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Venous and arterial thromboses, called as cancer-associated thromboembolism (CAT), are common complications in cancer
patients that are associated with high mortality. The cell-surface glycoprotein tissue factor (TF) initiates the extrinsic blood
coagulation cascade. TF is overexpressed in cancer cells and is a component of extracellular vesicles (EVs). Shedding of TF+EVs from
cancer cells followed by association with coagulation factor VII (fVII) can trigger the blood coagulation cascade, followed by cancer-
associated venous thromboembolism in some cancer types. Secretion of TF is controlled by multiple mechanisms of TF+EV
biogenesis. The procoagulant function of TF is regulated via its conformational change. Thus, multiple steps participate in the
elevation of plasma procoagulant activity. Whether cancer cell-derived TF is maximally active in the blood is unclear. Numerous
mechanisms other than TF+EVs have been proposed as possible causes of CAT. In this review, we focused on a wide variety of
regulatory and shedding mechanisms for TF, including the effect of SARS-CoV-2, to provide a broad overview for its role in CAT.
Furthermore, we present the current technical issues in studying the relationship between CAT and TF.

British Journal of Cancer; https://doi.org/10.1038/s41416-022-01968-3

BACKGROUND
Cancer is the main risk factor for venous [1, 2] and arterial [2–5]
thromboembolism (cancer-associated thromboembolism [CAT]).
CAT, especially cancer-associated venous thromboembolism (CA-
VTE), is associated with poor patient prognosis [1, 2]. Risk factors
for CA-VTE include tumour sites, blood immune cells, and patient
characteristics [1, 2].
Tissue factor (TF) is a cell-surface transmembrane protein

expressed by various cells in the perivascular space, including
fibroblasts and pericytes [6], and immune cells, including
monocytes and macrophages [6, 7]. TF triggers the extrinsic
blood coagulation cascade by binding to activated blood
coagulation factor VII (fVIIa), which is followed by activation of
factor X (fX) secreted from the liver [6, 7]. Blood TF levels are low in
healthy individuals, but are increased in cancer patients, probably
as secretions from cancer and immune cells as a component of
extracellular vesicles (EVs) [6]. Formation of the TF–fVIIa complex
on EVs as in cell-surface TF is considered a primary determinant of
CA-VTE in patients with pancreatic cancer [2, 8], given that the
incidence of VTE in these patients is closely associated with blood
and tissue TF levels. Neutrophil extracellular traps, increased
platelets and cytokines may also contribute to CA-VTE in
pancreatic and other cancer types [8].
TF in blood and tumour tissues is evaluated using ELISA [9–11]

and immunohistochemistry [10–14], respectively with a limited
sample size. TF can also be measured by EV procoagulant activity

(PCA), given that CA-VTE is caused by PCA rather than TF antigen
[9, 10, 14, 15]. However, these studies did not necessarily show
associations between TF tissue and blood levels and the incidence
of CAT. Notably, the results of ELISAs may vary according to the
specificity of the antibody in each kit. In addition, TF-PCA is
regulated by conformational changes in TF, which affects
associations with fVII and the generation of fVIIa [7, 16]. Thus,
whether or not TF-antigen levels and activity in cells and EVs
(TF+EVs) are evaluated appropriately in cancer patients using
current experimental methodology and study design is unclear.
The shedding mechanics may also affect blood TF+EV levels.
Previous reviews have discussed topics including how TF–fVIIa

causes malignant phenotypes through intracellular signalling
pathways [17], risk factors, including TF [1, 2] and clinical
treatment of CAT [18] and the effect of TF+EVs on the survival
of cancer patients [19]. In this review, we discuss how CAT is
induced by TF-PCA from molecular biology perspectives including
the effect of SARS-CoV-2, which is responsible for the COVID-19
pandemic. We also present the current problems in elucidating
this relationship in patients.

