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Abstract

Tissue factor (TF) is a protein that plays a critical role in blood clotting, but recent research has also shown its involve-
ment in cancer development and progression. Herein, we provide an overview of the structure of TF and its involve-
ment in signaling pathways that promote cancer cell proliferation and survival, such as the PI3K/AKT and MAPK path-
ways. TF overexpression is associated with increased tumor aggressiveness and poor prognaosis in various cancers. The
review also explores TF's role in promoting cancer cell metastasis, angiogenesis, and venous thromboembolism (VTE).
Of note, various TF-targeted therapies, including monoclonal antibodies, small molecule inhibitors, and immunother-
apies have been developed, and preclinical and clinical studies demonstrating the efficacy of these therapies in vari-
ous cancer types are now being evaluated. The potential for re-targeting TF toward cancer cells using TF-conjugated
nanoparticles, which have shown promising results in preclinical studies is another intriguing approach in the path of
cancer treatment. Although there are still many challenges, TF could possibly be a potential molecule to be used for
further cancer therapy as some TF-targeted therapies like Seagen and Genmab's tisotumab vedotin have gained FDA
approval for treatment of cervical cancer. Overall, based on the overviewed studies, this review article provides an in-
depth overview of the crucial role that TF plays in cancer development and progression, and emphasizes the potential
of TF-targeted and re-targeted therapies as potential approaches for the treatment of cancer.
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only when necessary to prevent excessive bleeding [14].
However, TF can be dysregulated in cancer, leading to
tumor growth and spread [15]. TF contributes to cancer
by promoting angiogenesis, which is the process of form-
ing new blood vessels that carry nutrients and oxygen
to tumors. A key factor in angiogenesis is the vascular
endothelial growth factor (VEGF), which can be stimu-
lated by TE. In this way, the tumor is nourished and can
grow and spread as a result of the formation of blood ves-
sels [16]. Cancer cells can also spread from the primary
tumor to other parts of the body through metastasis,
which is caused by TF. It stimulates the release of matrix
metalloproteinases (MMPs), which dissolve the extra-
cellular matrix (ECM) that surrounds the cells [17]. It is
possible for cancer cells to invade surrounding tissues
and spread to distant parts of the tumor origin as a result
of this. Furthermore, TF contributes to cancer by pro-
moting inflammation [18]. Signaling molecules such as
cytokines are stimulated by TF, which regulate immune
and inflammatory responses and several types of cancer
are known to be affected by chronic inflammation [8, 19].

TF has been found to be up-regulated in a variety of
different types of cancer, including breast, lung, colon,
and pancreatic cancer [8]. These findings suggest that
TF may be a promising target for cancer therapy [15].
TF is currently being targeted in cancer using differ-
ent approaches, including antibodies, inhibitors, and
nanoparticles [20]. Additionally, re-targeting TF shows
promise as a cancer therapy. Re-targeting TF works by
redirecting its pro-coagulant effects toward tumor blood
vessels while sparing normal tissues [21]. A method of
achieving this is to conjugate TF-targeting agents to clot-
ting factor VIIa (FVIIa), which binds TF and initiates
the coagulation cascade. When TF-FVIIa complexes are
formed, they can activate coagulation selectively in the
tumor microenvironment, inhibiting tumor growth and
disrupting vessels [20]. Preclinical studies have tested
several re-targeting strategies for TF-FVIla, including
antibodies, peptides, and nanoparticles. It has been dem-
onstrated that an antibody—drug conjugate (ADC) target-
ing TF-expressing tumor cells, called ICON-1, selectively
kills TF-expressing tumor cells in vitro and inhibits
tumor growth in vivo [13, 22-26]. A second approach is
to use TF-targeted nanoparticles to deliver anti-cancer
drugs or imaging agents to TF-expressing tumors. Can-
cer therapy based on TF re-targeting has great potential,
but more studies are needed to evaluate its safety and
effectiveness in clinical trials. Other diseases, such as
sepsis and thrombosis, where TF can be dysregulated,
may benefit from TF re-targeting approaches [13, 22-26].

Recent studies suggest that TF is a useful surface tar-
get in 50-85% of patients with triple-negative breast
cancer [27]. Another one suggests that TF isoforms and
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downstream signaling are promising novel therapeutic
targets in malignant diseases [1]. Also, there is a strong
relationship between TF and cancer and that many can-
cer cells express high levels of both full-length TF (fITF)
and alternatively spliced TF (asTF) [16]. A key role of
TF in cancer is that it promotes angiogenesis, metasta-
sis, and inflammation. By understanding how TF plays a
role in cancer, new therapies can be developed that tar-
get this molecule and potentially improve outcomes for
patients with cancer. The complex interactions between
TF and cancer require much more research, but target-
ing this molecule might lead to new and effective cancer
treatments. It’s worth noting that a variety of therapies
have been created to target TF, such as monoclonal anti-
bodies, small molecule inhibitors, and immunotherapies.
These treatments have been shown to be effective in vari-
ous types of cancer in both preclinical and clinical stud-
ies. Another interesting approach in cancer treatment is
the use of TF-conjugated nanoparticles to re-target TF
towards cancer cells, which has shown promising results
in preclinical studies. Although there are still many chal-
lenges, TF may have potential as a molecule for further
cancer therapy. Some TF-targeted therapies, such as
Seagen and Genmab’s tisotumab vedotin, have already
received FDA approval for cervical cancer treatment.
Overall, this review article provides a thorough over-
view of the important role that TF plays in cancer devel-
opment and progression, and highlights the potential
of TF-targeted and re-targeted therapies as promising
approaches for cancer treatment.

TF structure

TF (also known as thromboplastin, coagulation factor III,
F3 or (CD142) is a transmembrane glycoprotein recep-
tor for coagulation factors VIla and X with a molecular
weight of 47 kDa is located on the different cells. TF can
initiate blood coagulation upon binding to FVIIa [4, 20,
28-30]. TF is a highly conserved factor, so it is expressed
in invertebrates such as horseshoe crabs to vertebrates
such as humans [31]. There are six exons in the TF gene:
Exons 2 to 5 encode the extracellular domain, which
binds factors VII and X; exon 1 encodes the N-terminal
signal sequence that is eliminated by proteolytic cleav-
age during the transport of TF (TF) to the plasma mem-
brane; The cytoplasmic and transmembrane domains
are encoded by exon 6 [32]. Furthermore, the intracel-
lular region of TF contains two potential phosphoryla-
tion sites, which suggests that this protein participates
in intracellular activities [33]. According to its primary
sequence, TF has structural similarities with the cytokine
receptor family II (most notably the IFN-Y receptor).
The plasma coagulation protease cascades are started
when the TF extracellular domain binds factor Vlla and
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functions as its catalytic cofactor, generating thrombin
and forming fibrin. The coagulation protease factor VIla
attached to the extracellular domain of TF with sub-
nanomolar affinity, activating the protease allosterically
and effectively cleaving protein substrates, primarily fac-
tor X. This protein is considered to have biological activi-
ties beyond fibrin coagulation. It is implicated in a variety
of cellular functions, including formation of the embry-
onic vessels [34], embryogenesis, inflammation, cellular
signaling, cell migration and, tumor growth. Additionally,
the expression of TF in malignancies promotes tumor
angiogenesis and hematogenous metastasis [35, 36].

TF is found in three forms: alternative exonlA-tissue
factor (TE-A), asTF and fITE. Human fITF is a glycopro-
tein with a total of 295 amino acids (Fig. 1). It is made
up of an extracellular domain (residues 1-219), a trans-
membrane domain (residues 220-242), and an intra-
cellular C-terminal domain (residues 243-263) [37].
The transmembrane domain of asTF is absent, so it is
only secreted. Although asTF is not particularly pro-
coagulant, it takes part in non-hemostatic functions. As
opposed to fITF, asTF can bind integrins without the
assistance of FVII [20]. The TF-A variant is a novel tran-
script of the TF gene that is generated through alterna-
tive splicing of the first intron. This process results in
the inclusion of an additional sequence derived from an
internal sequence of the first intron, referred to as exon
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IA, and is known as TF-A. Studies have shown that TF-A
is preferentially expressed in tumor cells, and its expres-
sion level is higher in tumor cells than in normal cells.
The upregulation of TE-A in tumor cells may be involved
in tumor angiogenesis and metastasis. The high-level
expression of the TF-A transcript in tumor cells may have
diagnostic and staging utility for various solid tumors.
However, further research is needed to fully understand
the implications and mechanisms of TF-A upregulation
in tumor cells (Fig. 1) [37].

As a result of vascular injury, TF binds to bloodborne
FVII or FVIIa with great affinity, triggering the extrinsic
pathway to initiate the coagulation cascade. It is com-
posed of a complicated series of proteolytic reactions
and a regulatory feedback loop. After that, the zymo-
gen factor (FX) is attached to the binary catalytic com-
plex TF-VIIa, which cleaves to create FXa. FXa separates
from the ternary complex and interacts with its cofac-
tor FVa to transform prothrombin into thrombin. Thus,
fibrin is formed, platelets are activated, and blood clots
are formed [38]. It is commonly assumed that TF is
derived from an ancestral gene that also developed the
cytokine receptor family. TF appears to be the oldest
cytokine classIl receptor family member. Some reports
highlighted the high degree of similarity in TF structure
with the superfamily of interferon receptors (IFNRs) [39].
The region of the TF that is structurally similar to class II
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Fig. 1 A schematic representation of the mRNA splicing products of £3 gene is shown. 3 gene, encodes six exons that form open reading frames;
five introns are removed during mRNA processing. Three distinct mRNA products are produced, each of which contains coding sequences. By
alternative splicing exon 5 is excluded, which results in the production of TF with a shorter length (238 aa) compared to fITF (295 aa). TF-Ais a
newly identified transcript of the TF gene that is produced by an alternative splicing mechanism involving the first intron. This process causes the
incorporation of a sequence from the first intron known as exon IA into the transcript. Moreover, there is a mutation map of F3 gene, showcasing
the mutation spots (Produced by www.cbioportal.org). TF: tissue factor; aa: amino acid; asTF; alternatively spliced TF; fITF: full-length TF; TF-A:

alternative exon 1A-tissue factor; TM domain: Transmembrane domain
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cytokine receptors is known as the intracellular C-termi-
nal domain [20].

