uLvWF multimers to smaller
ones, which is capable of promoting the activation and aggregation of platelets if not cleaved.”® uLvWF multimers can
also be released into the circulation in the case of a disease or injury that involves the endothelial cell, thereby promoting
the activation and aggregation of platelets in the arteriolar capillaries which results in thrombocytopenia and micro-
angiopathic hemolytic anemia if the vWF-cleaving protease is not available.

Metastasis of the bone marrow may also be associated with increased and abnormal angiogenesis for the growth of
cancer as observed in cancer metastasis to other organs. It is therefore possible for the aggressive growth of these tumors
and secondary myelofibrosis to injure the endothelial cells of the vessels in the marrow by direct encroachment thus
causing the release of uLvWF multimers in advanced cancer, thereby contributing to the aggregation of platelets. The
production of mucin is however believed to contribute to the TTP as it is capable of exerting a direct detrimental effect

on the pathologic endothelial cell to change the endothelial function.?>*

The Mechanisms of Cancer-associated Thrombosis

Cancer patients have an increased predisposition to thrombosis, and this can be viewed from multiple perspectives. There
is nonetheless a poor understanding of the molecular mechanisms underlying the risk of thromboembolic complications
in cancer patients. In addition, it still remains unclear whether the mechanisms triggering cancer-associated DVT and
mechanisms behind nonmalignant thrombosis have any similarity. Various studies have attempted unraveling the
relationship between these two processes since the initial discovery by Bouillard and further insights by Trousseau
over two decades ago.?” Numerous other mechanisms capable of promoting a hypercoagulable state in cancer patients do
exist; mostly traceable to cancer cells being able to alter the various components of Virchow’s triad and resulting in an
increased susceptibility to thromboembolic events. The proper identification of the pathophysiology of cancer-associated
DVT could proffer crucial therapeutic outcomes requiring certain pharmacological approaches distinct from others used
for prophylaxis or treatment of nonmalignant thrombosis. This study highlights the mechanisms of VTE in cancer,
emphasizing VTE as the most common clinical presentation of CAT and broadly classifying them into direct and indirect
mechanisms as summarized in Figures 1 and 2, respectively.

Direct Mechanisms of Cancer-associated Thrombosis

Tissue Factor

Tissue factor (TF) is considered the best characterized tumor-derived procoagulant protein abundantly expressed on
subendothelial cells such as fibroblasts, pericytes, and vascular smooth muscle cells triggering hemostatic response upon
vascular injury. It is usually not expressed on normal quiescent endothelium, but becomes constitutively expressed by
malignant tissue involving endothelial and tumor cells. Tumor TF expression has only been associated with VTE risk in
pancreatic and ovarian cancers despite the other numerous reports of TF expression in several types of cancers." An
elevated TF expression has also been positively correlated with advanced stages of pancreatic cancer and poorer
prognosis. In addition, TF has also been observed on the surface of microvesicles released by pancreatic tumors; and
their presence associated with increased VTE in pancreatic cancer patients.”®
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Figure 2 Schematic representation of the indirect mechanisms for cancer-associated thrombosis.

Microparticles (MP)

MPs are small membrane vesicles having 0.1-1 um diameter and are released from apoptotic or activated normal
cells or resting malignant cells. They are capable of directly and indirectly enhancing prothrombotic mechanisms in
cancer when released from cancer cells. The components of the coagulation protease cascade are assembled on their
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membrane surface. Breast and hepatocarcinoma cell lines were reported to show procoagulant activity both in vivo
and in vitro associated with tumor-derived vesicles, alongside increased in vivo thrombus formation by circulating
MP in several other cancer types more recently.'* One mechanism of MP-induced VTE is the surface expression of
active TF and the presence of phosphatidylserine which supports the assembly of coagulation complexes on its
negatively charged surface.’” The externalization of phosphatidylethanolamine from pancreatic cancer MP has
recently been reported to play a crucial role in cancer-associated DVT too.®> This association of TF-positive MP
with VTE complications has however, only been reported in patients with pancreatic cancer.>”

Podoplanin (PDP)

