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Cancer-associated pathways and biomarkers of venous thrombosis
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Cancer patients have an increased risk of
venous thromboembolism (VTE). In this
review, we summarize common and can-
cer type-specific pathways of VTE in
cancer patients. Increased levels of leuko-
cytes, platelets, and tissue factor—positive
(TF*) microvesicles (MVs) are all potential
factors that alone or in combination in-
crease cancer-associated thrombosis.
Patients with lung or colorectal cancer
often exhibit leukocytosis. Neutrophils
could increase VTE in cancer patients by
releasing neutrophil extracellular traps
whereas monocytes may express TF.
Thrombocytosis is often observed in

gastrointestinal, lung, breast, and ovarian
cancer and this could decrease the thresh-
old required for VTE. Soluble P-selectin
has been identified as a biomarker of
cancer-associated thrombosis in a gen-
eral cancer population and may reflect
activation of the endothelium. P-selectin
expression by the endothelium may en-
hance VTE by increasing the recruitment
of leukocytes. Studies in patients with
pancreatic or brain cancer suggest that
elevated levels of PAI-1 may contribute to
VTE. Although elevated levels of TF* MVs
have been observed in patients with
different types of cancer, an association

between TF* MVs and VTE has been
observed only in pancreatic cancer. Podo-
planin expression is associated with VTE
in patients with brain cancer and may
activate platelets. Future studies should
measure multiple biomarkers in each
cancer type to determine whether combi-
nations of biomarkers can be used as
predictors of VTE. A better understand-
ing of the pathways that increase VTE
in cancer patients may lead to the devel-
opment of new therapies to reduce
the morbidity and mortality associated
with thrombosis. (Blood. 2017;130(13):
1499-1506)

Introduction

Cancer is associated with an increased incidence of venous thrombo-
embolism (VTE) (4% to 20%) and arterial thrombosis (2% to 5%).'>
More than 50 years ago, it was proposed that alterations of coagulation
factors, increased platelet adhesiveness, and a decrease in fibrinolysis
were possible mechanisms to explain cancer-associated thrombosis.®
However, thromboprophylaxis is not routinely recommended for
ambulatory cancer patients because the risk of VTE is not generally
high enough and cancer patients are more prone to bleeding.” Indeed,
the identification of subgroups of ambulatory cancer patients who
would benefit from thromboprophylaxis without an increase in bleed-
ing remains a major goal of the field.®

Interestingly, the rates of VTE vary in different cancer types.
Cancer types can be broadly divided into 3 groups according to risk of
VTE: high risk (pancreatic, ovarian, brain, stomach, gynecologic, and
hematologic), intermediate risk (colon and lung), and low risk (breast
and prostate). This suggests that there may be cancer type—specific
pathways of VTE (Table 1).

Risk assessment scores are used to identify cancer patients at high
risk for VTE. The Khorana score uses various parameters, such as site
of cancer, leukocytosis, and thrombocytosis, to stratify ambulatory
cancer patients receiving chemotherapy according to their risk of
VTE."® The score separated patients into low risk (0.3% to 0.8%),
intermediate risk (1.8% to 2.0%) and high risk (6.7% to 7.1%) of
VTE.'> The PROTECT score added the use of chemotherapeutic
agents (cisplatin, carboplatin, and gemcitabine) to the Khorana
score.'* Tn addition, the biomarkers D-dimer and soluble P-selectin
were used to extend the Khorana score in the Vienna Cancer and
Thrombosis Study (CATS) score.'® The advantage of the D-dimer
assay is that it is routinely used in the clinic. A recent study of 876

5,6,9-12

patients of which 53 (6.1%) developed VTE evaluated the different
risk scores and found that they identified 13% to 34% of the VTE
patients.'® The authors concluded that prediction scores were poor at
predicting VTE in cancer patients and suggested that further im-
provements are needed before considering introduction of the scores
into clinical practice.

There has been an interest in identifying biomarkers that can be used
to identify cancer patients at high risk for VTE."” The majority of
studies have examined different biomarkers in pooled patient pop-
ulations with different types of cancer.!” This approach may fail to
detect biomarkers that are cancer type—specific because the numbers
of samples for each cancer type are too small. A recent study'® sum-
marized the results of 18 studies and 36 biomarkers used to predict
thromboembolism in lung cancer. The study concluded that D-dimer
and epidermal growth factor receptor (EGFR) mutation were the most
reproducible predictors of thromboembolism. Future studies should
focus on biomarkers and pathways of cancer-associated thrombosis in
individual cancers.

