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2.1 Introduction

The close relationship between cancer and thrombosis has been known for more
than a century. Cancer patients present with many types of hemostatic abnormalities
and have an increased risk of both thrombotic and hemorrhagic complications.
A very intimate and reciprocal relation exists between malignant disease, the
occurrence of clotting alterations and thrombosis. Indeed, malignancy most com-
monly induces a procoagulant shift in the host hemostatic balance [1], thus
establishing a condition favorable to the development of thrombosis. Vice versa, the
activation of blood coagulation favors the tumor growth and dissemination.

Cancer is associated with a four- to sevenfold increase in the risk of venous
thromboembolism (VTE) [2, 3], peaking in the first 3 months following cancer
diagnosis [4, 5]. The risk of thrombosis is also increased in metastatic compared
with non-metastatic cancer disease. However, even without thrombosis, the
majority of cancer patients present with clotting alterations detectable by laboratory
tests, which reveal different degrees of coagulation activation and characterize the
hypercoagulable state of these subjects [6]. Currently, it is fully recognized that
cancer patients are at significant risk of developing all types of thrombotic events,
spanning from venous or arterial thrombosis to systemic syndromes, such as dis-
seminated intravascular coagulation (DIC) with severe bleeding. Preventing these
complications is clinically relevant because they considerably contribute to the
morbidity and mortality of these patients [7].

The pathogenesis of the cancer-associated thrombosis (CAT) is complex and
multifactorial. Many clinical factors influence the thrombotic risk of these patients.
Clinical factors include general risk factors (i.e., older age, cardiovascular diseases,
prior VTE, infections, prolonged immobilization), as well as disease-specific fac-
tors, as the cancer site and stage and anticancer therapies. Further, biological
mechanisms are involved in the pathogenesis of CAT. Indeed, tumor cells gain the
capacity to activate the host hemostatic system in several ways, and this phe-
nomenon is often driven by the same oncogenes responsible for the cellular neo-
plastic transformation [8]. By this process, cancer tissues become able to express
different procoagulant proteins (i.e., tissue factor [TF], cancer procoagulant [CP],
factor VII) and to shed procoagulant microparticles. Furthermore, they activate
platelets, leukocytes, and endothelial cells, by direct cell-cell adhesion mecha-
nisms, or through the liberation of inflammatory cytokines or proangiogenic factors.
All these phenomena contribute to the pathogenesis of CAT.

In this chapter, we wish to review the most recent advances in our knowledge on
the pathogenic factors underlying the development of thrombosis in patients with
malignant diseases, with a particular focus on the cancer tissue-specific biological
properties, by which malignant cells are capable to activate the hemostatic system.
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Fig. 2.1 Pathogenesis of thrombophilic state in cancer patients is multifactorial. Clinical risk
factors include general and biological factors, which are common to cancer and non-cancer
patients, whereas in patients with malignancy there are also a number of disease-specific clinical as
well biological factors. Particularly, a unique role is played by the capacity of tumor cells to
interact and activate blood coagulation

2.2 Pathogenic Factors of Cancer-Associated Thrombosis

Multiple clinical factors together with biological procoagulant mechanisms
expressed by cancer tissues concur to the activation of blood coagulation and
importantly contribute to the overall thrombotic risk of these patients [9, 10]
(Fig. 2.1). Clinical risk factors include general and biological factors, which are
common to cancer and non-cancer patients, whereas in patients with malignancy
there are also a number of disease-specific clinical as well biological factors, which
render the pathogenesis of cancer-associated thrombosis unique.

Altogether, these factors favor the shift of the hemostatic balance toward a
prothrombotic condition, as shown by the appearance of subclinical coagulation
changes in almost all of cancer patients, who constantly present with high levels of
circulating biomarkers of hypercoagulability.
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2.2.1 General Factors

General factors include both clinical and biological risk factors, which are common
to all patients, with and without cancer.

As listed in Fig. 2.1, general clinical factors include older age, prior history of
VTE, prolonged immobilization, obesity, infections, cardiovascular risk factors,
renal and respiratory diseases, and anemia.

On the other hand, biological factors carrying a thrombotic risk in the general
population comprise high leukocyte and platelet counts, the inherited throm-
bophilia, and the ABO blood group.

In particular, elevated numbers of platelets and neutrophils are often observed in
patients with cancer, and several studies have demonstrated their association with
an increased risk of thrombosis [11, 12], and with a poor cancer prognosis [13]. It is
possible that granulocyte colony-stimulating growth factor (G-CSF), produced by
many tumors and present in the circulation of many cancer patients, contributes to
increase the number of neutrophils and induce their activation [13]. The “Khorana
risk model,” an important tool that predicts the risk of cancer-associated throm-
bosis, includes pretreatment thrombocytosis (platelet count > 350 x 10°/L) and
leukocytosis (leukocytes > 11 x 10°/L) among the five clinical risk factors
associated with an increased risk of VTE, together with the site of cancer,
hemoglobin < 10 g/dl, and a body mass index > 35 kg/m” [14]. These findings
have now been validated by many other large studies [15-17].