TF in CAT
VTE is associated with thrombi, mainly composed of fibrin and red
blood cells generated in slow venous blood flow, whereas arterial
thromboembolism (ATE) arises in fast arterial blood flow and the
thrombi are mainly composed of platelets [3, 20]. Previous studies
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suggested that TF can be generated from multiple sources,
although their roles in CAT have only been partially resolved. First,
cancer cell-derived TF+EVs can promote CA-VTE as it activates the
extrinsic coagulation cascade [3, 8, 19], resulting in fibrin
deposition, as evidenced by in vivo experiments with xenograft
models of pancreatic cancer [8, 21, 22]. TF+EVs derived from non-
cancer (immune) cells may also contribute to CAT [23]. Indeed,
several clinical studies have shown an association between CA-VTE
incidence and TF in patients with pancreatic [15, 24, 25] and other
cancers [11, 12, 26]. Second, the effect of TF+EVs on the non-
extrinsic coagulation cascade might lead to clinical CAT. Indeed,
TF+EVs secreted from pancreatic cancer cells were shown to drive
platelets to a procoagulant state [21]. Third, TF+ circulating
tumour cells may contribute to CAT [27]. Fourth, in addition to full-
length TF (hereafter, TF), alternatively spliced soluble TF (sTF)
devoind of its transmembrane and cytoplasmic domains may
associate with EVs appear on cancer cell surfaces via β1-integrin
[28]. Although the role of sTF in CAT is unclear, one study showed
that sTF has a procoagulant effect on pancreatic cancer cells and
their EVs [29].
ATE is associated with atherosclerotic lesions, which consist of

lipids and activated platelets [20]. Although ATE and VTE share
common risk factors [20], no direct association between cancer
cell-derived TF and ATE has been reported to our knowledge. In
ATE, platelets promote arterial thrombus formation by increasing
their numbers and activities [3, 4]. TF+EVs released from immune
cells, such as monocytes and macrophages, can affect ATE [3, 30].
TF+EVs may bind platelets via interactions between P-selectin and
P-selectin glycoprotein ligand-1, which is expressed on immune
cell-derived EVs [30]. Thus, TF+EVs can accumulate and cause
fibrin deposits at platelet aggregation sites in arteries.
Dyslipidemia also contributes to atherothrombosis in non-

cancer individuals [31]. TF may be involved in CA-ATE because
oxidised low-density lipoprotein (oxLDL) tends to be high in
hyperlipidemic cancer patients [32, 33] and increases TF expres-
sion in endothelial cells [31, 34]. In addition, oxLDL enhances TF
expression in monocytes and macrophages, thus increasing
circulating TF-bearing EVs and accelerating clotting at athero-
sclerotic plaques [35].
Coagulation factors may be insufficiently supplied within

tumour tissues owing to poor vascularisation and high tissue
interstitial fluid pressure [36]. Cancer cells might alleviate this
disadvantage as they can synthesise coagulation factors [36–38],
although the importance of these ectopic procoagulants is
unclear.

REGULATION OF TF PROCOAGULANT ACTIVITY BY
ENCRYPTION AND DECRYPTION
TF activity is partly regulated by its reversible conformational
alteration process, “encryption and decryption” (E–D). Thus, the
protein level does not necessarily reflect PCA. This mechanism has
been studied in various cells including several types of cancer cells
(Table 1). It involves many factors but can be attributed to two
major mechanisms depending on (1) cell-membrane lipids
(phosphatidylserine (PS) and sphingomyelin (SM)) and (2)
intramolecular disulfide bonds (Fig. 1a, b). Encrypted TF with
inactive procoagulant state (cryptic TF; cTF in Fig. 1b) weakly binds
fVIIa [7, 16], but dissociates from coagulation factor X (fX; Fig. 1b),
which halts coagulation activation [7, 16]. E–D has been widely
studied; however, there are some limitations to understanding its
relationship with CAT. First, data in cancer cells are limited.
Second, the involvement of E–D in the occurrence of experimental
and clinical CAT is unclear. The TF–fVIIa-fXa complex may be
unstable in acidic tumour tissue [36] (Fig. 1c), although complex
formation would be stabilised in neutral blood flow. Thus, TF-PCA
on the cell surface and EVs may vary depending on the
surrounding environment of TF in cancer patients.