Mouse studies can be used to determine the mechanisms by which a
prothrombotic state, leukocytes, platelets, or other biomarkers increase
venous thrombosis in cancer. Indeed, the best approach to studying
pathways of cancer-associated thrombosis in different types of cancer is
to integrate clinical observations with basic studies that use mouse
models.

In this review, we summarize common and cancer type—specific
pathways of cancer-associated thrombosis. An improved understand-
ing of the pathways that drive thrombosis may allow for the de-
velopment of novel therapies for the prevention of VTE in cancer
patients.
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Table 1. Proposed pathways of venous thrombosis in different
types of cancer

Tumor type Proposed primary pathway Reference
Lung and colorectal Leukocytosis 13, 19-24

Lung Neutrophilia and NETs 27-29

Ovarian Thrombocytosis 6, 43-45, 52
Pancreatic TF* MVs 72, 73, 78, 80, 81
Brain PDPN* MVs 105, 106

Leukocytosis and cancer-associated
thrombosis

A study in 1986 reported leukocytosis in 77 (30%) of 252 patients
with different types of cancer. Leukocytosis was most frequently
observed in patients with lung or colorectal tumors. The authors
concluded that tumor-associated leukocytosis may be an additional
tumor-associated marker of value in assessing and monitoring patients
with nonhematologic malignancies. A large retrospective study found
extreme leukocytosis in 758 (20%) of 3770 patients with non-
hematologic cancer.”® In 69% of the patients, the etiology of the
paraneoplastic leukemoid reaction was the result of myeloid growth
factors.”® Another study observed leukocytosis in 33 (14%) of 227
patients with lung cancer.>' Importantly, some of the patients had
increased levels of the hematopoietic cytokine granulocyte colony-
stimulating factor (G-CSF), granulocyte-macrophage colony-
stimulating factor (GM-CSF), and interleukin-6 (IL-6),2! which seemed
to be expressed by the tumor. One study that included 145 patients with
soft tissue sarcomas reported a high prevalence of neutrophilia (28%)
and monocytosis (19%).2%

Several studies have reported that leukocytosis is associated with an
increase in VTE in cancer patients,'>*** which suggests that leu-
kocytosis may represent a common pathway of cancer-associated
thrombosis. Neutrophils may enhance thrombosis by generating
neutrophil extracellular traps (NETs),>> whereas monocytes may
express the procoagulant protein tissue factor (TF).%® The mechanisms
of tumor-associated leukocytosis have been studied in mouse models.
One study found that the growth of the mouse mammary carcinoma
4T1 in BALB/c mice was associated with an increase in circulating
neutrophils and splenomegaly.”’” 4T1 tumors excised from mice
expressed G-CSF and GM-CSF, but only G-CSF was increased in the
serum of tumor-bearing mice. Other studies observed a similar
neutrophilia in mice that had 4T1 tumors.?8? Importantly, adminis-
tration of a neutralizing anti-G-CSF antibody abolished the neutrophilia
in mice that had 4T1 tumors, and the injection of recombinant G-CSF
into mice without tumors increased levels of circulating neutrophils.*®
Both human and mouse G-CSF were present in the plasma of mice
containing the human mammary tumor MDA-MB-231, suggesting that
tumor cells and host cells express G-CSF.?® We observed neutrophilia
in mice containing human pancreatic BxPc-3 tumors.*° These studies
suggest that increased levels of hematopoietic cytokines leads to
neutrophilia and that these neutrophils may be primed to release NETs
that enhance thrombosis (Figure 1).