The role of prothrombotic genotypes has been considered in cancer patients [18].
The influence of inherited thrombophilia in patients with cancer may be more
difficult to demonstrate than in the general population, the risk of thrombosis due to
cancer per se possibly outweighing the contribution of thrombophilia factors.
However, in the presence of cancer, prothrombotic genotypes may further increase
the thrombotic risk [19]. Several studies evaluating the role of factor V Leiden or
G202110A prothrombin gene mutation on the risk of CAT have been published
[20]. Overall, although conflicting results were obtained, it appears that patients
with cancer and either of these mutations tend to exhibit a higher risk of thrombosis
than patients with cancer without these mutations. Indeed, in recent large studies the
risk of VTE of patients with both cancer and factor V Leiden mutation was
increased from 2 to 12-fold, compared to patients without factor V Leiden [5, 21,
22]. Studies investigating on the impact of prothrombin 20210A mutation on the
risk of cancer-related VTE have shown conflicting results, possibly due to the rarity
of this mutation. However, a large study found that patients with cancer and pro-
thrombin 20210A mutation had a fourfold increased risk of VTE compared to the
non-carriers with cancer and an 18-fold increase compared to cancer-free
non-carriers [5]. Similar results were reported for central venous catheter-related
VTE [23].
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Finally, an association between ABO blood groups and the risk of VTE has also
been described since 1969, being non-O blood groups associated to an increased
risk of VTE [24], particularly type Al and B groups [25]. The single-nucleotide
polymorphism (SNP) rs8176719 represents a site in the ABO gene essential to
determine the O group and has been used to evaluate the risk of cancer-related VTE
in a case—control study [22]. In cancer patients, a non-O blood type was associated
with a 30% increased risk of VTE, and even higher risk (12-fold increased) if
compared to cancer-free subjects with an O blood type [22].

2.2.2 Disease-Specific Factors

In this category are clinical and biological pathogenic factors that are exclusive to
the malignant disease (Fig. 2.1).

Clinical factors undoubtedly include the site of cancer. Indeed, large epidemi-
ological studies have recognized brain tumors, hematological malignancies, and
pancreatic, gastric, ovarian, uterus, pulmonary and renal adenocarcinomas as hav-
ing the highest risk of VTE [26]. Among hematological malignancies, multiple
myeloma, Hodgkin’s disease, and non-Hodgkin lymphoma have shown the highest
incidence of VTE [27].

The stage of cancer is also an important risk factor for VTE; advanced, meta-
static disease is linked to a higher risk of VTE compared to localized tumors [26].
The initial period after diagnosis of cancer is at high risk of VTE as well [5].
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Fig. 2.2 Principal mechanisms of hypercoagulability in cancer. Direct blood clotting
activation by the expression of hemostatic proteins with procoagulant activity by cancer cells;
host cell-cancer cell interaction, through the expression of surface adhesion molecules and through
the release of soluble mediators, including inflammatory cytokines and proangiogenic and
growth-stimulating factors
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Finally, active anticancer treatments, such as chemo-, radio-, and hormone
therapies, antiangiogenetic agents, combination regimens, cancer surgery, the use of
erythropoiesis-stimulating agents and blood transfusions exert a prothrombotic
effect [28]. Chemotherapeutic agents and tumor-derived products can directly
damage the vascular endothelium, leading to a loss of endothelial antithrombotic
properties [28]. Moreover, chemotherapy can induce an overexpression of tissue
factor, an increased exposure of cell membrane phosphatidylserine, and the release
of procoagulant microparticles [29]. All these mechanisms, as well as the presence
of central venous lines to deliver drugs and nutrients, can play a role in the
pathogenesis of CAT.

2.3 Cancer Cell Prothrombotic Mechanisms

The principal procoagulant mechanisms expressed by cancer cells are schematically
depicted in Fig. 2.2 and include:

1. The activation by cancer cells of the clotting system through the expression of
procoagulant properties (such as tissue factor [TF], cancer procoagulant [CP],
and heparanase), TF-bearing procoagulant microparticles (TF-MP), coagulation
factors, and fibrinolysis proteins;

2. The activation by cancer cells of the procoagulant potential of host blood vas-
cular cells, i.e., platelets, leukocytes, and endothelial cells. The latter mechanism
can occur either by cell—cell direct contact mediated by specific surface adhesion
receptors, and/or by the release of inflammatory cytokines, and proangiogenic
and growth-stimulating factors (i.e., vascular endothelial growth factor [VEGF],
basic fibroblast growth factor [bFGF], and G-CSF) by both cancer and host
blood cells. The activation of platelets, endothelial cells, and leukocytes pro-
duces, among other procoagulant features, the release of blood cell-specific
procoagulant microparticles (MP) and neutrophil extracellular traps (NETS).