A difference between asTF and fITF is that fITF adheres
to the cell membrane and is involved in signaling and
tumor progression through the activation of Par2. Unlike
fITE, asTF has little prothrombogenic activity, but is
more associated with angiogenesis, survival, and tumor
growth [2, 40]. The important point is that, unlike fITF,
asTF controls angiogenesis through binding to integrin
without connection with PAR [41]. Human tissue fac-
tor pathway inhibitor (TFPI), is a regulatory protein in
hemostatic system which consists of three Kunitz type
domains. These three domains are: N-terminal acidic
region followed by the first Kunitz domain (K1), the first
linker region which indicates the second Kunitz domain
(K2), and the second linker region which indicates the
third Kunitz domain (K3). Besides, TFPI has a C-termi-
nal region with basic essence. The K1 domain inhibits
the complex of TF-VIIa and K2 domain inhibits factor
Xa. Contrary to the K1 and K2 domains, K3 domain has
no direct protease inhibiting functions [42]. Noteworthy
that its first domain binds to active factor 7 (VIIa), and its
second domain binds to active factor 10, thereby inhibit-
ing TF (VIIa) and active factor 10 (Xa) [43].

TF signaling is influenced by phosphorylation and two
phosphorylation sites (Ser253 and Ser258, respectively)
have been discovered in the C-terminus of TF [20]. A
variety of cellular functions, such as gene transcription,
protein translation, apoptosis, and cytoskeletal rear-
rangement, are regulated by TF-dependent signaling,
which works together to enable the cell to adapt to its
extracellular environment appropriately [38]. The under-
lying molecular pathways by which cancerous cells com-
municate with the bloodstream to develop cancer have
been identified [44]. Cancer patients usually have an
active hemostatic system. A natural physiological func-
tion is taken advantage of by cancer cells to promote
tumor dissemination. Malignancy progression, cancer-
related thrombosis, and metastasis are all attributed to
TFs’ role in coagulation activation. Nevertheless, it is still
unclear how to direct TF signaling pathways affect cancer
[28, 45]. Additionally, it has been revealed that the degree
of TF expression in different tumor types correlates with
their aptitude for metastasis [28]. Up-regulated TF levels
are typically observed in a variety of malignancies and
also in metastatic cells through integrated oncogenic
activity and tumor suppressor inactivation [46]. The TF
directs the assembly of VIIa with substrate X to form a
ternary complex, which produces product Xa during the
coagulation initiation phase. FVIIa and FXa, together,
intensely stimulate tumor cell migration by involv-
ing Protease-activated receptors (PAR) [29]. Besides
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initiating blood coagulation, TF is demonstrated to have
an essential function in various physiological procedures
such as tissue repairing, inflammation, angiogenesis,
tumor metastasis, and embryogenesis [28, 29]. A crucial
component of these nonhemostatic actions is direct or
indirect cell signaling via TF-FVIIa or downstream coag-
ulation proteases [38]. The metastasis process requires a
proteolytically active TF-FVIIa complex [47].

The presence of mutations in the F3 gene (Table 1)
suggests the possibility of dysregulation of TF, leading
to disrupted signaling pathways and cellular responses
[48, 49]. This dysregulation may potentially be asso-
ciated with altered TF expression and activity, may
contribute to increased angiogenesis, metastasis, and
therapy resistance in certain cancers like pancreatic,
breast, and lung cancer. These mutations might have
the potential to disrupt TF’s interactions with coagu-
lation factors and signaling molecules, causing imbal-
ances in pro-coagulant and pro-inflammatory processes
within the tumor microenvironment. Investigating TF
mutations in cancer biology holds promise for devel-
oping targeted therapies to disrupt TF-mediated path-
ways, potentially benefiting patient outcomes.

TF cytoplasmic domain
The TF cytoplasmic domain (TF-CT) plays an impor-
tant role in non-coagulant signaling. In contrast to the
cytokine receptor superfamily, TF lacks adapter motifs
that bind to Janus kinase-signal transducer and activa-
tor of transcription effectors (JAK/STAT) [20, 50]. The
role of the cytoplasmic domain of TF is accompanied
by conflicting results. On the one hand, some stud-
ies reported TF-CT is involved in metastasis and sug-
gest tumor metastasis is relevant to the formation of
an active TF-FVIIa complex and also palmitoylation-
induced phosphorylation of the TF-CT. On the other
hand, some studies have concluded TF-CT is not
required in TF-FVIIa intracellular signaling [28, 47, 51].
The asTF is a potent pro-angiogenic molecule that
binds to both integrins a6f1 and aVB3 non-proteolyt-
ically, increasing FAK, PI3K/AKT, and MAPK signaling
[20]. Moreover, PAR2 activation by TF-VIIa stimulates
cell migration via mechanisms involving TF-CT phos-
phorylation [44]. The association between TF, integrins
and PAR-2 appears to be complicated and regulated
by the TF-CT [51]. Because PAR-2 signaling activates
TE-CT phosphorylation, a regulatory circuit between
TF-FVIla-mediated PAR-2 signaling and the TE-CT is
proposed. In fact, TF’s tail phosphorylation regulates
PAR-2 function in a reciprocal manner. However, the
results of the TF’s tail loss vary among different tumors
[38].
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Cancer type Protein change Mutation Mutation type COSMIC sample ID
Head and Neck Squamous Cell Carcinoma F3-C110RF80 - Fusion TCGA-D6-6517-01
F3-C110RF80 - Fusion TCGA-F7-A620-01
170V 1:9.95005817 T>C Missense TCGA-UF-A71A-01
X251_splice 1:9.94997876C>T Splice_Site TCGA-CR-7399-01
Serous Ovarian Cancer P238R 1:9.94997915G>C Missense TCGA-23-2649-01
K233N 1:9.94997929C > A Missense TCGA-04-1648-01
Glioblastoma Multiforme X71_splice 1:9.95001720G > A Splice_Region TCGA-12-0775-01
D93N 1:9.95001656C>T Missense TCGA-19-5956-01
Lung Squamous Cell Carcinoma S174R 1:9.94998715G > C Missense TCGA-85-6560-01
Y189C 1:9.94998671T>C Missense TCGA-56-8504-01
Bladder Urothelial Carcinoma L274V 1:9.94996084G > C Missense TCGA-XF-A8HE-01
Uterine Endometrioid Carcinoma G141R 1:9.94998816C>T Missense TCGA-AX-A2HD-01
C81F 1:9.95001691C>A Missense TCGA-AP-AOLM-01
K181N 1:9.94998694C > A Missense TCGA-D1-A17Q-01
E127D 1:9.95001552C>A Missense TCGA-D1-A17Q-01
Q222H 1:9.94997962T>G Missense TCGA-BS-AOUV-01
L44* 1:9.95005894A > C Nonsense TCGA-AX-A05Z-01
T87Rfs*3 1:9.95001672_95001673del Frame_Shift_Del TCGA-AX-A3FS-01
N170T 1:9.94998728 T>G Missense TCGA-B5-A3FC-01
A112T 1:9.95001599C>T Missense TCGA-B5-A3FC-01
E215% 1:9.94997985C > A Nonsense TCGA-E6-ATLX-01
X251 _splice 1:9.94996151T>C Splice_Region TCGA-EO-A22R-01
Lung Adenocarcinoma L55% 1:9.95005860_95005861del Frame_Shift_Del TCGA-05-4396-01
N114Y 1:9.95001593 T>A Missense TCGA-97-A4LX-01
Cutaneous Melanoma N231T 1:9.94997936 T>G Missense TCGA-EB-A24D-01
E2K 1:9.95007189C>T Missense TCGA-GN-A26C-01
V260l 1:9.94996126C>T Missense TCGA-D9-AGEA-06
E94G 1:9.95001652 T>C Missense TCGA-D9-AGEC-06
R168K 1:9.94998734C>T Missense TCGA-D3-A8GM-06
S129F 1:.9.95001547G>A Missense TCGA-FR-A8YE-06
Diffuse Type Stomach Adenocarcinoma F179Lfs*5 1:9.94998700del Frame_Shift_Del TCGA-CG-4465-01
Tubular Stomach Adenocarcinoma A200T 1:9.94998030C>T Missense TCGA-HU-A4GQ-01
L1751 1:9.94998714G>T Missense TCGA-ZQ-A9CR-01
Colon Adenocarcinoma S174N 1:9.94998716C>T Missense TCGA-AA-3858-01
Y135C 1:9.95001529T>C Missense TCGA-5 M-AATE-01
Rectal Adenocarcinoma N43D 1:9.95005898 T> C Missense TCGA-AG-A002-01
D177y 1:9.94998708C > A Missense TCGA-EI-6513-01

Its (¥) part of mutation’s name. The asterisk (¥) is often used to denote a specific type of mutation called a stop codon mutation or a nonsense mutation. A stop codon
is a specific sequence of DNA that signals the end of a protein-coding region. When a mutation occurs at this stop codon, it can result in a premature termination of

protein synthesis

The role of TF in signaling pathways

The role of TF in TF-Vlla-induced signaling pathways

It is TF that promotes the active formation of both the
active protease FVIIa and the active zymogen FVIIL In
the absence of TF, VIla shows little activity, due to spe-
cific sequence properties that keep VIIa in a zymogen-
like state. The catalytic function of VIIa in vivo depends
entirely on the presence of the TF-FVIIa complex

because VIla only develops full catalytic activity in the
presence of the TF-FVIIa complex [52]. The interactions
of TFs with its ligand Numerous physiological func-
tions are influenced by FVIIa signaling pathways. Stud-
ies have shown that FVIIa’s binding to TF affects a wide
range of other important biological processes, includ-
ing angiogenesis, embryonic vascularization, and tumor
metastasis [47]. It was reported that TF-FVIla-induced
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signaling in so many different cell types has the ability
to alter the expression of genes that are responsible for
encoding transcription factors and growth factors [53].
The TE- FVIIa signaling may play a role in cell survival,
which is crucial for tumor growth and metastasis [38].
It has been demonstrated that the existence of TF-FVIIa
complex causes cellular signaling events such as calcium
fluxes, p44/42 mitogen-activated protein kinase (MAPK)
phosphorylation, p38 MAPK phosphorylation, pro-
tein kinase B phosphorylation, up-regulation of several
genes namely, early growth response gene-1, Cyr61, and
connective tissue growth factor gene [29]. Formation of
the TF-FVIIa complex alters the cellular physiology of
the TF-expressing cell, notwithstanding the molecular
mechanism not identified certainly [39]. For signal trans-
duction, the TF-FVIIa complex is required to be proteo-
lytically active [47]. Similar to the start of coagulation, a
GPI-anchored TFPI controls the ternary complex’s sign-
aling activity. Caspase -3, one of the major caspases that
initiate apoptosis and DNA degradation, was inhibited in
the downstream pathways of the TF-FVIIa signaling [38].
Understanding how the TF-FVIIa signaling stimulates
tumor progression can have useful therapeutic implica-
tions [47]. TE-FVIIa induces MAPK signaling via PAR2,
as well as Src family kinase activation and activation of
other pathways such as, PI3K, Janus kinase (JAK/STAT)
[20]. A Recent study have identified an innovative proteo-
lytic pathway through which TE-FVIIa modulates cellular
interactions and tissue organization following coagula-
tion stimulation. Notably, Eph receptors have been iden-
tified as novel targets for the proteolytic activity of TF/
FVIIa. This proteolytic activity results in the cleavage of
the Eph RTK (Receptor Tyrosine Kinase) family of recep-
tors by TF-FVIIa [54].