Leukocytes have been shown to contribute to venous thrombosis in
mouse models.>'*? In a rat model of inferior vena cava (IVC) ligation,
TF was expressed by adherent monocytes, neutrophils, and endothelial
cells.*® NETs released from neutrophils have been shown to contribute
to venous thrombosis in animal models.***® NETs help to capture
platelets and microvesicles (MVs) that stabilize the clot>™° In
addition, NETs increase TF activity by binding elastase and cathepsin
G, which inactivates TF pathway inhibitor.** One study found that
G-CSF enhanced the ability of neutrophils to generate NETs.>
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Taken together, these clinical and basic studies strongly suggest
that neutrophils and monocytes contribute to cancer-associated throm-
bosis. Inhibition of hematopoietic cytokines or inhibition of NET
formation are possibly strategies to reduce VTE in cancer patients with
leukocytosis.

Thrombocytosis and cancer-associated
thrombosis

Platelets play a central role in arterial thrombosis but also contribute to
venous thrombosis in cancer patients.*"*> Thrombocytosis is often
observed in patients with cancer, especially gastrointestinal, lung, breast,
and ovarian cancer.® Interestingly, individuals who had high platelet
counts before they developed cancer had a higher rate of VTE compared
with those who had low platelet counts.** Similar results were observed
when platelet counts were measured in patients with cancer.***

Treatment of patients with multiple myeloma who are receiving
thalidomide or lenalidomide with low-dose aspirin reduced VTE to an
extent similar to that of low-molecular-weight heparin, which suggests
a role for platelets in venous thrombosis in these patients.***’ In
addition, aspirin use was associated with a borderline reduction in VTE
in patients with ovarian cancer but not in those with breast cancer.*®+

Numerous studies have measured biomarkers of platelet activa-
tion in cancer.* In general, these biomarkers are increased in cancer
patients, but only a limited number of studies have determined whether
they are predictive of VTE in this group. A recent study failed to find an
association between various platelet activation markers such as platelet
factor 4 (PF4) and VTE in patients with a variety of cancer types.>
However, another study of pancreatic cancer found that an elevated
level of PF4 was associated with an approximately threefold increased
risk of VTE.>! This difference emphasizes the importance of studying
individual cancer types.

The mechanism of paraneoplastic thrombocytosis in ovarian cancer
has been investigated in a mouse model. Studies showed that tumor-
derived IL-6 increased hepatic thrombopoietin synthesis and thrombo-
poiesis®® (Figure 2). Therefore, interruption of the IL-6-thrombopoietin
pathway may reduce levels of platelets and VTE in patients with
ovarian cancer.

The role of platelets in thrombosis has also been studied in mouse
cancer models. One study used a syngeneic orthotopic model of
pancreatic cancer and found that clopidogrel reduced the binding
of tumor-derived MVs to the site of thrombosis.>® We found that
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Figure 1. Neutrophilia increases thrombosis in lung cancer. Tumor-derived
G-CSF leads to increased levels of neutrophils, and these neutrophils release
NETSs that increase thrombosis in patients with lung cancer. EC, endothelial cell.
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Figure 2. Thrombocytosis increases thrombosis in ovarian cancer. Tumor-
derived IL-6 stimulates hepatocytes to express thrombopoietin (TPO), which increases
platelet production and enhances thrombosis in patients with ovarian cancer.

TF" MVs activated platelets via thrombin and that enhancement
of thrombosis in mice by injection of exogenous TF* MVs was
reduced by clopidogrel.>* Taken together, these clinical and basic
studies suggest that anti-platelet drugs may be useful in preventing
VTE in some cancer patients.** Indeed, there is an ongoing clinical trial
evaluating the effect of aspirin on platelet activation markers and VTE
in high- and intermediate-risk cancer patients (NCT02285738).

P-selectin and cancer-associated thrombosis

Cancer patients with high levels of circulating soluble P-selectin were
found to have a high rate of VTE.> P-selectin is expressed by both
platelets and endothelial cells. P-selectin expression by endothelial cells
could enhance VTE by recruiting leukocytes. It has been shown that
inhibition of P-selectin reduced venous thrombosis in a baboon stasis
model.>® More recently, it was shown that endothelial P-selectin was
responsible for the recruitment of leukocytes in a mouse model of
IVC stenosis.*! Finally, inhibition of P-selectin reduced thrombosis
in a mesenteric ferric chloride model in mice with pancreatic tumors
without affecting thrombosis in non—tumor-bearing mice.”” These
studies suggest that P-selectin may be a novel target for preventing
cancer-associated thrombosis by reducing the recruitment of leukocytes
and possibly the binding of MVs.