2.3.1 Cancer Cell Procoagulant Properties
The procoagulant properties expressed by cancer cells include:

e procoagulant proteins,
e microparticles (MPs),
e coagulation factors,
e fibrinolysis proteins.
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2.3.1.1 Cancer Cell Procoagulant Proteins

Among procoagulant proteins, tissue factor (TF) is the best characterized. TF is the
primary initiator of blood coagulation in normal and pathological conditions. It
forms a complex with activated factor VII to trigger blood coagulation by prote-
olytic activation of factors IX and X (clotting extrinsic pathway). Many solid
tumors and hematologic malignancies constitutively express TF, and the levels of
TF expression tend to be associated with an aggressive pattern of the tumor. Indeed,
studies performed in malignant gliomas and pancreatic tumors demonstrated that
the levels of TF expression correlate with the histological grade of malignancy and
vascularity [30-34]. Moreover, TF activity can be potentiated by the expression of
anionic phospholipids on the outer leaflet of glioma cells, leading to coagulation
reactions through the intrinsic pathway and to explosive generation of thrombin
[35]. Other studies conducted in colorectal and pancreatic cancers show that plasma
levels of TF antigen correlate with the tumor size [36, 37]. TF expression by tumor
cells is a consequence of cancer-causing mutations, like oncogenes activation (i.e.,
KRAS and MET) or tumor suppressor genes inactivation (i.e., p53, PTEN) [38]. The
elevated inflammatory status of cancer patients also enhances TF production.
Indeed, endothelial cells and monocyte/macrophages that do not express TF under
normal conditions can be induced to express TF by proinflammatory stimuli (i.e.,
IL-1pB, TNF-o, and bacterial lipopolysaccharides [LPS]) [39].

Tumor-cell-derived TF plays a central role in the generation of thrombin in
cancer, but also contributes to tumor progression by directly influencing the
expression of VEGF by both malignant cells and host vascular cells. This property
regulates tumor neovascularization and provides an important link between acti-
vation of coagulation, inflammation, thrombosis, and tumor growth and metastasis
[1].

Another tumor cell procoagulant is cancer procoagulant (CP) that, unlike TF,
directly activates factor X independently of coagulation factor VII. CP has been
detected in different malignant cells [40], from both solid and hematologic tumors,
but not in normal tissues. Of interest, in patients with acute promyelocytic leukemia
(APL), CP is expressed by bone marrow blast cells at the onset of disease, but
disappears at remission [41]. In addition, in APL patient blasts, CP expression
paralleled the degree of malignant transformation and disappeared upon cellular
differentiation by therapy with all-trans-retinoic-acid (ATRA). In contrast, cells
resistant to ATRA maintained their malignant phenotype and continue to express
CP. Similar observations have been reported for breast cancer [42]. The relative
contribution of this factor to the overall cellular procoagulant activity and/or pos-
sible interactions with TF are unknown at this time.

Among other tumor cell procoagulant activities, the role of the enzyme hep-
aranase is gaining much relevance. Heparanase is a protease that cleaves heparan
sulfate (HS) of the extracellular matrix (ECM). Its expression is restricted to pla-
telets, activated white blood cells, and placenta. Many studies demonstrated an
overexpression of this enzyme in essentially all human tumors, both solid and
hematological [43], which promotes tumor dissemination and metastasis, by
remodeling ECM barrier [44, 45], releasing VEGF-A and bFGF bound to HS [46,
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47], and by facilitating endothelial cells migration and proliferation [48, 49].
Additionally, it upregulates the expression of the blood coagulation initiator TF and
interacts with the tissue factor pathway inhibitor (TFPI) on the cell surface of
endothelial and tumor cells, leading to dissociation of TFPI with resulting increased
cell surface TF activity [50]. Finally, heparanase directly activates the extrinsic
coagulation pathway, increasing the level of factor Xa in the presence of TF/VIIa,
acting as a cofactor of TF [50].