Podoplanin (PDP) is a platelet activating and aggregating protein, which occurs through tumor-cell-induced platelet activation
using the C-type lectin receptor 2 (CLEC-2).*! It is produced by cancer-associated fibroblasts, and its expression observed in
pancreatic cancer cell lines.>* CLEC-2 depletion in platelets was observed to have resulted in a decreased venous thrombosis
using an inferior vena cava (IVC) stenosis model of DVT, which was however restored following the transfusion of wild-type
platelets. This increased level of circulating podoplanin in the IVC wall after stenosis correlated with the degree of
thrombosis.*® Tumor-associated podoplanin has only been associated with VTE in brain cancer patients, while no association
has been established yet in other cancer patients.** A few studies have postulated that podoplanin is expressed into the
bloodstream by cancer cells in order to regulate thrombosis at distant sites correlating with other studies where tumor-derived

MPs bearing podoplanin were detected in the peripheral circulation of pancreatic and colorectal cancer patients.>>~

Plasminogen Activator Inhibitor-1 (PAI-1)

PAI-1 inhibits fibrinolysis, and is reported to be highly expressed in cancer cells such as the pancreatic cancer cells.
Increase in PAI-1 plasma level reduces fibrinolytic activity, and subsequently predisposes the affected persons to
thrombosis.'*” Excessive PAI-1 levels correlated with the degree of thromboembolism in pancreatic cancer patients,
inhibiting plasminogen activator and impairing fibrinolysis which resulted in disseminated intravascular coagulation,
circulatory hypoperfusion, and organ dysfunction in affected cancer patients.*® Studies have shown a significantly
elevated thrombi level when treated with an anti-VEGF drug, bevacizumab, thereby resulting in an increased
circulating levels of PAI-1 in the tumor and plasma. PAI-1 inhibitor significantly lowered the thrombotic effect of
bevacizumab, suggesting a possible use for PAI-1 inhibitor in enhancing the clearance of VTE in cancer-associated
thrombosis.*” Further studies are however essential in validating its role and elucidating the mechanism.

Cancer Procoagulant (CP)

Cancer procoagulant (CP) is a cysteine protease capable of activating the coagulation cascade by its direct activation of
factor X independently of FVII. It was initially isolated from rabbit malignant tissue and later isolated from human
carcinomas carrying procoagulant activity too. CP cleaves the FX heavy chain at a site different from the other known
FX activators.'? A study, however, reported a lack of correlation between CP and procoagulant markers in breast cancer
patients which led to the purity of the CP preparations utilized in earlier studies being doubted and potential contamina-
tion of TF/factor VIla complex being considered.*’

Tumor-derived Platelet Agonists

Cancer cells cause the secretion of adenosine diphosphate (ADP) responsible for the activation and aggregation of platelets
via the P2Y1 and P2Y12 receptors. Thrombin synthesis has also been reported in pancreatic tumors, with an increased
plasma level in pancreatic cancer patients.*' ADP and thrombin are platelet aggregation agonists which mediate primary
hemostasis. This may, therefore, explain the enhancement of platelet activation and coagulation in cancer patients by these
tumor-derived products, correlating with other studies on the effect of tumor-derived agonists on platelets.'*

Indirect Mechanisms of Cancer-associated Thrombosis
The cancer-derived factors and some of its associated mechanisms capable of enhancing interactions with host cells can
result in thromboembolic complications in cancer patients as shown in Figure 2.
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Microparticles

Microparticles (MP) expressing TF in cancer patients are reportedly derived from the cancer cells while activated
endothelial cells and monocytes have also been observed to release TF-positive MPs in response to the condition.
Cancer cells produce and secrete numerous pro-inflammatory cytokines which can cause the release of TF-positive MP
from activated endothelial cells and monocytes. The tumor and host cells’ relative contribution to the total amount of
TF-positive MP observed in cancer patients, however, still remain unconfirmed."*

Inflammatory Cytokines

Majority of the inflammatory cytokines synthesized and secreted by the tumor cells are phenotypically procoagulant,
capable of enhancing thrombogenesis and disrupting host endothelial cells. A reactive response is also induced in the
host’s inflammatory tissues by the tumor presence causing an excessive cytokine release.'” The tumor necrosis factor
alpha (TNF-a) and interleukin-1p (IL-1B) are considered the most well-defined pro-inflammatory cytokines, they have
been reported to exert prothrombotic effects and possible induction of TF and von Willebrand factor expression on
vascular endothelial cells.”? However, TNF-o and IL-1f also downregulate and attenuate thrombomodulin; a receptor on
endothelial cells that binds with thrombin and is also responsible for protein C activation thus serving as an antithrom-
botic regulator. These inflammatory cytokines also act on endothelial cells to inhibit the release of nitric oxide and
prostacyclin while also promoting the prothrombotic activity of the endothelial cells by stimulating the fibrinolysis
inhibitor; PAI-1 production.