Hypofibrinolysis and cancer-associated
thrombosis

Plasminogen activator inhibitor type 1 (PAI-1) inhibits fibrinolysis;
therefore, elevated levels are associated with thrombosis.>® One study
found that patients with deep vein thrombosis had prolonged clot lysis
times compared with healthy controls,” suggesting that hypofibrinol-
ysis was a risk factor for VTE. Another study measured clot lysis times
and different components of the fibrinolytic pathway in thrombosis
patients and healthy controls and concluded that elevated levels of
PAI-1 and thrombin-activatable fibrinolysis inhibitor contribute to the
elevated clot lysis time observed in thrombosis patients.®® Finally, a
case-control study found higher levels of active PAI-1 in VTE pa-
tients compared with controls.®’

There are few studies evaluating the fibrinolytic system in cancer-
associated thrombosis. A study of patients with pancreatic cancer
suggested that elevated levels of PAI-1 antigen and activity may
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predispose patients to VTE.®> Another study found higher levels of
PAI-1 in glioma patients compared with healthy controls.®®

One mouse study investigated the role of PAI-1 in thrombosis in
a subcutaneous xenograft model with A549 cells, a human lung
adenocarcinoma cell line.** Tumor-bearing mice had larger thrombi
in a 3-hour IVC stenosis model and shorter occlusion times in a
ferric chloride saphenous vein model. Administration of the anti-
VEGF drug bevacizumab further increased thrombosis in both
models. Interestingly, bevacizumab increased PAI-1 expression in
tumors and in plasma leading to enhanced thrombosis that was
reduced by a PAI-1 inhibitor. Further studies are needed to
determine the role of hypofibrinolysis and PAI-1 in cancer-
associated thrombosis.

TF* MVs and venous thrombosis in
pancreatic cancer

Human pancreatic tumors express high levels of TF, and expression is
correlated with histologic grade.®® One study observed an association
between intratumoral TF expression and VTE.%® Human pancreatic cell
lines also express high levels of TF and release TF* MVs.%’

MVs (also known as microparticles [MPs] or extracellular vesicles)
are small membrane vesicles released from activated or apoptotic cells.%®
MVs are procoagulant because they provide a surface for the assembly
of different coagulation factor complexes.® The procoagulant activity of
MVs is increased by the presence of negatively charged phospholipids
such as phosphatidylserine (PSer) and TF. Platelets and red blood cells
produce PSer™ and PSer” MVs, whereas activated monocytes and
tumor cells release highly procoagulant PSer™ TF* MVs.”%72

Dvorak et al” first proposed a relationship between tumor-derived
MVs and thrombosis. The authors stated that shed vesicles carry
procoagulant activity that can account for the activation of the clotting
system and the fibrin deposition associated with these and many other
types of malignancy in animals and humans. Subsequent studies showed
that the procoagulant activity of the tumor-derived MVs was a result of
the presence of TF.”*7® Many types of cancer cells express TF and
release TFY MVs.”? Furthermore, circulating TF* MVs can be detected
in patients with a variety of cancers, including pancreatic, lung, gastric,
breast, and brain.””¥! Tt is likely that these TF* MVs are released from
the tumor. For instance, 1 study in patients with pancreatic cancer found
that the TF~ MV co-expressed the epithelial tumor antigen MUC-1 and
that pancreatectomy dramatically reduced the level of TF* MVs.”

The majority of studies have examined the relationship between
TF* MVs and VTE in patients with pancreatic, brain, colorectal, or
lung cancer because these patients have the highest rates of VTE.”> TE*
MVs were detected in all these cancers but patients with pancreatic
cancer were found to have the highest levels of MV TF activity.** One
possible explanation for this is that the endocrine function of the
pancreas provides an easy route for transporting TF* MVs from the
tumor into the blood. A longitudinal study with 11 pancreatic cancer
patients found a time-dependent elevation of MV TF activity that
preceded VTE in 2 patients.®® Several other prospective studies found
an association between MV TF activity in patients with pancreatic
cancer but not in patients with lung, gastric, colorectal, ovarian, or
brain cancer’®%%? (Raj Kasthuri, Y.H., N.M., Nigel Key, Houtan
Noushmehr, Daniel J. Weisenberger, Kristin Diefes, Heidi S. Phillips,
Kanan Pujara, Benjamin P. Berman, Fei Pan, Christopher E. Pelloski,
Erik P. Sulman, Krishna P. Bhat, Roel G.W. Verhaak, Katherine
A. Hoadley, D. Neil Hayes, Charles M. Perou, Heather K. Schmidt,
Li Ding, Richard K. Wilson, David Van Den Berg, Hui Shen,
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Figure 3. Tumor-derived TF* MVs trigger thrombosis in pancreatic cancer.
Pancreatic tumor cells release TF* MVs into the circulation that trigger thrombosis in
patients with pancreatic cancer.