The role of TF in PARs dependent signaling pathways

TF also promotes cancer progression by activating sign-
aling effects through a set of G-protein coupled recep-
tors. TF signaling through Protease-activated receptors(
PARs) plays a crucial role in the progression of multiple
cancers [46]. The activation of PARs is the major signaling
mechanism of the TF-FVIIa complex [51]. And a key role
as an FVIIa docking site in order to the PARactivation is
considered for TF in the cellular signaling process [29].
The binary TF-FVIIa complex activates PAR2 only at rel-
atively high concentrations of VIla, but at subnanomolar
concentrations of VIla, signaling of the TF-VIIa-X com-
plex occurs [44]. PARs are members of G protein-coupled
receptors (GPCRs), which are a large family of proteins
with seven transmembrane domains [52]. Proteases of
the coagulation cascade have the main role in activating
PARs. The ternary complex (TF-FVIIa-FXa) formation
is able to activate both PAR1 and 2 efficiently [52]. Both
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PAR1 and PAR2 signaling are strongly associated and
can potentially activate each other. Trypsin-like serine
proteases that recognize and cleave a particular arginyl
peptide are the primary mechanisms by which the PARs
are activated [29]. PARs are triggered by N-terminal pro-
teolytic cleavage in contrast to classical receptors. When
particular N-terminal peptides are removed, the result-
ant N-termini operates as tethered activation ligands,
interacting with the extracellular loop 2 domain and
beginning the receptor signaling [55]. PARs are members
of a wide family of GPCRs that activate numerous signal-
ing pathways after interacting with heterodimeric G pro-
teins. These findings indicate that TF-PAR2 signaling in
tumor cells is essential for tumor growth and that anti-
TF approaches can be used in cancer therapy with only
minor disruption of TF-dependent hemostatic pathways
[45]. A variety of angiogenic regulators, chemokines, and
anti-apoptotic genes that are associated with a wound-
healing program are induced by PAR?2 signaling [45]. The
TF-FVIIa binary complex on tumor cells induces PAR2
activation, which in turn modifies the tumor microenvi-
ronment by causing a broad range of pro-angiogenic and
immune-modulating cytokines, chemokines, and growth
factors. It is still unclear how TFs and PARs (1 and 2)
affect cell proliferation [56]. TF can organize the regula-
tion of migration and cell adhesion in PAR2-dependent
or independent ways [46].

The role of TF in integrin signaling pathways

Integrins regulate many of TF’s non-coagulant conse-
quences. Numerous biological processes, such as migra-
tion, proliferation, and survival, are mediated by integrin.
These transmembrane heterodimers serve as adhesion
molecules for interactions between cells and with the
extracellular matrix (ECM) [20]. Both signal-inducing
and migration process is related to integrins [46]. The
interaction of TF with integrins is constitutive in tumor
cells and essential for TF-FVIIa-PAR2 signaling [56].
Point mutations in Lys-Gly-Glu (KGE) integrin-binding
motif, which is located at the FVIIa protease domain lead
to a decrease of TF-FVIIa association with integrins [57,
58]. Integrins facilitate TF-dependent PAR2 activation
and signaling. Independent of PAR-2, direct TF binding
to integrins also affects procedures like cell migration and
signaling. Evidence has shown TF-dependent integrin
signaling is involved in angiogenesis, and also TF —PAR2
signaling causes to produce of VEGF and pro-angiogenic
molecules, including IL8, CXCL-1 [57].

Unlike fITF, asTF showcases a potent link with tumor
size and grade and also triggers tumor growth and metas-
tasis during both early and later stages of cancer by inter-
acting with 1 integrins. asTF enhances the growth and
expansion of tumors in a model of luminal breast cancer
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[59, 60]. HUTS-21 is an antibody that is specific for the
B1 integrin subunit (membrane-proximal B-tail domain
(BTD)), including residues 579-799 or a peptide simulat-
ing PTD. Reduced proliferation that is asTF-dependent
but not flTF-dependent demonstrates the unique interac-
tion of asTF with this f1 integrin region [60].

The role of TF in MAPK, JAK, Src, PI3K, and Rac signaling
pathways

The TF/FVIIa complex activates the three main MAP
kinase family members, p42/p44 MAP kinase, p38 MAP
kinase, and c-Jun N-terminal kinase (JNK), and causes
calcium transients in different cell types [38]. P38MAP
kinase and c-Jun N-terminal kinase are the members
of the MAP kinase family and are critically dependent
on the proteolytic activity of FVIIa for activation. Some
studies have hypothesized that p38MAPkinase signaling
induced by the TF-FVIla is essential for the expression of
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MMP?7, but the definite physiologic function of P38 MAP
kinase is still doubted. Activation of MAPK phosphoryla-
tion is a crucial component in inducing cell migration
[47, 50, 61].

Numerous intracellular signaling events involved in
apoptosis are induced by the interaction of the TF and
FVIla, including activation of the PI3K/Akt and JAK/
STATS5 pathways.because of considerable similarity with
cytokine receptor class II family, like the members of this
family, TF can activate STAT5 through JAK [51].

Important aspects of the TF’s action in pathophysiology
may be mediated by the association between TF signal
transduction and the small GTPases of the Rho fam-
ily. This family plays a significant role in controlling cell
migration and motility. The interaction of TF and FVIIa
activates a signaling pathway that includes the activation
of Src-like family members. Consequently, leads to stim-
ulating c-Akt/protein kinase B, which is a well-known
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downstream target of PI3K, as well as small GTPases Rac
and Cdc42. Subsequently, the Rac activation directs P38
MAPK stimulation that results in cytoskeletal rearrange-
ment (Fig. 2) [50].

TF expression

There are many species of animals that contain this
chemical, including humans, rats, fish, mice, Drosophila
melanogaster, and insects [2]. Normal body tissues, such
as vascular adventitia, capsules of various organs, tumor-
related macrophages (TAM), endothelial cells, and fibro-
blasts, express TFs [62, 63]. In physiological conditions,
TF is not detected in tuberculosis’s mononuclear and
vascular endothelial cells. However, in pathological con-
ditions such as cancers, it is expressed on the surface of
cancer cells [64, 65]. It has been shown that many patho-
logical conditions, such as sepsis, myocardial infarction,
arteriosclerosis, and cancer, express TF on the surface of
monocytes, endothelial cells, and tumor cells [66]. Unlike
benign breast tumors, malignant and invasive breast
cancers express TFs on their surface near the endothe-
lial cells of their stroma [67]. The amount of TF is low in
the blood compared to the vessels of smooth muscle cells
and fibroblasts adventitia [68]. An increase in the level of
TF has been seen in prostate cancer [69]. Most tumors
involving epithelial cells show increased TF expression
[70]. TF plays a role in embryogenesis and is expressed in
the embryo before factors VII and VIIa. Many cells tem-
porarily or permanently express TFs in dead embryos and
newborns [71]. Inflammatory conditions, tumor necrosis
factor, tumor environment, etc., activate TFs. As a result,
it leads to the progression of cancers such as ovarian,
stomach, breast, etc. [65]. Therefore, TF is expressed on
the surface of tumor cells and stromal cells [72].

The synthesis of TF is controlled by various fac-
tors, the most important of which are tumor suppres-
sor genes, among which the most important genes
are tumor protein p53 (TP53), phosphatase and ten-
sin homolog (PTEN), and serine/threonine kinase 11
(STK11, also called LKBI). Previous studies showed
that the expression of TF is controlled by TP53 and
mutation in K Ras [73]. One of the factors that affect
TF expression is post-transcriptional changes. Two
important mechanisms are involved in these changes:
microRNAs and alternative splicing phenomenon.
These post-transcriptional changes control various bio-
logical activities such as invasion, metastasis, throm-
bogenesis, chemotaxis, growth, and angiogenesis in
the tumor. Various factors such as hypoxia, VEGE,
and pro-inflammatory cytokines such as TNF-a lead
to increased expression of TF in tumors. Many factors
are involved in the regulation of alternative splicing,
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such as the serine/arginine-rich (SR) proteins ASF/SF2,
SC35, SRp40 and SRp55 or the Serine and arginine-
rich (SR) proteins, Cdc2-like kinase (Clk)1, 2, 3 and
4, protein kinase B (Akt) or the DNA topoisomerase I
(Topol). The binding of SR proteins to TF pre-mRNA
leads to the addition of exon 5 and, as a result, the pro-
duction of fITF isoforms, but the reduction of binding
of these proteins to TF pre-mRNA leads to the produc-
tion of asTF isoforms [2, 74].