2.3.1.2 Tumor Microparticles

Tumor-cell-shed microparticles (MP) represent an emerging mechanism of
tumor-promoted clotting activation. MP are plasma membrane vesicles of 0.1-1 pm
in diameter, composed of lipids, proteins, and nucleic acids, released from virtually
all types of blood cells upon activation, apoptosis, malignant transformation, and
stress [51]. MP display typical surface cell proteins derived from the cell of origin,
but they can also carry proteins acquired from other cell types by a fusion process.
Platelet-derived MP (PMP) constitute the majority (>80%) of circulating MP,
whereas less than 10% originate from granulocytes and less than 5% from
endothelial cells, red blood cells, and monocytes. However, in pathological con-
ditions, an overall increment of MP occurs also from other sources, including tumor
cells. Under normal conditions, MP express anionic phosphatidylserine (PS) on
their outer leaflet, though several reports show that a subset of circulating PMP may
also express TF [52]. In healthy individuals, the majority (>95%) of circulating
PMP express PS, whereas only a very low number express TF, and circulate at low
levels. MP undergo phenotypic and quantitative changes in several clinical con-
ditions, most of which associated with an increased risk of both arterial and venous
thrombosis (i.e., diabetes, acute coronary syndrome, disseminated intravascular
coagulation, antiphospholipid syndrome) [53-56]. The increased number and
thrombogenic activity of MP in prothrombotic disorders indicate their important
role in the pathogenesis of thrombosis. In the cancer setting, TF-bearing MP are of
particular interest, since, due to the abundance of negatively charged phospholipids
on their surface, they display TF in its “active” form. Elevated levels of circulating
MP have been described in cancer patients, with both solid and hematologic
malignancies [57, 58], and different reports suggest an additional role for these
elements in the establishment of a thrombotic state in cancer [59-61]. Several
studies demonstrated that TF-positive MP can be derived from tumor cells. The
increased production of MP by cancer cells seems to be controlled by definite
genetic events occurring in tumorigenesis, including activating and inactivating
mutations in oncogenes and tumor repressor genes [62]. Studies in animal and
human models showed that tumor-derived TF-positive MP contribute to
cancer-associated thrombosis [63—66]. The intravenous injection into mice of MP
derived from human tumor cells and expressing high levels of TF induced a
TF-dependent activation of coagulation, which resulted in a DIC-like syndrome
[37]. Elevated TF-positive MP have been reported in patients with solid tumors and
VTE gastric and pancreatic cancers being the most studied [59, 61, 67]. Fewer
reports have been published in the setting of hematological malignancies, where
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high levels of blast cell-derived MP have been confirmed in acute promyelocytic
leukemia [68] and acute myeloid leukemia [69]. In patients with multiple myeloma,
TF-positive MP activity was higher in those developing VTE [70]. In one study of
essential thrombocythemia (ET), MP numbers were significantly higher in ET
patients than controls, and the thrombin generation potential of MP-rich plasma
from these patients was significantly increased [71].

MP can also play a role in cancer progression, especially due to their capacity to
influence angiogenesis [72]. In one study, it has been shown that PMP isolated from
healthy donors can promote proliferation, survival, and capillary tube formation of
human endothelial cells [73]. In addition, PMP can stimulate the expression of
proangiogenic factors by tumor cells [74]. Finally, the expression of TF by circulating
MP represents per se an important mechanism of MP-promoted tumor progression,
by means of TF role in tumor growth, angiogenesis, and metastasis [75-77].

The clinical significance of MP as a predictive biomarker of VTE risk in cancer
patients has not been fully elucidated. For this reason, some trials are evaluating the
utility of measuring TF-MP to predict VTE in cancer [78]. Since MP are clearly
involved in thrombosis and cancer, potential modulation of their release and activity
may have important therapeutic implications.

2.3.1.3 Coagulation Factors

The plasma protein factor VII (FVII), under normal conditions, is constitutively
expressed in the liver, mainly by hepatocytes [79]. However, FVII can be expressed
also by monocytes and macrophages in inflammatory conditions [80, 81], and in
cancer, where the expression of ectopic FVII has been described in hepatocellular
carcinoma cells [82], bladder cancer [83], ovarian cancer [84], and laryngeal car-
cinoma [85]. More recent studies on FVII mRNA expression in different cancer cell
lines have demonstrated a frequent expression of endogenous FVII in various
cancer cells [86], especially in colon cancer cell lines [87]. In these experiments,
ectopic FVII was functionally active due to cancer cell expression of y-glutamyl
carboxylase, which facilitates the post-translational edits required for proper posi-
tioning of FVII on the cell membrane [86]. Coagulant-active ectopically expressed
TF:FVIIa was also found on TF-positive ovarian cancer cells, making this complex
a plausible trigger of VTE at distant sites, which is a frequent complication in
patients with ovarian cancer [88].

Factor VIII (FVIII) plays a key role in the coagulation cascade. Several studies
have shown that high factor VIII activity indicates an increased risk for primary and
recurrent venous thromboembolism [89, 90]. High FVIII levels have been observed
in patients with multiple myeloma, breast cancer, and colorectal cancer [91-93].
A small retrospective study reported higher FVIII levels in patients with various
types of cancer and a history of thrombosis in comparison to a matched control
group without thrombosis [94]. A subsequent prospective cohort study confirmed
that high FVIII plasma level is a significant risk factor for symptomatic VTE in
cancer patients [95]. In this study, the risk conferred by FVIII correlated with the
FVIII levels. A significant difference in FVIII according to the tumor site was
described, being FVIII levels highest in cancers of the stomach or pancreas, in
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which an association with disease stage was also seen. Similar findings were
reported in patients with multiple myeloma [91]. However, to what extent the
malignant disease contributes to FVIII plasma levels needs to be further elucidated.