Henrik Bengtsson, Pierre Neuvial, Leslie M. Cope, Jonathan Buckley,
James G. Herman, Stephen B. Baylin, Peter W. Laird, Kenneth Aldape,
and The Cancer Genome Atlas Research Network, unpublished data).
There was also a strong association between MV TF activity and
mortality in patients with pancreatic cancer.3%3! This suggests that
TE" MVs may be a biomarker of the most aggressive tumors. 58!

These studies suggest that TF™ MVs contribute to VTE in pan-
creatic cancer patients (Figure 3) and may be a useful biomarker for
assessing the risk of VTE in these patients. It is likely that TF" MVs
contribute to VTE in other types of cancer, but the current studies are
too small and the current assays are not sensitive or specific enough to
reveal arelationship between TF* MVs and VTE. Further development
of TF" MV assays is needed before they can be used clinically.

Tumor allograft and xenograft mouse models have been used to
study the role of tumor-derived TF* M Vs in the activation of coagulation
and thrombosis (Table 2). The advantage of the allograft model is that the
mice are immunocompetent; however, the number of mouse pancreatic
cancer cell lines is limited. The advantage of the xenograft model is that
tumor-derived human TF* MVs can be distinguished from host-derived
mouse TF, and numerous human pancreatic cancer cell lines are
available. Tumors can be grown either subcutaneously or orthotopi-
cally, but most studies grow tumors subcutaneously because tumor
growth can be easily measured. However, tumors grown orthotopically
are in a local environment that more closely mimics the environment
found in patients. The disadvantage of orthotopic tumors is that growth
cannot be measured without engineering the tumor cells to express a
reporter, such as firefly luciferase.

An early study showed that human colorectal tumors grown in
SCID mice released human TF into the circulation and that the amount
of TF antigen in the plasma correlated with tumor size.®* Another study
found that nude mice with orthotopic human pancreatic tumors (L.3.6pl)
had increased MV TF activity and activation of coagulation that
increased with tumor size.3* We compared the release of human TF"
MVs and activation of coagulation in nude mice with subcutaneous
or orthotopic HPAF-II tumors of the same size.®’ Interestingly, only
mice with orthotopic tumors had detectable human TF™ MVs and
activation of coagulation. This observation supports the notion that
tumors in the pancreas can efficiently release TF"™ MVs into the blood.
Furthermore, we showed that the activation of coagulation in tumor-
bearing mice was abolished by the administration of an anti-human TF
monoclonal antibody,%” which indicated that tumor-derived TF was
responsible for the activation of coagulation.

Thrombosis experiments have been performed in either healthy
mice injected with tumor-derived TF* MVs or in tumor-bearing
mice. As expected, we and others have shown that injection of
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exogenous TF" MVs derived from human and mouse pancreatic
cancer cell lines into mice activated coagulation and enhanced
thrombosis in various models.>*7¢7%5 However, injection of
exogenous TF™ MVs into healthy mice is not an ideal model for
studying the role of tumor-derived TF* MVs in cancer-associated
thrombosis because TF* MVs are likely to be only 1 of many factors
that increase clot size in mice and cancer patients. Furthermore, the
amount of exogenous TF™ MVs required to increase clot size is 10-
to 100-fold higher than the levels of endogenous tumor-derived
TF* MVs, which suggests that TF™ MVs combine with other factors to
increase clot size in mice.’**” In addition, we and others found that the
administration of TF* MV induced severe thrombocytopenia, shock,
and death in some of the mice.>*** For these reasons, we believe that
analysis of thrombosis tumor—bearing mice is a better approach to
elucidate the mechanisms of cancer-associated thrombosis in patients.