In a study [75] examining the regulation of TF iso-
forms in HUVECs, the impact of inhibiting the PI3K/
Akt pathway and NFkB on TF isoform expression
was compared. Inhibiting PI3K/Akt reduced asTF
mRNA expression, while NFkB inhibition reduced
both isoforms. The study also observed altered phos-
phorylation of SR proteins with PI3K/Akt inhibition.
Overexpression of SF2/ASF and SRp75 influenced TF
isoform expression. These findings highlight the role
of the PI3K/Akt pathway in TF alternative splicing in
HUVECs, independent of transcriptional regulation
[75]. In another study investigating TF isoforms in
TNEF-a-stimulated human endothelial cells, the role of
Cdc2-like kinases and DNA Topol in TF splicing was
examined. The study found that selective inhibition of
these kinases led to changes in TF biosynthesis and
impacted endothelial pro-coagulant activity [6]. This
study provides the first evidence that serine/arginine-
rich protein kinases modulate TF pre-mRNA splicing
in human endothelial cells, influencing endothelial pro-
coagulant activity during inflammation. The findings
suggest a regulatory mechanism for TF isoform expres-
sion in response to TNF-a stimulation [6].

It was discovered that miR-19, a specific microRNA,
directly regulates the expression of TF in breast cancer
cells. By binding to the 3’ untranslated region (3’'UTR)
of TF mRNA, miR-19 reduces the expression of TF.
They observed higher TF levels in highly invasive breast
cancer cells compared to less invasive cells, indicat-
ing the potential involvement of miR-19-mediated TF
regulation in breast cancer invasiveness and angio-
genesis [2]. It was also revealed that miR-93 and miR-
106b also regulate TF expression in leiomyosarcoma
cells through binding to the 3’UTR of TF mRNA. In
2013, it was demonstrated that inhibiting miR-19a or
miR-126 increased the expression of fITF and asTF in
human cells, resulting in enhanced pro-coagulant TF
activity. This study provided the first evidence of miR-
NAs affecting TF isoform expression and function [2].
Furthermore, miR-19a can reduce TF expression in
colon cancer cells, and inhibiting TF through miR-19a
reduces migration and invasion of colon cancer cells
mediated by TF [76]. These findings highlight the role
of miRNAs in directly controlling TF expression and
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function in cancer cells, suggesting their involvement in
cancer invasiveness, angiogenesis, and migration. Tar-
geting specific miRNAs involved in TF regulation could
have therapeutic implications for cancer treatment.

The role of TF in apoptosis, metastasis,
angiogenesis and VTE

In various cancers, TF plays a role in progression, inva-
sion, metastasis, and angiogenesis. One way in which
it contributes to these events is by activating signaling
pathways [66]. Angiogenesis is influenced by the TF
proteolytic pathway, one of the mechanisms by which
factor VlIa plays a role in signaling [66]. The expression
of TF on the surface of tumor cells leads to an increase
in the expression of VEGF and, as a result, an increase
in the expression of angiogenesis. The domain that
plays an important role in angiogenesis is the cytoplas-
mic domain of TF with 21 residuals [77]. The cytoplas-
mic domain of TF plays a role in activating MAPK, p38
and GTPase, Rac-1, and as a result, the migration of
tumor cells. Therefore, the inhibition of p38, for exam-
ple, by SB20358, can lead to the inhibition of cell migra-
tion. Activation of the MAPK pathway by cytokines and
growth factors leads to the enhancement of chemotaxis
in vitro and angiogenesis in vivo. Phosphorylation of
p38 leads to the activation of Racl, and the activation
of Racl leads to the activation of PKA, and finally, PKA
leads to the regulation of MAPK. Phosphorylation of
HSP-27 leads to p38 activation, F-actin polymerization,
and as a result, cell migration. The activation of Rac-1
also leads to the activation of PI3K and is involved in
cell migration. The cytoplasmic domain of TF plays a
role in regulating the expression of VEGF in cell lines as
well as calcium pumps in monocytes. For the activation
of p42/44, p38, Rac-1, Src, PI3K, and p70/90 S6 kinase,
only the extracellular domain of TF is required (Fig. 3)
[66].

TF-mediated metastasis

Metastasis is a multistep process that requires highly
specialized interactions between tumor cells and host
target organs [78]. To complete the multistep process of
metastasis, tumor cells interact with the host in various
highly specialized ways. This entails tumor cells entering
the vascular compartment through local invasion, being
arrested, and implanted in the target organs’ capillary
bed before proliferating as metastases [79]. The plasma
coagulation cascades have long been considered to be
essential for the efficient metastasis of tumor cells [80,
81]. In line with these findings, tumor cell production of
pro-coagulants such as TF, cancer pro-coagulant 1, and
selectin ligands corresponds with advanced disease and
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poor outcomes in numerous cancer types 2,3 [82]. An
important regulator of intracellular signaling events, TF,
regulates gene expression and cell function. It plays a key
role in tumor cell intravasation, which is a crucial precur-
sor to tumor dispersion. It has also been shown that a
variety of hematological tumors are likely to spread based
on their expression levels [81, 83].

TF may promote metastasis via promoting thrombin-
induced proteolysis, intracellular signaling events medi-
ated by the TF-CT, stimulation of protease-activated
receptors by TF/FVIIa/FXa, or a combination of these
activities. Endothelial cell protein C receptor (EPCR)
overexpression or treatment with activated protein C
(APC) decreases metastasis, but inhibiting endogenous
aPC enhances metastasis linked with endothelial bar-
rier disruption [84, 85]. Factor V Leiden, an aPC-resist-
ant factor, causes enhanced hematogenous metastasis
in mice [86]. These findings show that enhanced plate-
let activation may become a prominent pro-metastatic
mechanism in prothrombotic situations. Several stud-
ies investigated the contributions of a crucial receptor
interaction bridging platelets and leukocytes that have
previously been involved in metastasis (i.e.,, GPIba and
CD11b) using pharmacological and genetic techniques
[87-89]. According to N. Yokota et al. research, the con-
tact pathway is not necessary for TF-dependent metas-
tasis in TMPro (thrombomodulin deficiency) mice.
Moreover, leukocyte contact with platelet GPIb is not
necessary for increased metastasis in TMPro mice, and
increased metastasis in TMPro mice is also a result of
PART1 signaling [89].

Yu et al. have revealed that tumor cells generated with
activating K-ras or p53-inactivating mutations have
enhanced TF expression. RNAi knockdown experiments
in these cells revealed that TF upregulation is a major
mediator of the K-ras mutation’s tumor growth-promot-
ing and pro-angiogenic actions [90]. Activated proteases
produced by TF activity, including as FVIIa, Factor Xa
(FXa), and thrombin, can activate PARs [91-93]. PAR
signaling can activate NF-xB, suppress anoikis, and
enhance the growth and metastasis of PAR-expressing
cells, including tumor cells [94]. PARs, particularly tumor
cell-expressed TF-FVIIa-PAR2, are implicated in the pro-
duction of pro-angiogenic factors such as VEGF and IL-8,
as well as immunologic modulators such as GM-CSF and
M-CSE, thereby promoting tumor growth, increasing
angiogenesis, and promoting metastasis [56].

Factor VIIa (FVIIa), is related to B1, f3, a6 integrins,
but it is not related to a2 integrins and is independent
of the proteolytic activity of Factor VIIa or Par2 signal-
ing [45]. Proteolytic activity of Factor Vlla, is required
for activation of Par2, not the extracellular domain of TF.
The inhibited active site of Factor VIla (FFR-VIIa), also
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plays a role in signaling. FFR-VIIa, through fibronectin in
the lower part of Boyden’s chamber, leads to cell migra-
tion, but FFR-VIIa alone cannot play the role as the che-
moattractant agent. Because VIla and FFR-VII bind to
the inactive TF pool with different affinities but with the
same affinity to the active TF pool, the active TF pool
plays a role in cell migration [66].

It has also been reported that TF induces the formation
of a platelet clot around tumor cells [95]. This platelet clot
then stimulates the recruitment of macrophages to tumor
cells, which are necessary for tumor cell survival. As
a result, tumor cell TF can contribute to the metastatic
process by initiating a biological mechanism that leads

to macrophage recruitment to the tumor cell. Coagula-
tion is also necessary for the recruitment of a compara-
ble group of monocytes/macrophages to distant regions
where circulating tumor cells establish themselves and
grow. The substantial reduction in lung metastasis pro-
vided by interrupting this sequence of events brings up
an intriguing therapeutic and potentially preventative
opportunity in metastasis treatment [82]. In addition to
these findings, platelets and fibrinogen have both been
found to promote metastatic potential by reducing the
ability of natural killer (NK) cells to remove newly formed
micrometastatic foci [96, 97].



Ahmadi et al. Biomarker Research (2023) 11:60

First demonstrated in 1990, Gorlin et al. found a molec-
ular relationship between TF and actin-binding protein
280 (ABP-280) [98], which is responsible for the stabil-
ity and mobility of the cortical actin cytoskeleton [99].
By recruiting ABP-280 to TF-mediated adhesion inter-
actions, Ott et al. demonstrated that TF promotes cell
adhesion and migration [77]. ABP-280 has been hypoth-
esized to associate with other f2-integrin subunits due
to sequence conversation in their cytoplasmic domains
based on its association with the B-integrin subunit [100].

One of the factors that play a role in cell migration is
the binding of ABP280 to the cytoplasmic domain of
TF, which leads to the stabilization of actin filaments. In
fact, this is caused by the interaction of the cytoplasmic
domain of TF with the carboxyl-terminal of ABP280.
ABP280 is activated by TNF-a and lysophosphatidic acid
and regulates protein kinases activated by stress (such
as MAPK). Induction of actin filament assembly follow-
ing binding with TF leads to the phosphorylation of FAK
(a non-tyrosine kinase receptor involved in cytoskeletal
signaling). Extracellular accumulation of TF can iden-
tify cytoplasmic actin networks without dependence
on integrin activity. Extracellular ligation of TF leads to
the recruitment of ABP280, which is a necessary event
for cell migration, indicating that TF is directly involved
in the adhesion and migration of tumor cells. TFPI and
Kunitz-type TF inhibitors lead to the inhibition of TF
and, as a result, reduce cell migration and metastasis. It
should be noted that cell migration takes place through
the binding of ABP280 to the cytoplasmic domain of TF
without dependence on the proteolytic activity of factor
Vlla [66].

The binding of the protein ABP-280 to the cytoplasmic
domain of TF is one molecular pathway through which
TF may facilitate cell migration and trafficking. The
recruitment of ABP-280 causes actin filament remode-
ling, cell spreading, and migration [101]. These effects are
mediated by interactions of the TF cytoplasmic tail with
cytoskeletal adaptor proteins, which may explain the TF-
CT'’s functional role in metastasis and vasculogenesis.