2.3.1.4 Fibrinolysis Proteins
In this context, it is important to consider that tumor cells also generate anticoagulant
forces and interact with the host fibrinolytic system. Indeed, cancer cells can
express fibrinolytic proteins such as the plasminogen activators [i.e., urokinase-type
plasminogen activator (uPA) and tissue-type plasminogen activator (tPA)], their
inhibitors [i.e., plasminogen activator inhibitor-1 (PAI-1) and plasminogen activator
inhibitor-2 (PAI-2)], and receptors (i.e., urokinase-type plasminogen activator
receptor, and annexin II, a co-receptor for plasminogen and tPA). Elevated levels of
PAI-1 antigen and activity have been found in patients with pancreatic cancer and
malignant glioma [96, 97], predisposing to VTE. In a mouse model xenografted with
a human lung adenocarcinoma cell line, the anti-VEGF drug, bevacizumab, induced
an increase in PAI-1 levels and enhanced thrombosis, which was reduced by a PAI-1
inhibitor [98]. In APL, the increased annexin II expression by leukemic cells favors
the assembly of the fibrinolytic cascade proteins on the cell surface and has been
linked to excessive activation of fibrinolysis and bleeding complications [99].
Likely, depending on which side, pro- or antifibrinolytic, prevails, the clinical
manifestations may be quite different, from bleeding symptoms, as observed in
leukemia, to VTE, as evidenced in solid tumors.
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Fig. 2.3 Platelet activation by tumor cells. Tumor cells activate platelets through direct cancer
cell-platelet adhesion, tumor secretion of platelet-activating molecules or by the expression of
podoplanin on cancer cells’ surface. Activated platelets can mediate the onset of hypercoagu-
lability in cancer patients by direct clotting activation and thrombus formation or by interacting
with other blood cells
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2.3.2 Host Cell Procoagulant Properties Elicited
by Cancer Cells

A strong interaction occurs between cancer cells and the host normal vascular cells,
particularly platelets, leukocytes, and endothelial cells, which generally results in
the expression of a procoagulant phenotype by normal cells. As schematically shown
in Fig. 2.2, cancer cells activate the procoagulant potential of host normal vascular
cells by two principal mechanisms, i.e., (1) the expression by cancer cells of surface
adhesion molecules and counter-receptors by which they anchor other blood cells
and attach to the vessel wall and (2) the release of soluble mediators, including
inflammatory cytokines (i.e., TNF-a, IL-1p), proangiogenic and growth-stimulating
factors (i.e., VEGF, bFGF, G-CSF), and platelet aggregation agonists.

2.3.2.1 Platelets’ Activation by Tumor Cells
There is growing evidence that platelets are very important in promoting the
hypercoagulable state of patients with cancer [100]. However, a fundamental step
occurring in malignancy is platelet activation by direct cancer cell-platelet adhesion
[17, 100, 101], and/or by tumor secretion of platelet-activating molecules (i.e.,
ADP, thrombin, matrix metalloproteinases, IL-6) [102], which lead to platelet
adhesion/aggregation (Fig. 2.3). Among adhesion mechanisms, selectins expressed
on platelets, leukocytes, and endothelium can bind tumor cells to form aggregates
[103]. Specifically, P-selectin expressed on the surface of activated platelets binds
to many types of human cancer cells [104], and this interaction can also promote
tumor growth and metastasis [104]. In general, platelet activation, aggregation,
coagulation, and thrombus formation are crucial events in limiting blood loss after
tissue damage but are also major determinants of hematogenous tumor metastasis
[105]. Increased platelet activation and aggregation correlate with the metastatic
potential of cancer cells in both in vitro and in vivo models of experimental
metastasis. Indeed, platelet aggregation protects the tumor cell surface from
immunological recognition in the circulation. Tumor-cell-induced platelet aggre-
gation can result in a “platelet coating” of cancer cells shielding them from natural
killer (NK) cells [106]. Some tumor cells may use podoplanin, a transmembrane
sialoglycoprotein, to activate platelets [107]. Podoplanin is a ligand of the platelet
receptor C-type lectin receptor type-2 (CLEC-2) and induces platelet aggregation in
normal conditions. Podoplanin is present on the surface of certain tumor cells,
including melanoma, squamous cell carcinoma, seminoma, and brain tumor cells
[107]. Increased levels of podoplanin are associated with tumor metastasis or
malignant progression, however, recent data clearly show that podoplanin-positive
MP from brain tumors activate circulating platelets, and are associated with platelet
aggregation and increased thrombotic risk in these patients [108]. Strategies are
now being developed to inhibit podoplanin—~CLEC2 interactions in preclinical
models of solid tumors [109].