PS
PS is a major component of the cell-membrane lipid bilayer, along
with phosphatidylcholine and phosphatidylethanolamine (Fig. 1).
PS mainly exists in the inner leaflet and translocates to the outer
leaflet (Fig. 1) in response to injury or other stimuli [7, 16]. For
example, the generation of reactive oxygen species (ROS) from
mitochondria in monocytes (monocytic leukaemia cells), followed
by the production of oxidised lipid (4-hydroxynonenal) represses
cell-membrane flippase activity to increase the outer leaflet
fraction of PS [39]. These mechanisms are regulated by redox
enzymes, protein disulfide isomerase (PDI) and thioredoxin/
thioredoxin reductase (Trx/TrxR) [16, 40], and therefore should
be important for cancer cells, considering the augmented ROS
levels in cancer tissues [41, 42]. How PS affects TF decryption is not
fully understood, but its interaction with TF ectodomain residues
was examined by mutagenesis assay [43]. It was suggested that its
interaction with the γ-carboxyglutamic acid domain of fVIIa is
thought to help maintain the decrypted state [44]. PS on the cell
surface interacts with the TF–fVIIa complex through Lys159 and
Gly164 residues of TF [44]. PS exposure likely facilitates binding of
fX to the cell membrane to increase TF-PCA. Also, it was suggested
that PS interaction with Lys165 and Lys166 residues of TF enables
TF-VIIa complex to generate more favourable orientation to
associate with fX [44, 45]. Experimentally introduced TF gene (F3)
mutations that affect several amino acids predicted to interact
with PS reportedly resulted in suppressed TF-PCA [43]. However,
mutation of all residues failed to completely impair TF decryption,
indicating that the PS-TF interaction alone is insufficient for
complete TF decryption [43].

SM and lipid rafts
SM is another major component of the membrane outer leaflet in
resting cells. A recent study using endothelial cells, monocytes,
and macrophages revealed that SM inhibits TF-PCA. Acid
sphingomyelinase (A-SMase; Fig. 1a) transported from lysosomes
to the plasma membrane in response to ATP stimuli of prinergic
P2rX7 receptor degrades SM to produce ceramide on monocyte
surfaces to cause decryption [46]. However, how SM and ceramide
contribute to the E–D process is unclear [46]. A-SMase, induced by
simultaneous treatment with lipo-polysaccharides and cytokines,
also causes TF’s active state in endothelial cells, monocytes and
macrophages [46, 47]. A-SMase contributes to cancer progression;
the A-SMase–ceramide pathway might be activated under hypoxic
and acidic conditions within tumour tissues (Fig. 1c) [48]. In
addition, H+ in hypoxic tumour tissue would neutralise negative
charges on PS molecules. Thus, the A-SMase pathway might
predominate PS-driven decryption (Fig. 1c). Studies showed that
ceramide-driven TF activity is suppressed by tricyclic antidepres-
sants, which inhibit A-SMase in vitro and in vivo [47]. Thus,
A-SMase inhibitor might be a potent candidate for CAT treatment.
Lipid rafts are plasma membrane microdomains that are

associated with high amounts of cholesterol and SM [49]. TF is
encrypted by association with lipid rafts, which is mediated by
cholesterol [40, 50] (Fig. 1b). Removal of cholesterol from the
plasma membrane decrypts TF [50]. Fatty-acid modification of
Cys245 in TF affects TF inactivation by association with lipid rafts
[51]. Additionally, SM interacts with cholesterol, leading to
modulation of raft formation [40]. These data indicate that lipid
rafts help maintain the TF cryptic state through multiple
mechanisms.