A study revealed that microvesicles expressing TF that
originated from tumor cells led to an increase in metas-
tasis in mice through increasing the coagulation path-
way and monocytes derived from the bone marrow. EVs
expressing TF secreted from breast and pancreas cell
lines, after 6 h of contact with endothelial cells, lead to
the activation of endothelial cells and this activation
requires TF activating factor X. The response of endothe-
lial cells was mediated by Parl, not Par2. Therefore, Parl
is the main receptor of EVs expressing TF secreted from
tumor cells in dormant and inactive endothelial cells [70].

PAR2 leads to an increase in the production of
microvesicles (MVs) which have pro-coagulant
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properties, in the breast cancer cell line known as
MDMA-MB-231. Rab-5, which is located in the cell
membrane, plays an important role in MV production.
In fact, PAR2, by phosphorylating and activating AKT,
leads to the conversion of Rab-5-GDP to Rab-5-GTP and
activates it. With the activation of Rab-5, actin polym-
erization occurs and leads to the release of MVs. There-
fore, Rab-5 plays a role both in the release of MV and in
the metastasis and invasion of cancer cells [102]. Most
of the tumors involving epithelial cells show increased
expression of TF. Endothelial cells express all 4 types of
PARs; however, there is no consensus on the expression
of PAR4 on the surface of umbilical cord vein endothelial
cells in different studies. Parl is highly expressed on the
surface of inactive and dormant endothelial cells, while
Par2 is only expressed on the surface of endothelial cells
activated by inflammatory cytokines and hypoxic con-
ditions. Endothelial cells in a normal state, do not allow
the metastasis of cancer cells, but inflammatory media-
tors and cytokines lead to the increase of adhesive mol-
ecules and the release of inflammatory mediators from
the endothelial cells themselves, and in this case, these
activated endothelial cells allow Cancer cells metastasize.
The complex of TF-VIIa-Xa expressed on the surface of
microvesicles secreted from cancer cells, leads to the acti-
vation of endothelial cells by breaking Par. The response
of activated endothelial cells to Xa is mainly carried out
by PAR2. Increasing the expression of adhesive molecules
such as E-selectin on endothelial cells can lead to the
strengthening of the rolling phenomenon and increase
the metastasis of cancer cells. In addition to E-selectin,
interleukin-8, ICAM-1 and monocyte chemoattractant
protein-1 lead to increased metastasis of cancer cells in
response to extracellular vesicles (EVs) [70].

TF-mediated angiogenesis

Angiogenesis, the phenomenon through which new
blood vessels form from already-existing ones, occurs
during embryonic development, wound healing, and can-
cer [103]. Vascular endothelial growth factor (VEGF),
growth factor receptors like KDR/flk-1 and flt-1, met-
alloproteinases, and interleukin-8 are just a few of the
proteins that control angiogenesis; however, integrins
are also necessary. In particular, capillary formation and
endothelial and pericyte migration are regulated by f31
and B3-type integrins [104, 105]. It has been noted that
Angiogenesis has been identified as a defining feature
of cancer and has been shown to be a requirement for
tumor growth [106, 107]. Tumor growth and angiogen-
esis are thrombin-independent and involve TF-CT-medi-
ated cell signaling, activation of the protease-activated
receptor (PAR) 2, and integrin ligation (Fig. 4) [40, 45,
63].
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UPAR expression and consequently tumor cell invasion, 2) phosphorylation and activation of AKT following PAR2 activation, which results in the
conversion of inactive Rab-GDP to active Rab-GTP, actin polymerization, and release of microvesicles (MV), ultimately resulting in tumor cell invasion
and metastasis, and 3) increasing cancer cell growth following activation of the P42-P44 MAPK, PI3K/AKT, RAS/RAF/MEK/ERK, and SRC-like kinase
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favor of tumor progression and invasion

In the biology of cancer, fITF and asTF have important
roles in thrombogenicity, survival, tumor growth, angio-
genesis, signaling, invasion, and metastasis [1]. Hobbs
et al. demonstrated that asTF overexpression increased
the microvascular density in a pancreatic cancer tumor
model and hence facilitated cancer-related angiogenesis
in vivo. They injected mice with pancreatic MiaPaCa-2
cancer cells that were overexpressed with asTF. These
studies revealed that asTF overexpression increased the
number of tumor-associated blood vessels, tumor cell
proliferation, and, ultimately, in vivo tumor growth [108].
Eisenreich et al. showed that overexpression of asTF

improved the pro-angiogenic potential of both A549 lung
cancer cells and murine HL-1 cells [1], which is in line
with previous studies that reported asTF mediate pro-
angiogenic processes. They showed that asTF overexpres-
sion accelerated the growth of A549 lung cancer cells.
Additionally, Eisenreich et al. discovered that endothelial
cells formed pro-angiogenic tubes in response to asTF
secreted by A549 cells [7, 109]. These mechanisms, which
were unrelated to fITF, were linked to enhanced produc-
tion of pro-angiogenic and cell growth-promoting sub-
stances such as cystein-rich 61 or VEGF [7]. In 2009, van
den Berg et al. showed that asTF-induced pro-angiogenic
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processes in endothelial cells were mediated by integrin
ligation, which was different than PAR-2 signaling. In
this situation, they discovered that integrin ligation was
the mechanism through which asTF-induced angiogen-
esis was mediated. This was not dependent on PAR-2 or
FVIIa, in contrast to fITF-mediated angiogenesis [40].

TF overexpression in tumors contributes to the angio-
genic phenotype in part by up-regulating the expression
of the pro-angiogenic protein VEGF and downregulating
the expression of the antiangiogenic protein thrombos-
pondin-2 [110]. In vivo, TF may stimulate local thrombin
production and hence indirectly induce VEGF signaling
via paracrine PARI1 signaling in stromal cells or autocrine
PARI activation of tumor cells [111]. Transfectants car-
rying the extracellular domain mutant TFmut, which has
noticeably reduced activity for activating factor X [112],
generated basically similar amounts of VEGF mRNA as
those carrying the full-length TF ¢cDNA [101]. Accord-
ing to the findings so far, it is not necessary for TF pro-
coagulant action and binding factor VIIa’s proteolytic
function to regulate VEGF synthesis in human tumor
cells [113]. About equal amounts of VEGF mRNA were
produced by transfectants with the extracellular domain
mutant and the full-length sequence. Nevertheless, cells
transfected with the mutant cytoplasmic deletion con-
struct generated more TF but little to no VEGFE. There-
fore, in some tumor cells, the cytoplasmic tail of TF
regulates the expression of VEGF [101].

VEGFR-1, also known as FLT-1, is a transmembrane
tyrosine kinase receptor for VEGF-A, VEGF-B, and pla-
cental growth factor (PIGF). In vitro studies have shown
that VEGFR-2, unlike VEGFR-1, is the only receptor
required for endothelial cell proliferation, migration, and
survival [114-116]. VEGFR-1 signaling has also been
shown to play a beneficial regulatory role in other studies.
The reduction in PIGF expression in ischemic myocar-
dium is linked to decreased angiogenesis, suggesting that
VEGEFR-1 or VEGFR-2 heterodimerization is required
for angiogenesis [117]. In neonatal and adult mouse tis-
sue, Vivienne C. Ho and Guo-Hua Fong observed that
Cre-loxP-induced deletion of VEGFR-1 enhanced angio-
genesis [118]. However, VEGFR-1 has been implicated in
stimulating angiogenesis under certain circumstances in
adult tissues, especially in tumors and ischemic tissues,
despite negatively controlling endothelial cell differentia-
tion throughout development.

In areas of hypoxia within solid tumors, hypoxia-induc-
ible factor-1 (HIF-1a) is recognized to increase VEGF
expression. Although TF might increase VEGF expres-
sion, oxygen concentration drives angiogenesis [119]. In
endothelial cells, microRNAs are involved in post-tran-
scriptional changes. These post-transcriptional changes
control various biological activities such as invasion,
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metastasis, thrombogenesis, chemotaxis, growth, and
angiogenesis in the tumor.

TF-mediated venous thromboembolism

One of the cases that occurs in various cancers is VTE,
which is a common disorder and one of the leading
causes of death in patients with brain tumors, so about
34% of brain tumor sufferers afflict VTE during their dis-
ease process [120-123]. There is no significant relation-
ship between TF expression and increased risk of VTE in
the future [120]. Microparticles expressing TF, which are
the cause of thrombosis and platelet aggregation in some
cancers, are released in a small amount from the cells
in the brain tumor [124]. It is also stated that low-grade
astrocytomas express a higher level of TF compared to
the previous study, and it is also stated that astrocytes are
considered the primary source of TF in the central nerv-
ous system of mice [125-127].

One of the factors that lead to VTE in various can-
cers is the release of microvesicles (MV) expressing
TF from cancer cells. In general, we have two types of
extracellular vesicles: 1. The smaller exosome, which
has a size between 30 and 100 nm, is formed in the cell
and is released after merging with the cell membrane 2.
The larger microvesicles, which have a size between 50
to 1000 nm, are formed directly by budding out of the
plasma membrane. Many studies showed that microvesi-
cles containing TF that are secreted from tumor cells
would lead to VTE. Because microvesicles sprout from
the cell membrane, they have the cell’s characteristics
from which they sprouted. The number of microvesi-
cles is dependent on age, so their number decreases with
age because, with aging, microvesicles are more eas-
ily absorbed by B cells. Microvesicles lead to the activa-
tion of monocytes and B cells, and the stimulation of B
cells with LPS leads to the absorption of MVs into these
cells. Therefore, if a middle-aged person has a large num-
ber of MVs, it may occur due to a disease. Inflammatory
cytokines and endotoxins will increase the release of MVs
from tumor cells. There is a direct relationship between
ERK phosphorylation and TF activity. Larger microvesi-
cles express more TF and, as a result, increase the risk of
VTE [128]. Mackman et al. have reported that micropar-
ticles (MPs) expressing TF originates from tumors and
could be a good biomarker for reconnoitering patients at
risk for venous thrombosis. They also reported that if a
patient develops cancer and has VTE concurrently, the
activity of MP expressing TF will be much higher than
cancer patients without VTE. So they concluded TF*
MPs might be a useful biomarker for reconnoitering can-
cer patients and other patients who have a high risk for
venous thrombosis [129].
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TF-mediated activation of anti-apoptotic pathways

In addition to TF’s role in the process of coagulation,
angiogenesis, metastasis, and invasion of tumor cells,
It also plays an anti-apoptotic role. Apoptosis, or pro-
grammed cell death, has two internal and external path-
ways in which caspases are involved in both pathways.
Caspases are normally inactive (zymogen) and are acti-
vated by proteolytic cleavage. The extrinsic pathway is
activated by death receptors such as FAS, TRAIL, and
TNEFRI1, leading to the activation of caspases 8, 10, and
12, which ultimately activate caspase 3. The internal
pathway is activated following oxidative stress, depriva-
tion of growth factors, etc., which leads to the release
of cytochrome c from mitochondria. These events will
eventually lead to the activation of caspase 9 and 3. Stud-
ies have shown that the binding of VIIa to TF, leads to the
prevention of apoptosis in cells following growth factor
deficiency and other factors, and the anti-apoptotic pro-
tease activity of VIla is dependent on its binding to TF
[130, 131].