The murine pancreatic cancer cell line Panc02 has been used to
study the role of tumor-derived M Vs in thrombosis. Interestingly, we
observed a relatively low level of TF expression in Panc02 cells
compared with other murine pancreatic cell lines, such as cell lines
derived from KPC mice®® (Y .H. and N.M., unpublished data). An early
study showed that tumor-derived MVs localized to the site of
thrombosis and that mice with Panc02 tumors had increased thrombosis
in a ferric chloride mesentery vessel model.>” Thrombosis was reduced
by inhibition of P-selectin, which led the authors to conclude that their
results indicated that cancer cell-derived MPs bearing the ligand for
P-selectin (PSGL-1) and TF play a key role in thrombus formation in
vivo.” In a follow-up study, the incidence of thrombi was increased at 3
hours in the IVC stenosis model in mice with Panc02 tumors compared
with control mice.> The authors concluded that TF expression on
tumor MPs contributed to the incidence of cancer-associated venous
thrombosis in mice in vivo.® This conclusion was based on the fact that
injection of MVs from a high-TF—expressing Panc02 line enhanced
thrombosis to a greater extent than MVs from a low-TF-expressing
Panc02 line. However, these 2 studies with Panc02 cells did not directly
analyze the role of TF on the MVs in the increased thrombosis.

We examined thrombosis in a xenograft mouse model with human
pancreatic cancer cell lines expressing high levels of TE.>*¢7 In the first
study with HPAF-II orthotopic tumors, we failed to detect an increase in
incidence of thrombosis at 3 hours in an IVC stenosis model.*” In a
second study with BxPc-3 orthotopic tumors, we observed an increase
in incidence and clot area between 3 and 24 hours in the IVC steno-
sis model in tumor-bearing mice compared with control mice.>*
Recently, we found that mice with orthotopic BxPc-3 tumors had
significantly larger clots compared with control mice at 24 and
48 hours in an IVC stasis model.*° Importantly, inhibition of human TF
significantly reduced the clot size in tumor-bearing mice compared with
mice receiving control immunoglobulin G.*® These studies indicate that
tumor-derived, TE™ MVs are responsible for the increased clot size in
tumor-bearing mice and likely contribute to VTE in patients with
pancreatic cancer. Inhibition of the release of TF™ MVs from tumor
cells or blocking the binding of the M Vs to sites of thrombosis may be
novel strategies to reduce VTE in patients with pancreatic cancer.

TF and podoplanin expression in
glioblastoma multiforme subtypes and
venous thrombosis

Large-scale profiling studies of glioblastoma multiforme (GBM)
revealed the existence of four distinct GBM subtypes: proneural,
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Table 2. Mouse studies on the role of tumor-derived TF* MVs in cancer-associated thrombosis

Tumor type Mouse Tumor site Conclusion Reference

Human colorectal cancer cell lines SCID Subcutaneous Human TF antigen in plasma 83

Human pancreatic cancer cell line L3.6pl Nude Orthotopic Human TF MV activity and TAT in plasma 84

Mouse pancreatic cancer cell line Panc02 and lung C57BL/6J Subcutaneous Increased thrombosis in mesenteric ferric chloride 57
cancer cell line LLC1 model

Human pancreatic cancer cell lines HPAF-II and Nude Subcutaneous and orthotopic Human TF antigen and MV activity and TAT in 67
HPAC plasma

Mouse pancreatic cancer cell line Panc02 C57BL/6J Subcutaneous Increased thrombosis in IVC stenosis model 85

Human pancreatic cancer cell lines BxPc-3 and Nude Orthotopic Increased thrombosis in IVC stenosis model 54
L3.6pl

Human pancreatic cancer cell line BxPc-3 Nude Orthotopic Human TF* MVs increase thrombosis in IVC 30

stasis model

TAT, thrombin-antithrombin [complex].

neural, classic, and mesenchymal.®” The proneural subtype is a lower-
grade GBM that occurs in younger patients. A recent study used
promoter DNA methylation to identify a glioma-CpG island methylator
phenotype that was most closely associated with the proneural
subtype.®® In addition, mutant isocitrate dehydrogenase 1 (IDHI)
GBM is largely present in the proneural subtype whereas wild-type
IDHI1 GBM is largely present in neural, classic, and mesenchymal
subtypes.