Disulfide bond exchange in TF
Intracellular disulfide bonds between Cys186 and Cys209 cause TF
decryption (Fig. 1) [7, 16, 40]. Cell-surface PDI associates with TF
and mediates this process, enabling TF to select either the
procoagulant or a transducer of signals into endothelial and
keratinocyte cells [52]. Although PDI involvement was shown in
haematologic cancer cells [53], this was not applicable in breast
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cancer (MDA-MB-231) cells [54]. This mechanism can contribute to
TF association with EVs, as PDI exists on EV surfaces and helps
generate decrypted TF [7, 40, 55]. However, PDI might not fully
function under tumour hypoxia (Fig. 1c), as the catalytic activity of
PDI is O2-dependent [36]. A study with MDA-MB-231 cells revealed
that Trx/TrxR modifies the same TF thiol residues, thereby
inhibiting the interaction between TF and fVIIa [56]. To date, PDI
has been shown to contribute to TF-dependent thrombosis in an
FeCl3-driven arterial thrombosis model, but its involvement in CAT
is unclear [57].

TF palmitoylation
Palmitoylation of Cys245 in TF is required for the anchoring of TF
with lipid rafts enriched with cholesterol and SM. A recent study
using breast cancer cells showed that de-palmitoylation by
palmitoyl-protein thioestelases enhances TF-PCA through con-
formational changes of TF favourable to the interaction between
TF–fVIIa complex and fXa (Table 1) [58]. The mechanism likely
involves lengthening of the transmembrane domain of TF [58].
Palmitoylation precedes the phosphorylation of Ser253 in TF;
however, this modification is not responsible for TF activation [58].

Complements-driven decryption
Anti-thymocyte globulin- [59] and anti-phospholipid antibody- [60]
driven activation of complements (C3 and C5) causes externalised

PS in a PDI-dependent and -independent manner in inflammatory
diseases. They can be coupled to thiol-disulfide exchange of PDI to
decrypt TF in cancer cells (Table 1). This mechanism likely associates
with TF decryption in cancer cells, as cancer cell-derived serine
proteases also activate complements [61] (Fig. 1d). Complement can
contribute to experimental arterial thrombosis in vivo, although its
roles in experimental and clinical CAT are currently unclear [60].

SARS-CoV-2
Cancer patients are more sensitive to SARS-CoV-2 infection and
resulting COVID-19 tends to be severer [62]. Recent studies
reported that the TF-driven hypercoagulable state is associated
with SARS-CoV-2-infected patients [63–67]. Patients with COVID-
19 and active cancer are currently recommended to receive
pharmacological or mechanical prophylaxis because of their very
high thrombotic risk [62]. The SARS-CoV-2 spike protein binds cell-
surface angiotensin-converting enzyme-2, leading to viral entry
into cells [63]. This results in an increase of TF-PCA through
activation of A-SMase, followed by ceramide formation [63]
(Table 1). Thus, tricyclic antidepressants such as imipramin may
be effective for the prevention of COVID-19-driven hypercoagulo-
pathy [63]. In addition, ambroxol, a mucolytic drug, may be
effective in the prevention of TF-driven thromboembolism in
patients, because it inhibits both A-SMase activity and SARS-CoV-2
entry into epithelial cells [68].

Table 1. The activation mechanisms of TF.

Category Responsible factor Action mechanism Examined cell (tissue) type
[reference]

Typical decryption PS in the plasma membrane Externalisation of PS in plasma membrane Human leukaemia (THP-1) cells
[16, 39]

SM in the plasma membrane Ceramide generation by A-SMase • Human monocyte-derived
macrophages (MDMs) [46, 47]

• Human endothelial cells
(HUVECs) [47]

• Murine peripheral blood
mononuclear cells [47]

PDI Disulfide bond (Cys186–Cys209) formation of TF • HUVECs [52, 55]
• Human keratinocytes (HaCaTs)
[52]

• THP-1 and lymphoma (U937)
cells [16, 53]

TF de-palmitoylation Detachment from lipid raft, followed by a
conformational change of the transmembrane
domain of TF

• Human endothelial cells [58]
• Breast cancer (MDA-MB-231
and MCF-7) cells [58]