This anti-apoptotic activity of the complex of TF and
VIla is due to the activation of signaling pathways that
are involved in cell growth and survival, including the
p42/44 MAPK pathway, which is activated by phospho-
rylation. The PI3K/AKT pathway, the RAS/RAF/MAPK/
ERK pathway and SRC-like kinases. There are conflict-
ing studies regarding the association of active factor VII
with PAR in the process of inhibiting apoptosis. Previous
studies have stated that VIla cannot lead to an increase
in intracellular calcium release in BHK (baby hamster
kidney) and CHO (Chinese hamster ovary) cells, as
well as its insensitivity in desensitization of cells to PAR
activators, it can be concluded that intracellular sign-
aling Active VIIa, does not depend on PAR. One of the
reasons that VIla is not able to release intracellular cal-
cium is that because the activation of PAR is kinetically
slow and requires the binding of VIIa to TF, the release
of intracellular calcium cannot be achieved by VIIa and
PAR. TF leads to increased survival of breast cancer
cell lines, namely MDA-MB-231 and ADR-MCEF-7 [130,
131]. In ADR-MCE-7, the TF-VIIa-Xa complex and not
the TF-VIla complex is necessary for survival, and the
p42/44 MAPK pathway is necessary for the survival of
MDA-MB-231.

The activated JAK2/STAT5 pathway, following the
effect of TF, plays an important role in inhibiting apop-
tosis. STAT due to its effect on the anti-apoptotic pro-
tein BCL-XL, and JAK by its effect on AKT, leading to
the inhibition of apoptosis. TRAIL leads to apoptosis
through the formation of the DISC complex and the sub-
sequent activation of caspase 8 and 3. Some studies have
shown that the cytoplasmic domain of TF is not neces-
sary for the formation of the TF-VIIa complex, nor for
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the activation of coagulation pathways. The TF-VIIa- Xa
complex leads to the induction of signaling pathways
through PAR1 and PAR2, especially at low concentrations
of VIIa. Therefore, by using PAR1/2 neutralizing antibod-
ies, we understood that TF performs its anti-apoptotic
activity without dependence on PAR1/2. PAR2-activating
agonists do not decrease the expression of DAPK1 (a
tumor suppressor and a calcium-regulating serine-threo-
nine kinase) [130, 131].

VIIa leads to the phosphorylation of transcription fac-
tor STAT5 by Janus kinase 2 (JAK2) and the heterotrimer
of G protein family, that is, G12/13. Gi has no role in this
process. In fact, the activation of STATS5 is caused by the
proteolytic activity of VIIa and has nothing to do with the
activation and mediation of Xa, thrombin, and also with
the cytoplasmic domain of TF. The noteworthy point is
that although the activation of JAK1, JAK2 and TYK2
may be seen simultaneously with the phosphorylation of
STATS5, only JAK2 plays a role in the phosphorylation of
STATS5. STAT5/JAK?2 signaling, following the proteolytic
activity of VIla, leads to the production of anti-apoptotic
protein BCL-XL, and thus leads to increased cell survival.
Likewise, JAK2 leads to the activation of another anti-
apoptotic kinase called PKB, and the activation of this
kinase following JAK2 is regulated by the PI3K signaling
pathway [132]. Phosphorylation of JAK1/2 and STAT5
occurs at a low concentration of 10 nmol/liter, but the
proteolytic activity of VIIa and subsequent activation of
the Akt/PKB signaling pathway occurs at a higher con-
centration, ie., 10 nmol/liter. Through JAK2 inhibitors
such as AG490, JAK2 and subsequent phosphorylation of
STATS5 can be inhibited, and as a result, the anti-apop-
totic activity caused by these factors is also inhibited
[132].

In addition to TF, Xa and thrombin can act as anti-
apoptotic agents. Xa and thrombin in BHK cells express-
ing TF, lead to inhibition of apoptosis. In two cell lines
BHK (baby hamster kidney) and CHO (Chinese hamster
ovary) that express TF, the signaling pathways of p42/44
MAPK and AKT are activated. If PI3K inhibitor like
LY294002 and also MEK inhibitor like U0126 are used,
VIIa can no longer exert its anti-apoptotic effects. The
expression level of DAPK1 (death-associated protein
kinase 1) mRNA was changed by the TF/VIla complex.
DAPKI1 sensitizes cells to many apoptotic signals and
blocks signals involved in tumor cell metastasis. So, the
anti-apoptotic activity of the TF/VIIa complex is carried
out through the regulation of the expression of caspase-8
and DAPK1 and without dependence on PAR1/2 and
through the PI kinase/AKT signaling pathway [130, 131].

VIla does not need thrombin and Xa for its activity and
is inhibited by the active site blocker of VIIa (VIIai). VIla
in physiological concentration, leads to the inhibition



Ahmadi et al. Biomarker Research (2023) 11:60

of caspase 3 and as a result, the absence of apoptosis in
cells expressing TF but not in cells that do not express
TE. G protein of class 3, called Gq, which is activated by
thrombin, leads to increased calcium release and, as a
result, the beginning of calcium-mediated signaling. The
blocking effect of the active site blocker of VIIa (VIIai),
depends on the concentration and at a concentration of
about 10 times the normal concentration, it leads to the
inhibition of cell survival dependent on VIIa. The effect
of VIla is stronger in cells in adherent environments,
and in these environments, the need for VIla to trans-
mit the survival signal is greater. VIIa plays a role in the
anoikis of tumor cells of blood origin. VIIa leads to the
activation of phosphatidyl inositide 3-kinase (PI3K) and
p42/44 MAPK signaling pathways. Increased expression
of TF, up to 1000 times, is characteristic of metastatic
cells. The TF-VIIa complex leads to the activation of p21
RAS. VlIa leads to the activation of the PKB pathway in
cells expressing TF, and The TF-VIIa leads to an increase
in interleukin-8. The TF-VIIa, either in serum-free cells
(Starved serum) or in non-adherent cells, will lead to
increased cell survival. The role of TF and VIIa in metas-
tasis depends on their concentration so that the normal
concentration of TF leads to increased survival, but VIIa
in physiological concentration (10 nm) does not have this
effect, but in a lower concentration, i.e., 1 to 5 nm leads
to increased survival. The combined activity of TF and
VIIa has a much stronger effect on cell survival than the
activity of each of these two factors alone [132, 133].

The role of TF in various cancers
Pancreatic cancer
TF is not expressed in normal pancreatic cells, but its
expression is increased in invasive or non-invasive pan-
creatic cancer cells. In pancreatic cancer, hemostatic
activation is often observed, which may be due to angi-
ogenesis and venous thromboembolism, which Sproul
discussed in 1938 [134, 135]. A study also found that
elevated TF expression was associated with symptomatic
venous thromboembolism in pancreatic cancer speci-
mens [136]. According to previous studies, TF leads to
an increase in the expression of factors involved in angio-
genesis, such as VEGF and a decrease in the expression
of anti-angiogenic factors, such as thrombospondin, and
in this way, they are involved in the invasion and metas-
tasis of many cancers, including pancreatic cancer. The
increase in TF expression leads to an increase in VEGF
and microvessel density. TF overexpression in pancre-
atic tumors increases the occurrence of vascular throm-
bosis in this cancer by four times compared to normal
(Table 2) [136].

It is possible that TF may play a role in tumorigenesis,
perhaps by regulating angiogenesis, based on the high
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frequency of TF expression found in the Khorana study
in both invasive and noninvasive pancreatic neoplasms. It
has been suggested that TF-mediated signaling may play
a crucial role in regulating angiogenesis [147]. There is
evidence that tumor cells may release TF into the blood-
stream and contribute to systemic thrombogenesis. Can-
cer patients have been found to have higher plasma TF
levels, and experimental research has suggested that cir-
culating TF may play a role in the formation of thrombi
[148, 149]. Pancreatic ductal adenocarcinoma (PDAC)
is a deadly tumor with low survival rates and associated
thrombotic complications. Increased TF expression,
driven by oncogenes and tumor suppressor inactiva-
tion, contributes to PDAC progression. asTF, expressed
in early and advanced stages, activates signaling path-
ways and integrins, promoting metastasis, migration, and
monocyte infiltration. Both host TF and asTF contrib-
ute to thrombus formation. PDAC cells with high asTF
expression release MPs with pro-coagulant activity. [150].

Coagulation factors such as thrombin and fibrin lead to
the attachment of tumor cells to platelets and endothelial
cells. Because the TF leads to the initiation of the external
process of coagulation and, subsequently, the production
of thrombin and fibrin, it plays a major role in the pro-
gression of invasion and prognosis of many solid tumors,
such as pancreatic ductal adenocarcinoma. Therefore, the
use of drugs that inhibit thrombin, warfarin, and heparin
with low molecular weight can increase the survival time
of patients [151].

Gastric cancer

The increase in fibrinogen plasma levels and throm-
bin formation in patients with non-metastatic gastric
cancer increases their risk of thrombotic events [152—
154]. According to Yamashita et al. study, approxi-
mately 25.1% of gastric cancer patients had significant
levels of TF within their carcinoma cells. TF was pre-
sent in 41.8% of total intestinal-type carcinomas and
61.0% of advanced intestinal-type carcinomas, signifi-
cantly higher than diffuse-type carcinomas [144]. The
rate of TF expression in overall gastric cancer is rela-
tively low, but it was comparable to the results in colo-
rectal cancer [155].