The release of pro-angiogenic and growth factors such as vascular endothelial growth factor (VEGF), basic fibroblast
growth factor, and granulocyte colony stimulating factor (G-CSF) induce procoagulant phenotype in host cells. Excessive
TF is produced by macrophages, which is induced and activated upon exposure to VEGF produced by various tumor
cells. Hemostatic activation is mediated by endothelial activation markers (thrombomodulin and von Willebrand factor)
and coagulation markers and their level has been reported to increase when in the presence of G-CSF, indicating
hypercoagulation. TF expression on endothelial cells has also been reported to be aggravated by basic fibroblast growth
factor.*?

Adhesion Molecules

Cancer cells have been reported to promote blood vessel walls attachments, interactions with blood cells and activation
of the procoagulant properties of the hosts’ endothelial cells, leukocytes, and platelets. The attachment of endothelial
cells to tumor cells can trigger a localized clotting near the blood vessel wall and subsequent thrombus formation.
Numerous adhesion molecules account for various types of tumor cells adhesion to endothelial cells. They include the
E-selectin which enabled the HT-29M colon carcinoma cells attachment and rolling on activated endothelial cells under
shear stress, the A375M cells 29M used the vascular cell adhesion molecule-1 for its adhesion; with all these molecules
capable of increasing aggregate formation and promoting thrombosis by obstructing vascular patency. Further, P-selectin
synthesized by the endothelial cells and activated platelets facilitates binding with cancer cells. However, the P-selectin
ligand on cancer cells still remains unconfirmed. These interactions between cancer cells, platelets and endothelial cells
results in the formation of cell-cell aggregates, which then disrupts blood flow and promote clotting and vessel
occlusion.*

Neutrophil Extracellular Traps

Neutrophil extracellular traps (NETs) are DNA-associated mesh of histones and neutrophil-derived proteases first
recognized for their antimicrobial functions and have been observed to be produced in vitro under the influence of
pancreatic-cancer-derived factors. Recently, NETs are also shown to enhance venous and arterial thrombosis in mice
and serve as a platform for direct platelet adhesion and aggregation.*>** In addition, cancer-associated NETs could
further enable the activation of host cells to promote thromboembolic events such as the activation of endothelial cells
by NET-associated histones, subsequently increasing the release of von Willebrand factor.**® Elevated citrullinated
histone H3 (a biomarker for NET formation) increased VTE in cancer patients. Other NET biomarkers including cell-
free DNA and nucleosomes also positively correlated with increased VTE predisposition within the first three-to-six
months.*’
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Mucins

Numerous cancer types exhibit aberrant expression and altered glycosylation of many mucins.*® Mucins possess heavy
O-linked glycosylation sites which act as ligands for selectins. They utilize adhesion-dependent signaling to promote
thrombosis in cells. Mucins are incapable of self-activating platelets directly in vitro, but caused platelet activation when
incubated with whole blood, suggesting a possible link with the L-selectin. Purified mucin also caused widespread
platelet-rich intravascular microthrombi in mice, correlating with previous reports on further mechanistic insights into
mucin-induced microthrombi.** The L-selectin and P-selectin glycoprotein ligand-1 interaction on neutrophils and
P-selectin on platelets to produce cathepsin G from neutrophils dictates their prothrombotic potential in cancer patients.

Hypoxia

Tumors result in a very hypoxic microenvironment which promotes endothelial perturbation. Endothelial cells release
elevated levels of phospholipase A2 during hypoxia, causing the excessive production of prostaglandins and platelet-
activating factor (PAF) synthesis. Besides activating platelets, PAF also activates neutrophils; thereby promoting their
endothelial adhesion under hypoxic conditions. The adhesion of neutrophils to hypoxic endothelial cells was reported to
have declined upon obstructing the release of PAF.>’ Hypoxia causes exocytosis of Weibel-Palade bodies from the
endothelial cells, the release of von Willebrand factor and P-selectin overexpression, and escalates the indirect procoa-
gulant response. The increased synthesis of ADP during hypoxia in tumor patients could also lead to increased platelet
activation.”!