Complements • Externalisation of PS in plasma membrane
• Enhancement of PDI-mediated disulfide bond
formation of TF

• MDA-MB-231 cells [59]
• THP-1 cells [59]
• Human and murine monocytes
[60]

• Human myeloma (MM1) cells
[60]

SARS-CoV-2 Ceramide formation via A-SMase Human MDMs [63]

Other mechanisms Decoupling of Integrins-arf6
association

• Increase cell-surface availability of TF
• Conformational change of TF favourable to
bind fVIIa

• Murine macrophage and
smooth muscle cells (SMCs)
[77]

• Murine breast cancer cells [77]
• HaCaT cells [78]
• Human melanoma (A7) cells
[78]

TF glycosylation Potential facilitation of substrate recognition Placenta tissue [73]

Pin1 Maintenance of the active state of TF via its
phosphor-Ser258 residue

• Multiple human endothelial
lines and SMCs [74, 75]

• MDA-MB-231 cells [75]

CD248 Direct allosteric conformational change of
TF–fVIIa complex

• Human and murine vascular
SMCs [80]

• Human monocytic leukaemia
(MM6) and A7 cells [80]
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SARS-CoV-2 infection could also enhance thrombosis because it
increases TF expression at the mRNA level in the lung of severe
COVID-19 patients associated with acute respiratory distress
syndrome [66]. The mechanisms of COVID-19-driven TF increase
were not shown; however, tissue hypoxia owing to lung injury
likely contributes to this phenomenon given that the F3 (TF) gene
can be activated in response to hypoxia [17, 37, 38]. Another study
showed that PCA of TF+EVs [64] and an anticoagulant protein,
tissue factor pathway inhibitor [67], are significantly increased and
decreased, respectively, in the blood of COVID-19 patients,
potentially increasing the incidence of thromboembolism. TF+EVs
in cancer patients with SARS-CoV-2 infection can be derived from
not only cancer cells but also monocytes associated with activated
platelets [69]. Importantly, PCA [64] and TF-antigen level [69] are
associated with disease severity. Platelet-neutrophil interaction
also plays roles in SARS-CoV-2-driven coagulopathy as comple-
ments activated in COVID-19 patients enhance neutrophil/mono-
cyte activation, resulting in the release of thrombogenic
neutrophil extracellular traps associated with active TF [70].

ADDITIONAL MECHANISMS THAT POTENTIALLY ACTIVATE TF
Regulation of TF activity involves many molecular processes and is
a complex phenomenon. The mechanisms that contribute to the
regulation of TF activity are described below. However, their
relation to E–D is currently obscure.

TF glycosylation
Glycosylation as a candidate mechanism of TF regulation has been
evaluated in various cell types, including cancer cells (MDA-MB-
231) [71, 72]. Mutations at extracellular glycosylation sites within
TF did not affect its association to fVIIa or TF-PCA formation
[71, 72]. Experiments using HUVEC cells showed that glycosylation
also does not affect the TF E–D process [71]. Experiments using
cells treated with a pharmacological glycosylation inhibitor,
tunicamycin, yielded similar findings [71]. Thus, TF–fVIIa activity
is thought to be mainly regulated by membrane lipid components
but not by glycosylation. However, an earlier study showed that
glycosylation enhances the activity of placenta-derived TF (Table 1)
[73]. Thus, different carbohydrate modification patterns, possibly
affected by cell type, may influence PCA.