There are significant differences in the level of TF expression in
different GBM subtypes. The lowest level of TF expression is
observed in the proneural subtype/glioma-CpG island methylator
phenotype, and the highest level is observed in the classic subtype.*’
This pattern of expression is consistent with earlier studies showing
that amplification of the EGFR or expression of the mutant form of
EGFR (EGFRVIII) drive TF expression in GBM cells.”** In-
terestingly, we found that the human F3 gene contains a CpG island
in its promoter making it likely that F3 gene expression is regulated
by methylation.”* Indeed, F3 was among the top 50 genes that were
most differentially hypermethylated and downregulated in this
methylator phenotype.®® Strikingly, the rate of VTE in patients with
wild-type IDHI GBM was 26% to 30% compared with 0% in
patients with mutant IDHI GBM.** Consistent with the article by
Noushmehr et al,*® another study found that the F3 promoter was
hypermethylated in mutant /IDH! GBM resulting in lower TF
expression.”* A recent small study found that intratumoral TF
expression in patients with brain cancer was not associated with
VTE.” Similarly, we did not find a relationship between MV TF
activity and VTE in brain cancer patients.®° One study reported an
association between TF" MVs and VTE in brain cancer patients by
using flow cytometry to detect the TF™ MVs.”® However, there was
no detectable MV TF activity in these samples,’> and we and others
have failed to detect TE® MVs in plasma by flow cytometry.”’
Therefore, at present, there is no convincing data to show that
elevated levels of TF" MVs are associated with VTE in brain cancer
patients. Further studies are needed to investigate the relationship
between TF expression and VTE in GBM patients.

Podoplanin (PDPN) expression in GBM patients is associated
with reduced survival.”® PI3K/Akt signaling is activated in many
cancer types, including human GBM, and PDPN is a downstream
effector of PI3K signaling.®® Interestingly, mutant IDH] is associated
with reduced PI3K signaling and PDPN expression.'” The R132H
mutation in /DH] results in a gain of enzyme function with increased
production of D-2-hydroxyglutarate (D-2-HG). Moreover, PDPN
was among the top 50 genes that were most differentially hyper-
methylated and downregulated in the glioma-CpG island methylator
phenotype.®®

PDPN is a ligand for the platelet receptor C-type lectin receptor
type-2 (CLEC-2) and induces platelet aggregation.'®"' A recent
study showed that mice deficient in PDPN were protected from venous
thrombosis.'® Importantly, a PDPN™ human glioblastoma cell line
LN319 induced platelet aggregation in a CLEC-2—-dependent man-
ner.'® A recent study found that brain cancer patients with low platelet
counts (<25% of the study population) were at increased risk of
VTE.'® This observation suggests that platelets were activated by the
presence of the cancer resulting in lower platelet counts. In a subsequent
study, PDPN expression in brain cancer patients was shown to be
inversely correlated with platelet counts and positively correlated with
D-dimer."® These data suggest that brain tumors may release PDPN*
MVs that activate circulating platelets resulting in increased VTE in
patients with brain cancer (Figure 4). Additional studies are needed to
determine whether PDPN ™ brain tumors release PDPN " MVs into the
circulation and whether they are associated with an increased risk of
VTE.

Conclusion

Leukocytes, platelets, and MVs all seem to contribute to cancer-
associated thrombosis. The current scoring systems use site of
cancer, leukocyte and platelet counts, chemotherapy, and biomarkers
to identify patients with all types of cancer who are at high risk
of VTE. However, the identification of novel VTE-associated
biomarkers in individual malignancies is required to drive the
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Figure 4. Tumor-derived, PDPN* MVs trigger thrombosis in brain cancer. Brain
tumor cells may release PDPN* MVs that activate circulating platelets and increase
thrombosis in patients with brain cancer.
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development of cancer type—specific scoring systems that have
improved predictive value. Prevention and treatment of cancer-
associated thrombosis may be improved by the use of conventional
antithrombotics in combination with agents that reduce leukocyte
and platelet counts, levels of TF* MVs, and inhibit NET formation.
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