Damage-associated Molecular Patterns (DAMPs)

DAMPs are molecules comprising histones, high mobility group box 1 (HMGBI), S100 proteins, and heat shock proteins
localized within the cell and produced by senescent tumor cells upon cell death or during cell stress. They coordinate
protective responses via innate immune pattern recognition receptors upon release, and propagate a host response.
However, DAMPs are also capable of inducing chronic inflammation and immune cell activation in the host resulting in
thrombotic events and promoting tumor growth and survival. Cancer patients reportedly had an increased plasma
circulating nucleosomes when compared with a healthy control group.’* Histones and HMGBI are the DAMPs that
have so far been recognized as having potent procoagulant activity and their presence in peripheral circulation of cancer
patients indicates an enhanced platelet activation and aggregation and neutrophil activation, inducing neutrophil extra-
cellular traps (NETs) release and enhancing thrombosis.'” Increased extracellular DNA levels have also been observed in
patients with PE, suggesting an association of extracellular DNA with thromboembolic complications.”* However, their
role in cancer patients and noncancer patients is yet to be fully delineated.

Cancer-associated Treatments

Various cancer treatments exist; however, chemotherapy is currently the commonest and most readily available form.
Cisplatin-based chemotherapy has been reported to promote thromboembolic events in cancer patients; the mechanism
underlying cisplatin-associated thrombosis, however, still remains unclear. The treatment of two human endothelial cell
lines with cisplatin led to endothelial cell apoptosis while provoking procoagulant endothelial microparticles release and
resulted in thrombin formation independent of TE.>* A series of distinct mechanisms seem to be involved in this
prothrombotic activity, including the direct drug-induced damage to the endothelium and the elevated expression of TF
procoagulant activity of monocytes and macrophages propagating a procoagulant response from the host cells. The direct
hepatotoxicity of chemotherapy may play another major role in promoting hypercoagulation by the inhibition of natural
anticoagulant proteins, such as the protein S, protein C, and antithrombin. Furthermore, chemotherapy induces apoptosis
of both tumor and host endothelial cells resulting in cytokine release and increasing TF expression and activity.>

Coagulation Gene Defects

Oncogenic mutations and some coagulant effectors have been reported to deregulate hemostatic genes in cancer cells.>®
Regardless of the tumor types; oncogenic mutations in cancer cells have been associated with the incidence of CAT in
some cancer patients. Certain mutations such as the STKII, KRAS, CTNNB1, KEAP1, CDKN2B, and MET, were
reported to predict striking increase in the occurrence of CAT in the patients for about a year prior to primary
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diagnosis.”” In addition, elevated factor V Leiden presence and prothrombin gene G20210A mutation were also
reported to upregulate the risk of thromboembolic complications in gastrointestinal cancers.’® Single nucleotide
polymorphisms of factors V, X and the endothelial protein C receptor (EPCR) had a novel association with suscept-
ibility to hypercoagulability in breast cancer patients.”® The homozygosity of the fibrinogen gamma gene (FGG)
152066865 has been associated with increased risk of VTE in active cancer, especially increasing pulmonary embolism
risks in cancer patients.®” It is noteworthy that other coagulation-related genes polymorphisms including FII G20210A,
FIIT —603A/G, FIII +5466A>G, FXIII Val34Leu, and methylenetetrahydrofolate reductase C667T have been reported
not to have any effect on the incidence of VTE in patients with and without cancer.®'%?

Decreased Coagulation Inhibitors

Coagulation inhibitors including the antithrombin III, heparin cofactor II, protein C, free protein S, and thrombomodulin
were significantly reduced as pancreatic cancer progresses after diagnosis in a patient."*

Current Biomarkers for the Diagnosis of Venous Thromboembolism in

Cancer

In establishing the laboratory diagnosis of cancer-associated thrombosis, a series of coagulation diagnostic assays is
recommended than a single laboratory investigation in order to arrive at a more precise diagnosis and effective treatment
strategies.” These laboratory investigations are classified into clinical biomarkers currently in use for VTE risk assess-
ments in cancer patients and novel clinical biomarkers still under investigation for VTE risk assessments in cancer
patients as summarized in Tables 1 and 2.