Peptidyl-prolyl isomerase (Pin1)
Pin1 was found to increase TF-PCA in multiple cell types (Table 1)
[74]. Although the mechanism is unclear, this effect is likely
mediated by Pin1 binding to Ser258–Pro259 in TF’s short
cytoplasmic domain (Fig. 2a, b) [75]. Pin1 also enhances TF
stability by inhibiting its polyubiquitination and subsequent
proteasomal degradation [74, 75]. Pin1 also activates the F3 gene
via the pro-inflammatory transcription factor complexes NFκB and
AP-1 [74]. Overall, Pin1 likely regulates many TF functions to
enhance PCA in normal cells, although whether these mechanisms
are present across all cancers is unknown.
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Integrins
The integrin-β1 heterodimeric complex with its α-subunits
associates with TF on the surface (Fig. 2c, d) of various cells in
response to fVIIa stimulation, thereby controlling TF-PCA [76, 77].
Stimulation of P2rX7 receptor results in decoupling of the
TF–integrin complex from a small GTPase, arf6. This increases
cell-surface availability and affinity to fVIIa of TF in association with
release of cell-surface PDI (Table 1 and Fig. 2c, d) [77]. TF
complexed with integrins also helps activate pro-angiogenic
signalling pathways. This process is mediated by arf6, which
regulates endosomal trafficking of integrins. Inhibiting arf6 directs
TF to a procoagulant status, rather than activating intracellular
signals in cancer cells [78]. The TF–integrin interaction in EVs shed
from endothelial cells enhances their binding potency to
extracellular matrix components, thereby increasing PCA of
TF+EVs [79].

CD248
The cell-surface glycoprotein CD248 contributes to TF activation
(Table 1) [80]. CD248 binds TF and changes the conformation of
the TF–fVIIa-fX complex to activate fX in various cells in a
decryption-independent manner [80]. Furthermore, CD248 facili-
tated ATE and VTE in CD248-knockout mouse models [80]. The
importance of this mechanism in CAT is currently unclear.

REGULATION OF TF+EV PRODUCTION
TF loading into EVs
Studies of TF release into EVs based on experiments using
human endothelial cell lines with forced TF expression found
that phosphorylated-Ser253 facilitates and phosphorylated-
Ser258 suppresses TF incorporation in EVs upon cell-surface
protease-activated receptor 2 (PAR2) activation (Fig. 2a, b) [81].
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Protein kinase Cα and p38α phosphorylate cytoplasmic Ser253

and Ser258 residues, respectively [82]. The two adjacent
serine residues reciprocally regulate TF release into EVs. In
addition, de-palmitoylation of Cys245 promotes TF incorporation,
as this process precedes the phosphorylation of Ser253 (Fig. 2a,
b) [58].
Investigations of how the cytoplasmic domain controls TF

release into EVs found that filamin-A, an actin-binding protein
that connects between the cytoskeleton (actin filament) and
cell-membrane proteins, is essential for TF release into EVs in
endothelial and cancer cell lines (Fig. 2a, b) [37, 83]. Filamin-A
binds to cytoplasmic immunoglobulin-like repeats in TF, which
likely helps incorporate TF into EVs in MDA-MB-231 cells when
PAR2 is activated [83]. Another study using ovarian cancer cells
in hypoxic conditions found that filamin-A is also crucial for
release of TF-filamin-A complex-positive EVs [37]. However,
neither PAR1 nor PAR2 mediate TF loading to EVs, which
suggests that cell type and context affect PAR2 function in TF
release into EVs (Fig. 2a, b). Follow-up experiments with MDA-
MB-231 cells showed the TF-filamin-A interaction was enhanced
by TF Ser253 phosphorylation, whereas phosphorylated-Ser258

alleviated this interaction (Fig. 2a, b) [84]. This is consistent with
findings that phosphorylating Ser253 and Ser258 facilitates and
diminishes TF release into EVs, respectively [75]. Furthermore,
disrupting lipid rafts by extracting cholesterol from plasma
membranes impaired cell-surface TF activity and TF+EV release
[84, 85]. The authors showed that cellular TF released into the
cytoplasm might translocate to cell-surface lipid rafts in a
filamin-A-dependent manner. However, the role of cholesterol in
TF regulation is controversial, as another study suggested that
the association with lipid rafts (cholesterol) generates cryptic TF
(see SM and lipid rafts section).
A previous study showed that P2rX7 receptor signalling is