In the population with intestinal-type gastric carci-
noma, TF expression was not associated with diffuse-
type gastric carcinoma but rather with advanced disease,
invasive features, and poor outcomes [62]. These results
suggest that TF expression is essential for intestinal gas-
tric cancer metastasis, not diffuse gastric cancer metas-
tasis. In SGC-7901 gastric cancer cells, Zhang et al
transfected a full-length antisense TF cDNA, a short-
ened TF cDNA, an extracellular domain mutant cDNA
of TF, and a vector containing fITF cDNA. Transfectants
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Table 2 Overview on the effect of TF in various cancers
Cancer Presence of TF Result Study
Human melanoma TF overexpression Overexpression of TF increased metastasis [137]
Colorectal cancer TF expression Significant connections between TF expression and both synchronous and metachronous [138]
hepatic metastases
Breast cancer TF expression TF may have a role in neovascularization associated with tumor stroma formation and also [68, 139]
patients with TF expression had lower survival periods than individuals without TF expres-
sion
Hepatocellular carcinoma  TF expression TF is a regulator of angiogenesis in HCC with VEGF also, TF plays a crucial role in the aggres-  [140]
siveness of HCC
Colorectal cancer TF expression Expression of TF caused cell line SW620 growth and migration [147]
Non-small cell lung cancer TF overexpression TF staining was substantially greater in cells from NSCLC patients having metastasis thanin  [142]
those without metastasis based on immunohistochemical studies
Melanoma TF overexpression  In a mouse model, higher levels of TF were present in metastatic melanoma cells than in [78]
nonmetastatic cells, and blocking TF receptors significantly decreased the number of mela-
noma cells that remained in the lung
Glioma TF expressed In this prospective cohort study, no strong association was found between TF expression [125]
levels in brain tumors and the occurrence of VTE
TF overexpression There is a significant correlation between TF expression and tumor micro-vessel density, a [126]
measure of angiogenesis, suggesting that TF may play a role in glioma angiogenesis induc-
tion. As a result, TF is highly expressed in gliomas and the degree of expression is correlated
with the microvascular density and histologic grade of malignancy
Ovarian cancer TF expression A substantial correlation between TF expression in tumors and the development of VTE was ~ [143]
found
Gastric Cancer TF expression TF expression was associated with lymph node metastases. It is hypothesized that TF expres-  [144]
sion is crucial in the metastasis of intestinal-type gastric cancer but not diffuse-type cancer
Retinoblastoma TF expression TF modulates retinoblastoma tumor angiogenesis. In the proliferative region of retinoblas-  [43]
toma, TF was preferentially expressed
Pancreatic cancer TF overexpression A significant correlation between elevated TF expression in pancreatic cancer specimens [136]
and symptomatic venous thromboembolism. Also, TF expression is a crucial early stage of
the pancreas’ malignant transformation
Prostate cancer TF expression Overexpression of TF in the majority (73%) of human prostate cancers [145]
Lung carcinoma TF expression patients with lung carcinomas that were TF-positive had lower survival periods than indi- [146]

viduals whose cancers were TF-negative

TF Tissue Factor, HCC Hepatocellular Carcinoma, VEGF Vascular Endothelial Growth Factor, VTE Venous Thromboembolism

with the full-length and extracellular domain mutant TF
cDNAs raised TF and VEGF levels, while transfectants
with the truncated TF ¢cDNA increased TF but had low
VEGF levels. These findings suggest that the cytoplasmic
tail of TF is involved in the synthesis of VEGF in human
gastric cancers [156].

The expression level of asTF and fITF mRNA in gastric
cancer tissues is significantly higher than the expression
level of the two TFs isoforms mentioned above in healthy
gastric tissues of healthy people. So, both TF isoforms
(asTF and fITF) can be helpful predictors of prognosis in
gastric cancer, and their level is vital in this cancer. Aber-
rant expression of some oncogenes, such as KRAS, can
lead to aberrant expression of TF and subsequently cause
cancer. Among other factors that increase TF expression
and cancer progression include activation of epidermal
growth factor receptor) EGFR), inactivation of p53, and
PTEN tumor suppressor [41].

Breast cancer

Increased expression of TF has been observed in more
than 90% of breast cancers. The expression of TF on the
tumor cells indicates a bad prognosis for breast cancer
[72]. In addition to the TF, other risk factors that can
affect the prognosis of the disease are age, size, the degree
of tumor involvement, and hormone receptors. Estrogen,
Her2, and nodal status. It is not clear whether TF pre-
dicts the prognosis of breast cancer or not [68]. Begum’s
study showed asTF involved in breast cancer progression
had low fITF expression regardless of its effect on angio-
genesis. Also, asTF in the angiogenesis process in the
xenograft model MDA-MB-231-mfp does not increase
the expression of vessels expressing marker CD31 in the
model 2A3-3 expressing asTF, indicates the role of asTF
in angiogenesis of this model. As a result, this study
showed that asTF is abundant in breast cancer and plays
arole in its progression and proliferation [157].
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TF expression was found in small vessel vascular
endothelial cells in the stroma of invasive breast carci-
nomas but not in benign breast cancers. This finding
is particularly significant since it implies that TF may
have a role in neovascularization associated with tumor
stroma formation [67]. Invasive breast cancers are char-
acterized by an increase in TF-expressing cells in the
stromal compartment. This was particularly apparent
in the Comedo-ductal carcinoma in situ, where mac-
rophages that expressed TF were plentiful. Inflammation
in such tumors could be comparable to the inflammatory
response that occurs during normal wound healing [158].
Ryde'n et al. studied the relationship between PAR-2
expression and TF phosphorylation in human breast
cancer. They used xenograft tumors and found positive
staining for TF. In PAR-2-deficient mice, tumors showed
no cytoplasmic staining for pTF. The study highlighted
the importance of TF-PAR-2 signaling in breast cancer
prognosis and suggested pTF as a biomarker for dereg-
ulated TF-PAR-2 signaling in primary tumors [44, 159].
Versteeg et al. investigated the role of PAR1 and PAR2 in
breast cancer development using PAR1-/- and PAR2-/-
mice. They found that PAR1-/- breast cancer cells were
unresponsive to thrombin, while PAR2-/- mice showed
slower tumor progression and reduced metastasis. Addi-
tionally, vascularization and metastasis were delayed in
PAR2-/- mice. The study concluded that PAR2, but not
PARI, signaling promotes the development of mammary
adenocarcinoma [44, 160]. Therefore, the role of TF in
the progression of breast cancer needs further investiga-
tion [68, 161, 162].

TGEF-beta immunoreactivity was found in both tumor
cells and the extracellular matrix surrounding TF-posi-
tive stromal cells after double immunofluorescent stain-
ing for TF and TGF-beta [67]. Because TGF-beta has
been shown to be a strong chemoattractant for fibroblasts
[163], to stimulate myofibroblast cytodifferentiation [164,
165], and to activate TF expression in myofibroblast indi-
cator cells. Also, TGF-beta deposition in the stroma sur-
rounding infiltrating tumor cells appears to contribute to
the abundance of TF-expressing myofibroblasts in these
regions. It was demonstrated for the first time that anti-
bodies against TFs were capable of suppressing tumor
growth in vivo [83]. The anti-TF antibodies have been
shown to reduce metastasis in mice experimental mod-
els [78] but not initial tumor growth. A therapeutic level
of CNTO 859 (anti-TF antibody) was also demonstrated
to inhibit tumor incidence and growth in orthotopically
implanted MDA-MB-231 cells.

Prostate cancer
Prostate cancer is another cancer in which TF levels
have increased. Almost 80% of people with untreated
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prostate cancer respond to androgen deprivation therapy.
TAKUYA’s study has shown that TF expression in pros-
tate cancer is one of the factors involved in the prognosis
of this disease. It should be noted that in some previous
studies, it has been stated that the TF level is not related
to the patient’s condition [69].

TF has been found to be overexpressed in most human
prostate cancers (73%), suggesting it may have a func-
tional role in prostate tumor development [145]. TF is
exclusively expressed by malignant luminal epithelial
cells, while the tumor-associated stroma exhibits mini-
mal staining. TF has been shown to be highly expressed
by stromal components associated with breast carci-
noma, in contrast to this pattern of immunoreactiv-
ity. This immunoreactivity pattern resembles that seen
in gliomas, lung, and pancreatic carcinomas [127, 146,
166], where TF is expressed by the malignant tumor cells
themselves. Numerous adverse prognostic factors for
prostate cancer, such as microvessel density, preoperative
PSA levels, and positive surgical margins, were associ-
ated with TF expression. While one of the best indicators
of prostate cancer recurrence is the preoperative PSA
level, increased tumor microvessel density has been iden-
tified as a major unfavorable predictive factor in pros-
tate carcinomas [167-169]. Therefore, determining the
prostate cancers’ TF expression status may offer further
prognostic data. However, it should be highlighted that
neither the Gleason grade nor the present patient condi-
tion showed a significant correlation with the TF status
in Abdulkadlr et al. investigation.