Activated platelets can mediate the onset of hypercoagulability in cancer patients
by interacting with other blood cells. First, the interaction of platelets with leuko-
cytes is likely involved in inducing a procoagulant state in cancer patients. In an
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Fig. 2.4 Leukocytes’ procoagulant activities elicited by tumor cells. The subpopulations of
leukocytes involved in the clotting activation in cancer patients are neutrophils and monocytes.
Tumor cells can activate leukocytes by direct cell-cell adhesion or by the release of cytokines and
growth factors in the bloodstream. Neutrophils activated by tumor cells release procoagulant
enzymes and expose on their surface high levels of TF, adhesion molecules for platelets and
endothelial cells, and neutrophil extracellular traps (NETs), thus promoting the activation of blood
clotting cascade. Moreover, activated platelets can provide signals that promote formation of
NETs, which provide a scaffold and a stimulus for platelet adhesion and thrombus formation.
Activated monocytes/macrophages express highly procoagulant TF and coagulation factors on
their surface upon activation by cytokines, leading to fibrin formation and deposition

animal model of CAT, platelet-leukocyte interaction, as mediated by P-selectin on
platelets and P-selectin glycoprotein ligand (PSLGI) on leukocytes, was necessary
for the formation of mucin-induced lung microthrombi [110]. Moreover, platelets
stimulate the release of neutrophil extracellular DNA traps (NETs) by leukocytes,
which promote venous thrombosis (see Sect. 2.3.2.2). Second, the interaction of
platelets with endothelial cells is relevant for platelet-mediated CAT. A study in a
mouse model of deep vein thrombosis suggests that platelets have a critical role in
thrombus formation in a condition of flow restriction, through the interaction with
von Willebrand factor (vVWF) bound to the endothelium [111]. Finally, platelets
promote thrombosis in cancer patients by the activation of the coagulation cascade
leading to thrombin generation. Indeed, activated platelet exposes phos-
phatidylserine (PS) on their outer membrane, which provides a negatively charged
surface for initiation of fibrin clot formation [112]. Furthermore, adherent activated
platelets release procoagulant PMPs, which further contribute to the fibrin depo-
sition and microthrombi formation, as previously described (see Sect. 2.3.1.2).
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2.3.2.2 Leukocytes Activation by Tumor Cells

Leukocyte numbers are frequently elevated in cancer patients, but also they cir-
culate in an activated status as they are challenged by tumor cells to exhibit a
procoagulant phenotype. The most important subpopulations of leukocytes
involved in the clotting activation are neutrophils and monocytes. Tumor cells can
activate leukocytes by direct cell-cell adhesion or by the release of cytokines and
growth factors in the bloodstream (Fig. 2.4). In particular, G-CSF is produced by
many tumors and is found elevated in the circulation of many cancer patients [13].
G-CSF increases the number of neutrophils and induces their activation.

Tumor-cell-activated neutrophils release procoagulant enzymes, including elas-
tase and myeloperoxidase (MPO). They also expose on their surface high levels of
TF and adhesion counter-receptors for platelet and endothelial cell adhesion
molecules, as documented in myeloproliferative neoplasms [113, 114].

There is emerging evidence that cancer cells also predispose neutrophils to the
release of DNA extracellular traps (“neutrophil extracellular traps” or NETs) [115].
NETs were first identified as a host defense mechanism against pathogens. They are
the result of externalized DNA (nuclear or mitochondrial) released from the nucleus
of neutrophils, decorated by histones and granular proteases following activation by
bacterial LPS or cytokines. During sepsis, this mechanism named NETosis creates a
high local concentration of proteases and provides a method of entrapment and
killing of pathogens. However, NETs are also known to promote coagulation,
providing a scaffold and a stimulus for platelet adhesion and thrombus formation
[116]. The prothrombotic effect of NETs can be explained by their high content of
negatively charged nucleic acids and histones, providing a strong activation signal
for platelets, which translates into platelet aggregation and thrombosis [116]. At the
same time, activated platelets can provide signals that promote formation of NETs
[117]. In addition to its implication in thrombosis, the formation of NETSs in cancer
may affect the tumor biology. Tumor infiltrating-neutrophils can exert a role in
promoting different steps of tumor progression. Of interest, the procoagulant
activity of NETs leads to the generation of thrombin, which can affect all aspects of
cancer progression [118].

The role of activated monocytes/macrophages in CAT is well known. Since the
80s, different studies have demonstrated that macrophages infiltrating the tumor are
locally activated toward a procoagulant activity that contributes to fibrin deposition
within malignant tissues [119, 120]. A study in ovarian cancer showed that in
advanced disease, blood monocytes were activated to a procoagulant phenotype,
adding to the activation of intravascular coagulation and thrombo-embolic com-
plications [121]. Notably, monocytes are the only circulating blood cells that are
able to synthetize and express highly procoagulant TF on their surface upon acti-
vation by cytokines (i.e., IL-1p, TNF-a) and LPS [122]. Cancer cells can secrete
these mediators, thus triggering the monocyte-induced mechanism of thrombosis.
Moreover, macrophages infiltrating the tumor have been found to express coagu-
lation factors II, V, VII, and X on their surface [122]. More recent studies have
shown that blood monocytes are also capable to release extracellular traps (ETs) in
response to several inflammatory stimuli. Monocyte ETs display a morphology