responsible for TF incorporation into EVs in macrophages (Fig. 2c,
d) [57, 86]. The P2rX7 receptor uncouples the Trx/TrxR system to
increase cellular ROS, leading to activation of caspase-1-calpain
pathway and filamin-A cleavage [86]. This cleavage releases TF
from the cytoskeleton, thereby facilitating its incorporation into
EVs (Fig. 2c, d). Thus, the role of filamin-A in TF release into EVs
may be cell-type-dependent. P2rX7 receptor signalling also
contributes to integrin-TF complex incorporation into EVs on the
surface of macrophages, smooth muscle cells, and breast cancer
cells by inhibiting arf6 activity, which controls cellular integrin
trafficking (Fig. 2c, d) [77]. Thus, P2rX7 signalling promotes TF
release by multiple mechanisms.
Pin1 interacts with the cytoplasmic tail of TF by interacting with

phospho-Ser258 and Pro259 in human endothelial and MDA-MB-
231 cells (Fig. 2) [74]. The stability of TF within the cytoplasm is
increased by the Pin1–TF interaction, followed by proline
isomerisation [74, 75]. This alteration prevents polyubiquitination
of TF [75]. Thus, protection of TF from proteasomal degradation
promotes prolonged and efficient TF loading into EVs.

Generation of EVs
Filamin-A also affects the generation of EVs from ovarian cancer
cells, at least under hypoxic conditions (Fig. 2a, b) [37]. This
contrasts with a study that showed filamin-A inhibition increased
PAR2-driven EV shedding from MDA-MB-231 cells cultured under
normoxia [83]. In macrophages, caspase-1 activation associated
with filamin-A cleavage, followed by TF incorporation into EVs,
also contributed to EV shedding [7, 86]. ATP-driven P2rX7 receptor
signalling facilitates TF loading, TF-PCA, and EV secretion (Fig. 2c,
d) [7, 16, 40, 57, 86]. These findings suggest that active TF release
is coupled to EV shedding. Lipid rafts have been reported to be a
significant factor in EV shedding from MDA-MB-231 [84] and THP-
1 [85] cells, as described above. A recent study provided evidence
of TF signalling in EV biogenesis from MDA-MB-231 cells, in which
TF was abolished by genome editing [87].

EVALUATING TF PRODUCED IN CANCER SPECIMENS
Prediction of CAT by TF-PCA
Given that PCA, rather than TF level, causes thrombosis, the
evaluation of PCA seems more important for the prediction of CAT
compared with that of TF antigen [15, 24, 25, 88–90]. EVs are
widely used to evaluate TF-PCA, as most cancer cell-derived TF is
likely secreted as an EV component. Indeed, PCA has been shown
to positively correlate with VTE incidence in patients with
pancreatic cancer [2, 15, 24, 25]. They are generally isolated from
plasma samples by high-speed centrifugation (~20,000×g)
[9, 10, 15, 88, 89]. However, plasma preparation, centrifugation
force and duration for EV isolation varied among these studies.
Thus, the recovery rates for cancer cell-derived EVs may differ by
study design. One study of EV recovery from cultured medium of
various cancer cell lines found that centrifugation at 20,000×g and
100,000×g resulted in 26% and 67% EV recovery, respectively [91].
Thus, isolation using 20,000 × g might miss a considerable fraction
of TF+EVs, leading to underestimated PCA. However, 20,000 × g
has been suggested to be qualitatively sufficient to recover
TF+EVs [92]. A centrifugation procedure with an EV washing step
also reportedly affects results [93]. Thus, improved techniques may
enhance understanding of the relationship between CAT and TF.
TF levels likely do not necessarily correlate with CAT incidence
because TF is not fully decrypted in blood samples. However, TF
level may be important as it predicts PCA at the onset of CAT, as
shown in our recent study [94].