Table | Biomarkers Currently in Use for Venous Thromboembolism Risk Assessments in Cancer Patients

Biomarker Pathophysiological Significance Biomarker Patterns
in VTE
Tissue factor Initiates secondary hemostasis upon injury to a vessel, and forms complexes with other Increased levels

procoagulants to enhance clotting

D-dimer Protein fragment formed from fibrin degradation due to active coagulation Increased levels
Soluble P-selectin Reflects the degree of platelets activation and thrombosis Increased levels
Thrombin generation test Checks the overall concentration of thrombin being generated Increased levels
Thrombin-anti-thrombin complexes A biological defense reaction inhibiting thrombin formation due to thrombosis Increased levels
Platelet factor 4 Promotes blood coagulation upon release by activated platelets Increased levels
Molecular and cytogenetic testing Identification of pathogenic mutations in genes encoding corresponding clotting factors Factor V Leiden,

G20210A prothrombin
gene, Factor X.

Table 2 Novel Biomarkers Still under Investigation for Venous Thromboembolism Risk Assessments in Cancer Patients

Biomarker Pathophysiological Significance Biomarker Patterns in VTE
Microparticles Provides the platform for fibrin clotting, and enhancement of other plasma Increased levels
proteins

Prothrombin fragment 1+2 By-product of prothrombin conversion to thrombin Increased levels
CD40 Ligand Reflects the degree of prothrombotic responses Increased levels
Thrombospondin-| Enhances platelet aggregation Increased levels
Molecular and cytogenetic testing | Identification of pathogenic mutations in genes encoding corresponding STKI1, KRAS, CTNNBI, KEAPI,

clotting factors CDKN2B, MET, EPCR, and FGG

rs2066865.
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Tissue Factor

Tissue factor (TF) is an integral membrane protein and a major trigger of blood clot formation when exposed on the
endothelium upon injury. It complexes with FVIla to generate a FIXa and FXa burst activating the extrinsic coagulation
pathway which results in the formation of a stable fibrin clot.> Numerous cancer types have been found expressing TF,
with TF-positive extracellular vesicles reported as being released by cancer cells expressing TE.®* Elevated TF level
enhances the predisposition of cancer patients to increased activation of the extrinsic coagulation pathway.

D-dimer

D-dimers are products of fibrin degradation present in the peripheral circulation upon active coagulation like the presence
of a clot. It may be measured in a qualitative or quantitative manner. Elevated D-dimer levels have been largely
associated with specificity for VTE.** Various commercially available assays can now be used for the assessment of
D-dimer levels, with the sensitivity and specificity varying for the different assays.

Soluble P-selectin

P-selectin (CD62p) is a glycoprotein largely expressed by activated platelets and endothelial cells. It is rapidly mobilized
from o-granules to the platelet surface, causing interaction between platelets and vascular endothelium, cross-linking
platelets and leukocytes, resulting in inflammation, thrombosis, and atherogenesis upon the release of pro-inflammatory
cytokines.®® Elevated levels of soluble P-selectin have been reported to be associated with an increased rate of VTE in
cancer patients, suggestive of a role for P-selectin in cancer prophylaxis and management.®®

Microparticles

Microparticles (MPs) are microvesicles or fragments derived from platelets, leucocytes and endothelial cells. The
different MPs types participate in fibrin clot formation, enhancement of platelet leukocyte interactions and influencing
other plasma proteins such as von Willebrand’s factor. Increased circulating MPs have been implicated in numerous
inflammatory, thrombotic and vascular diseases, with elevated levels of MPs reported in an experimental VTE model.®*
Elevated MPs levels have also been reported in cancer patients with VTE, and their increased levels used for predicting

VTE in patients with known malignancy.®’

Prothrombin Fragment 1+2 (FI1+2)

Prothrombin fragment 142 (F1+2) is a by-product of prothrombin conversion to thrombin and can be utilized in assessing
coagulation status by measuring its plasma levels. It has a molecular weight of about 31,000 D and is usually excreted in
urine (uF1+2) due to its size.®®