24 A. Falanga et al.

TUMOR CELL

Blood clotting
activation &
thrombus formation
\
\
\
\
\
\
\
\
\
\ \
tral
Tissue Factor tvwr Neutmphlls ,
tPA "
Fibrin / :} .
H & atelets
\I TM/Protein C system X/ﬁ, 7
- ) o ® & o . .°®®
.S, __ A

Fig. 2.5 Endothelium prothrombotic activation by cancer cells. Tumor cells can activate
endothelial cells directly by cell-cell adhesion or by the release of proinflammatory cytokines.
Cytokines regulate the expression of endothelial cell products active in hemostasis, including
thrombomodulin (TM), TF, vWF, selectins, and fibrinolysis proteins (PAI-1)

similar to NETs, being associated to MPO, lactoferrin, citrullinated histones, and
elastase, and a procoagulant activity [123]; however, their role in CAT needs to be
further elucidated. Finally, a recent study in lung cancer patients with VTE found a
relation between a high absolute monocyte count with a refractoriness to antico-
agulant therapy and poor prognosis [124].

2.3.2.3 Endothelium Activation by Tumor Cells

Physiologically, the endothelium facilitates the blood flow by providing an
antithrombotic surface that inhibits platelets’ adhesion and coagulation activation.
Several factors can perturb the resting state of endothelium in cancer patients
(Fig. 2.5). Tumor cells can activate endothelial cells directly by cell—cell adhesion,
as demonstrated in studies in non-small cell lung and colorectal carcinomas [125],
or by the release of proinflammatory cytokines and acute phase proteins, which
trigger the activation of endothelial cells as well as of monocytes [126]. In addition,
in malignancy, reactive oxygen species and intracellular proteases released by
activated neutrophils can induce detachment or lysis of endothelial cells, affecting
functions involved in thrombomodulation.

Among cytokines, interleukin-1B (IL-1) and tumor necrosis factor (TNF-ot) can
regulate the expression of endothelial cell products active in hemostasis, including
thrombomodulin (TM), TF, vWF, adhesive receptors (i.e., selectins), and fibrinol-
ysis proteins (i.e., fibrinolysis inhibitor PAI-1) [127]. TM is a membrane receptor of
vascular endothelial cells with a potent anticoagulant function [128], since it binds
and forms a complex with thrombin to activate the natural anticoagulant protein C.
In cancer patients, increased levels of soluble TM and reduced expression of surface
TM have been observed [129], leading to a loss of anticoagulant membrane TM at
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Fig. 2.6 Oncogenes, tumor suppressor genes, and microRNA implicated in hypercoagula-
bility in cancer. Genes for neoplastic transformation also drive the programs for the expression of
hemostatic proteins in cancer tissues

the endothelial outward. Furthermore, soluble TF released from endothelial cells in
response to TNF-a has been demonstrated and is a marker of increased expression
of TF on endothelial cells surface, a potent mechanism of prothrombotic response to
inflammation [130]. Upregulation of the procoagulant TF with downregulation of
the anticoagulant TM/protein C system converts the normal anticoagulant
endothelium into a prothrombotic endothelium. Increased levels of vWF released
from the endothelium are also described in cancer patients, and are of particular
relevance in the pathogenesis of thrombosis in myeloproliferative neoplasms: Once
platelets bind to VWF, they become activated and are able to aggregate and
strengthen a clot [131]. Activated endothelium can also shed soluble adhesion
molecules like selectins, which are commonly expressed by endothelial cells
(P-selectin, E-selectin), platelets (P-selectin), and leukocytes (L-selectin). Increased
levels of circulating E-selectin and P-selectin have been described in patients with
myeloproliferative neoplasms and thrombosis [132], as well as in patients with lung
and breast cancers [133, 134]. Moreover, reduced plasma levels of nitric oxide
(NO) produced by endothelial cells, which inhibits platelet adhesion, activation, and
aggregation, represent another mechanism of thrombus formation in myeloprolif-
erative neoplasms [135]. Finally, circulating endothelial cells (CECs) have been
established as markers of endothelial damage or dysfunction [136]. CEC levels
increase in many types of solid tumors and hematological malignancies, and cor-
relate with angiogenetic activity and tumor progression [137, 138], although their
role in CAT has yet to be established.
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2.4 The Oncogene Perspectives

In the last decade, molecular studies have demonstrated that oncogenes and
repressor genes responsible for neoplastic transformation (i.e., mutation/induction
of KRAS, EGFR, or MET, loss of PTEN, or TP53) also drive the programs for the
expression of hemostatic proteins in cancer tissues (Fig. 2.6). Coagulopathy and
thrombosis have been regarded for a long time as unspecific consequences of
cancer-related disruption in tissue anatomy and vascular continuity, or driven by
vascular hyperpermeability, inflammation, stasis, and toxic side effect [8]. Recent
studies, however, suggest that activated coagulation may possess cancer-specific
properties [8]. Rak and colleagues proposed that the type of cancer cell influenced
the state of the coagulation system, as different cancers differ greatly in terms of risk
of VTE [139]. Indeed, pancreatic, brain, gastrointestinal, ovarian, and hematolog-
ical malignancies are all associated with a higher risk of VTE compared to skin,
breast, and prostate cancer [26].