Prediction of CAT by TF-antigen level
ELISA and immunohistochemistry [10–13, 15] are used to evaluate
TF levels in plasma and cancer tissues. Indeed, the specificity and
reactivity of anti-TF antibodies in ELISA affect their precision as
previously suggested [9, 90]. In addition, current ELISA kits mostly
use sandwich-ELISA methodology with two different antibodies.
However, the reactivity of anti-TF antibodies might be influenced
by glycosylation and the TF folding pattern [71, 72]. In addition,
the identities of TF antibodies in commercial ELISA kits are
uncertain. Thus, whether ELISA systems precisely quantitate TF
levels is unclear. Table 2 lists the TF-ELISA kits used in published
reports and highlights that the specific kits and their application
differ by study.
To address this problem, we recently tested whether the TF

levels in various cancer cell lines examined by western blotting
using 10H10 antibody corresponded with those evaluated by TF-
ELISA kits [94]. TF levels measured by the Quantikine kit showed a
good proportional correlation and is suitable for the detection of
cancer cell-derived TF. ELISA using clinical samples revealed that
TF level but not PCA at patient registration is an important
predictive factor of CAT in pancreatic cancer patients [94]. Our
study indicated that the evaluation of TF level as well as PCA is
also important for the prediction of CAT.
Plasma TF levels and PCA-associated with EVs may be irrelevant

to VTE incidence in patients with ovarian cancer [9, 10]. In one
study [9], ELISA failed to detect TF+EVs because the estimated TF
levels in plasma samples were similar to those of supernatant
fractions after high-speed centrifugation. The study thus claimed
that only the TF fraction not associated with EVs must have been
detected by the ELISA kit. Whether this phenomenon applies to
other experimental systems is unclear, as other studies have
detected TF+EVs using the same ELISA kit [84]. Thus, we should
carefully estimate TF in relation to its association with EVs. In
addition, ELISA may not discern differences between TF from
cancer cells, sTF, and TF from non-cancer cells (such as
monocytes).
Recently, Mackman et al. [95] and our group [96] discussed the

detection of TF antigen in plasma samples by ELISA (Quantikine).
On the basis of these arguments, the reactivity of the Quantkine
system to TF can be affected depending on the sample (e.g., cell
lysate or plasma), source of TF (e.g., immune cells or cancer cells),
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and lipid environment around the TF antigen. In addition,
unknown epitope masking mechanism(s) might restrict the
precise detection of TF antigen in plasma. It may involve the
high affinity of TF to plasma- and cancer cell-derived FVII as
association with FVII can hide TF antibody epitopes [97]. Indeed,
the Quantikine system failed to recognise TF–EVs released in
blood treated with lipopolysaccharide [95]. However, this kit
recognised higher TF-antigen levels in the plasma of CAT+
pancreatic cancer patients compared with that in healthy
volunteers and CAT− patients [94, 96]. In any case, current
experimental methodologies have limited abilities for evaluating
TF in biological samples, as suggested in a previous review [8].
Thus, the evaluation of TF antigen and activity through multiple
viewpoints should improve our understanding of the relationship
between TF and CAT.

SUMMARY
TF+EV secretion can cause VTE, and potentially ATE, in cancer
patients. TF-PCA and TF+EV-shedding are regulated by many
mechanisms and modulated in response to conditions in tumours.
The predominant mechanisms in cancer tissues may thus vary
depending on the cancer type and tumour conditions. As PCA of
TF–EVs directly contributes to VTE, the relationships between TF-
PCA and CA-VTE incidence have been analysed. PCA is estimated by
isolating TF+EVs. However, the most commonly used centrifugation
conditionmight not recover the full proportion of TF+EVs. TF level is
also important because a higher TF level enables greater PCA in
cancer patients. TF in patient blood has been determined by many
commercial ELISA kits; however, the kits use different anti-TF
antibodies with potential different substrate reactivity. Current
experimental methodologies may thus underestimate TF, with
potential impacts on study findings. Examining TF by multiple
means would lead to a more precise understanding of the effects of
TF on CAT incidence and the generation of new therapeutics
targeting TF-PCA. The recent spread of SARS-CoV-2 worldwide is a
new risk factor for CAT. Further studies are required for better
treatment of forthcoming patients with thrombotic disorders.
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