Thrombin Generation Test (TGT)

The thrombin generation test (TGT) is aimed at evaluating the overall balance between procoagulant and anticoagulant
forces which has provided new insights into the coagulation cascade, including diagnosing hypocoagulability and
hypercoagulability conditions. It is also useful in identifying novel genetic risk factors for venous thromboembolism.
A high level of TGT therefore implies increased thrombin generation resulting from pathological activation of in vivo
coagulation such as venous thrombosis, and can be measured using several commercially available methods.®’

Thrombin-anti-thrombin Complexes (TATC)

The combination of the prothrombin complex with calcium and phospholipid surface results in the release of thrombin
leading to the formation of a local clot. Fibrinogen conversion to fibrin through the action of thrombin ends the
prothrombotic process. The excess production of thrombin, however, is a major cause of VTE. Antithrombin is therefore
activated as a biological defense reaction to inhibit thrombin in the face of thrombophillia leading to the formation of the
TAT generated as a result of these reactions. The TAT complex is simply a molecular complex made up of thrombin and AT;
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a primary thrombin inhibitor and an increased TAT indicate excess thrombin production thereby serving as a biomarker of
prothrombotic status.”®

CDA40 Ligand

CDA40L is expressed on vascular cells and activated platelets which interact with soluble CD40L (sCD40L) released into
the circulation by activated T-lymphocytes and membrane-bound CD40L and sCD40L to promote inflammatory and
prothrombotic responses in the host. The CD40-CD40L interaction has also been observed to produce many angiogen-
esis-associated factors like the vascular endothelial growth factor (VEGF) which further contributes to the promotion of
prothrombotic responses.’’

Platelet Factor-4 (PF4)

Platelet factor 4 (PF4) is released into the circulation upon platelet activation; it is constitutively and abundantly
expressed by platelets. A major consequence of PF4 expression is inflammation and wound healing. The PF4 enhances
procoagulant activities by disrupting the stable heparin-antithrombin ITI-thrombin ternary complex.”

Thrombospondin-|

Thrombospondin-1 (TSP1) is a major constituent of a-granules responsible for the modulation of a wide range of
biological functions including modulation of endothelial cell adhesion, platelet aggregation enhancement, angiogenesis
inhibition, and latent transforming growth factor-f (TGF-B) activation. When released, it induces chemo-attraction

impacting various inflammatory cells which when extensive, results in tissue damage and inflammatory conditions.”?

Molecular Diagnosis

Molecular techniques can be used in identifying pathogenic mutations in genes encoding corresponding clotting factors.
Mutations such as STK11, KRAS, CTNNBI1, KEAP1, CDKN2B, and MET and prothrombin gene G20210A mutation can
all be detected using molecular techniques. The SNPs of FV, FX and EPCR resulting in hypercoagulability can also be
useful biomarkers in in breast cancer patients.’® A combined deficiency of FV and FVIII has been described to be due to
mutations in genes that encode proteins responsible for intracellular transport of the two coagulation factors which are the
multiple coagulation factor deficiency and the lectin mannose binding 1, respectively.”* Direct oncogenes activation and
repressor gene-mediated neoplastic transformations which activate blood clotting and/or suppress fibrinolysis, produce
thrombosis and/or DIC have also been detected in experimental models via molecular diagnosis.”” Molecular genotyping
can also be conducted to determine homozygosity of the FGG 1s2066865 gene in cancer patients.®

Conclusion

Cancer patients are increasingly predisposed to thrombosis, with venous thromboembolism as one of the most common
causes of mortality and morbidity among them. The interactions of various mechanisms resulting in the activation of an
array of hemostatic components contribute to the hypercoagulable state in cancer. Malignant cells interact with every part
of the hemostatic system, generating their own procoagulant factors, or through stimulation of the prothrombotic
properties of other blood cell components which can directly activate the coagulation cascade. The cytotoxic chemother-
apy and other cancer therapies are additional mechanisms by which clotting is also initiated. Early diagnosis as well as
effective prophylaxis and treatment of VTE can help reduce mortality and morbidity, and improve the quality of life of
affected cancer patients.
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