Specific genotypes of cancer cells may affect the coagulation system either
directly or through changes in tumor environment [140]. For instance, it is docu-
mented that several dominant oncogenes, such as RAS, EGFRVIII, MET, and many
other genetic lesions frequently upregulate VEGF, enhancing neo-angiogenesis
[141]. Oncogenes’ pathways also influence the recruitment of inflammatory cells,
which themselves may exhibit proangiogenic and procoagulant phenotypes
[142, 143]. However, oncogenic pathways also deregulate coagulation effectors
more directly, through several different types of effects, i.e., by the abnormally
high/constitutive expression of TF [144], by triggering the ectopic expression of
coagulation genes [140, 145, 146], or by the emission of TF-bearing large and small
microparticles that can enter biofluids and the general circulation [147]. In addition,
mutations in different oncogenes and the loss of some repressor genes in different
types of tumors may activate the coagulation system using one or another of these
mechanisms. For example, in colorectal cancer, mutant KRAS is able to upregulate
the expression of TF-bearing MPs; nonetheless, in the same type of cells the
deletion of TP53 has been associated to enhanced TF exposure and shedding [36].
Overexpression of EGFR and HER-2, both upstream activators of the RAS sig-
naling cascade, resulted in increased TF production in glioma and carcinoma cells,
respectively [77, 146]. TF may also be upregulated by the mutation of the oncogene
MET in hepatoma [148] and by the loss of PTEN tumor suppressor, especially
under hypoxia, in glioblastoma [149]. Finally, several types of microRNA
(miRNA) have been implicated in alterations of coagulant properties of cancer cells
(i.e., expression and regulation of TF, heparanase, PAR-1, PAI-1, and COX-2)
[150-154].

Genetic regulation of coagulation factors in cancer cells implies that molecularly
different subtypes of cancer should exhibit different coagulation patterns (or “co-
agulomes”). Indeed, molecular profiling of human glioblastoma (GBM) has
recently revolutionized the classification of this malignancy in four molecular
subgroups, which effectively constitute different disease entities but also display a
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different pattern of activation of the coagulation system [108, 140]. These data
suggest that activation of oncogenic pathways contributes to both quantitative and
qualitative rearrangements of the cellular “coagulome,” which seems to be specific
for each tumor type. It may also be possible that in different patients, even if
affected by the same disease, thrombosis could be triggered by somewhat different
mechanisms and could, hypothetically, be opposed using approaches based on the
“coagulome” of the underlying disease. Thus, the coagulant phenotype of cancer
cells could be viewed as one of several important effector mechanisms that link
genetic progression of the disease and its biological and clinical behavior [8]. This
does not necessarily imply a direct proportionality between procoagulant properties
and clinical aggressiveness, but suggests that deregulation of hemostatic proteins
may influence the tumor microenvironment in pathogenically significant ways.
Some authors have also postulated that the coagulation system could play a role at
preclinical, or otherwise occult stage of malignancy, and in particular that thrombin
might trigger the growth of dormant cancer cells [155]. Dormant cells could be
awakened by tissue injury, cardiovascular disease, or other conditions that may
activate the clotting system. In this regard, interestingly, a higher frequency of
colorectal cancer was recently described in certain forms of thrombophilia, espe-
cially in association with the homozygous mutation of the factor V Leiden [156].
Importantly, a recent study has demonstrated that in glioblastoma, exogenous
expression of TF disrupts the dormant state of transformed but indolent tumor cells,
both by recruitment of inflammatory cells and blood vessels and by facilitating gene
mutations and silencing [38].

All these evidences contribute to postulate that procoagulant events are probably
not an accompanying phenomenon in cancer, but an effector in tumor growth and
progression, and possibly an initiator of malignant transformation. For instance, it is
arguable that a better control of hemostatic perturbations may offer new means of
therapy, control, and prevention in cancer.

2.5 Conclusions

Cancer-associated thrombosis is a major clinical issue, since thrombotic events
increase morbidity and mortality of cancer patients. There is now growing
knowledge about the mechanisms of hypercoagulability which predisposes to
thrombotic complications, and this does not only translate into a better under-
standing of the pathogenesis but also offers new potential therapeutic targets of
cancer-associated thrombosis. A very important advance in our knowledge has been
the discovery that these cellular events can be genetically driven, involving the
same genes driving tumorigenesis, as a mechanism of tumor growing and survival.
Thus, targeting the mechanisms of coagulation activation could be beneficial for the
treatment of the tumor itself. Finally, the biological markers of activation of the
clotting system can be a clinical tool, which will help to identify the subgroups of
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patients at higher risk of VTE and to establish more accurate and targeted antico-
agulation strategies to prevent thrombosis in cancer patients.
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