To determine the link between TF and these factors,
more data may be required. The relationship between
TF and the malignant phenotype in prostate carcinomas
raises the possibility that tumor cells can be specifically
targeted in vivo using this cell surface receptor. Using TF
antibodies or ligands linked to different toxins, it might
be possible to destroy prostate cancer cells only when
they are specifically targeted for destruction. Addition-
ally, there is information that TF function suppression
by itself can retard the growth of tumors. Mueller et al.
exploited anti-TF antibodies to inhibit the transmission
of human melanoma cells to other mice [78]. Abdulkadlr
et al. found that TF is overexpressed in prostate cancer
and associated with poor prognostic factors. Further
research is needed to understand its role as a marker and
its induction in cancer cells. Langer et al. examined pre-
operative plasma TF antigen levels in localized prostate
cancer patients and their association with disease prog-
nosis. Patients with high TF levels had increased platelet-
derived microparticles and a higher risk of recurrence.
Elevated preoperative plasma TF antigen levels might
indicate increased platelet activation and a higher risk for
recurrent illness in localized prostate cancer [170].
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Lung cancer

The complex of TF and VIIa, as well as the binding of epi-
dermal growth factor to its receptor in cancer cells pre-
sent in lung cancer, leads to the activation of the mTOR
pathway, and the mTOR pathway leads to an increase
in the expression of TF in lung cancer and glioblastoma
[73]. The Heparanase gene (HPSE) is expressed in physi-
ological conditions by cells involved in the immune sys-
tem, platelets, and placental cells. Heparanase leads to
the breaking of the heparin sulfate chain in the extracel-
lular matrix and cell surface. Recent studies showed that
heparanase gene expression is controlled by p53 and
EGRL1. On the other hand, it has been shown that hepara-
nase plays a role in lung cancer tumorigenesis and metas-
tasis due to TF. But Sandra et al. showed that heparanase
is not related to TF expression. The Kaplan—Meier dia-
gram shows that patients with NSCLC with a high level
of asTF have shorter survival than patients with a low
level of TF [171]. Therefore, asTF could be a valuable
prognostic marker in NSCLC. Examination of NSCLC
shows that the increase in TF leads to an increase in angi-
ogenesis through the increase in VEGF expression [172].
Over-expression of TF in murine tumor cells increases
VEGF production while decreasing thrombospondin
production, and under-expression of TF decreases VEGF
production while increasing thrombospondin production
[173]. GOLDIN-LANG et al. quantify mRNA and protein
levels of fIHTF (the physiological initiator of blood coag-
ulation) and asHTF (a soluble isoform of TF) in human
NSCLC tissue and specimens collected from plasma. To
reach this target, they evaluated the expression of TF in
21 pulmonary adenomatous (AC) and 12 normal healthy
tissues by real-time qRT-PCR. The fold change was 3.4
i.e., pulmonary adenomatous mRNA expression was
3.4-fold higher than control specimens. Another report
realized from this study is that the expression of AsHTF
mRNA was markedly lower in patients with stage IA
disease than patients with higher grade stages, indicat-
ing TF could be a marker of malignancy and metastases.
Finally, this study revealed that the higher expression of
fIHTF and, especially, asHTF in AC, is associated with an
increased risk of thrombosis, metastasis, and tumor pro-
gression so, indicating a poor prognosis in these patients
[3].

The level of TF is increased in advanced stages as well
as 3 or 4 grades of NSCLC. The TF level expression and
VEGE-189 are increased in NSCLC lung cancer that has
a mutation in codon 12 of the KRAS gene. Therefore, this
study revealed that, in general, the level of TF, microvas-
cular density (MVD), angiogenesis, and VEGF-189 in
lung cancer is reduced, but if the lung cancer progresses
to advanced stages, such as NSCLC, and If cancer cells
have a point mutation in the Ras gene, the expression of
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the abovementioned factors could be increased [174].
The study of ].ROLLIN revealed that TF gene expression
has a strong relationship with the VEGF-189 [171]. When
compared to cancers with strong TF expression, TF-neg-
ative lung malignancies were more commonly resistant
to doxorubicin. Furthermore, Koomagi et al. discovered
that patients with lung carcinomas that were TF-positive
had lower survival periods than individuals whose can-
cers were TF-negative [146]. Therefore, TF may have
prognostic significance and be used as a marker to assess
the likelihood of survival in NSCLC.

Hepatocellular carcinoma

Hepatocellular carcinoma (HCC) is a malignant tumor
that has a high propensity for invasion and metasta-
sis [175]. One of the important factors that lead to the
aggressiveness and malignancy of this carcinoma is
VEGF-induced angiogenesis, which increases following
the increase in TF expression [176—178]. The assessment
of angiogenesis through the measurement of microvessel
density is followed by the assessment of the CD34 marker
as an endothelial marker. Therefore, by targeting VEGF
and TF, HCC growth and metastasis can be prevented
[140]. Poon et al. study: TF expression in HCC relates to
microvessel density, VEGF level, metastasis, survival rate,
and poor prognosis; also, serum VEGF is a prognostic
factor in HCC [140].

Poon et al. study also reveals that there was no highly
significant association between tumor TF levels and
tumor size. Tumor TF expression may affect tumor inva-
siveness regardless of tumor size. Also, in their research,
Patients who had a high tumor TF level had a consider-
ably worse prognosis than patients who had a low tumor
TF level [140]. This finding provides evidence that TF
plays a significant part in the aggressiveness of HCC. In
addition to its prognostic value, the association of TF
with angiogenesis and tumor invasiveness may have ther-
apeutic implications [140]. Because of the vascularity of
HCC, antiangiogenic therapy has a great deal of poten-
tial for treatment [179]. Antiangiogenic therapy could
be beneficial as adjuvant therapy in individuals undergo-
ing HCC resection. HCC growth has been proven to be
inhibited by VEGF therapy [180]. In HCC, TF may be a
novel target for antiangiogenic therapy. In animal mod-
els, blocking TF activity using monoclonal antibodies
inhibited tumor metastasis [181]. Pentoxyphylline [182]
and retinoic acid can similarly inhibit tumor TF expres-
sion [183].

Cervical cancer

One of the factors that play a role in the progression of
metastasis and invasion of this disease is the expres-
sion of TFE. Studies show that tumor cells, by activating
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the coagulation system, eventually lead to an increase
in blood viscosity and a decrease in blood speed, which
leads to thrombosis and invasion of tumor cells. In this
cancer, as the disease progresses, the expression of TF
increases, which indicates the relationship between TF
and the degree of the disease. So Tissue factor could be
determined as a novel marker for the detection of can-
cer cells circulating in the body [65, 184]. Bono et al. con-
ducted a study in which immunohistochemistry was used
for tissue factor expression. Patient-match tumor biopsies
were stained via TF-specific antibodies in the immuno-
histochemistry method. They observed that the highest
prevalence of the expression of tissue factor belonged to
cervical cancer and some other cancer like glioblastoma,
pancreatic cancer, colon cancer, and NSCLC [185].

Retinoblastoma

This tumor is one of the tumors that have a lot of blood
vessels and affected patients have a high risk of throm-
bosis, which worsens cancer. Various growth factors
play a role in the progression, growth and drug resist-
ance of this tumor. Among all these growth factors, the
main growth factor that plays a role in the development
of retinoblastoma is FGF-2. In fact, FGF-2 in the tumor
environment leads to increased angiogenesis [43]. A
study conducted by Song et al. demonstrated that TF
regulates this angiogenesis in retinoblastoma tumors. In
the proliferative region of retinoblastoma, which includes
tumor cells as well as tumor vessels, TF was preferentially
expressed. This expression co-localized with tumor ves-
sel endothelial cells [43]. This could imply the TF’s role in
progressing cancer.

Gliomas
Hamada et al.[127] discovered that only one benign gli-
oma out of ten (10%) was found positive for TF (grade
I-1I), whereas 19 of 20 glioblastomas (95%) and 13 of
14 anaplastic astrocytomas (86%) tested moderately or
highly positive for TF. Moreover, Guan et al. [126] find-
ings supported those of Hamada et al. had reported.
Overexpression of TF in mouse sarcoma cells enhances
angiogenesis by increasing the synthesis of VEGE, a posi-
tive angiogenic factor, and decreasing the production of
thrombospondin 2, a negative angiogenic factor [173].
Guan et al. reported that there is a significant correlation
between TF expression and tumor microvessel density,
a measure of angiogenesis, which suggests that TF may
play a role in glioma angiogenesis induction. As a result,
they noted that TF is highly expressed in gliomas and that
the degree of expression is correlated with the microvas-
cular density and histologic grade of malignancy [126].
Several cancers cause abnormal blood clotting, which
is characterized by deep vein thrombi (DVT) and
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pulmonary emboli (PE), collectively known as venous
thromboembolism (VTE). One of the cancers that is
susceptible to VTE is gliomas. Noteworthy that isoci-
trate dehydrogenase 1 (IDH1) mutation status is one
of the most effective prognostic markers for VTE in
glioma [186]. Gliomas can be divided into two gen-
eral categories with point mutations and without point
mutations. Approximately 20-30% of point muta-
tions in glioblastomas occur in IDH1 and, to a lesser
extent in IDH2, which are enzymes involved in cellu-
lar metabolism. One of the most common genes with
hypermethylation and reduced expression in mutant
IDH glioma is F3 (TF coding gene). This hypermeth-
ylation is due to the production of 2-hydroxyglutarate
(2-HG) caused by the mutation in IDH, which changes
the expression of many genes. Mutant type IDHI has a
lower risk of VTE compared to the wild type, and the
amount of TF in it is also lower. Mutant type IDH1 is
less invasive than its wild type due to hypermethylation
of the TF gene and reduced expression. Therefore, dem-
ethylating compounds such as DAC (deacetylase) have
adverse effects in mutant IDH1. But the use of DAC
in wild-type IDH1 reduces cell proliferation [31]. So,
two possible complementary pathways are known for
how mutant IDH1/2 prevents thrombosis. The first is
methylation-based; mutant IDH1/2 causes F3 promoter
hypermethylation, resulting in decreased transcription
of the F3 mRNA and reduced production of the TF
protein [187]. Mutant IDH1/2 promotes gliomagen-
esis and inhibits GBM growth by inhibiting intratu-
moral thrombi development and necrosis. This explains
why most mutant IDH1/2 gliomas are not grade IV,
while most wild-type gliomas are [186]. IDH1 mutant
gliomas without intratumoral microthrombi have the
best prognosis, regardless of patient age. In wild-type
IDH1 gliomas, increased TF expression and the pres-
ence of microthrombi correlate with a 50% decrease in
survival. TF expression enhances migration, adhesion,
and proliferation in both IDH1 mutant and wild-type
gliomas. High levels of D-2-HG, exceeding 100 M, are
found in the cerebrospinal fluid of mutant IDH1/2 gli-
oma patients, suggesting significant concentrations in
the tumor microenvironment. D-2-HG’s antiplatelet
activity cannot be attributed to methylation due to its
immediate action and platelets lacking DNA [186, 188].

A study revealed that suppression of TF inhibited
the growth of GBM12 in vivo but not GBM6. Although
GBM43 did not express EGFR, it did express PDGFRp,
which is an expressed type of RTKs activated by TF. TF is
dependent on RTKs (receptor tyrosine kinase) for induc-
ing cell growth and proliferation and tumorigenesis [31].
One of the important factors that is located downstream
of TF and leads to the activities mentioned above by TF,
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is beta-catenin. Activation of Par2 leads to stabilization
of beta-catenin and beta-catenin itself leads to cell-to-cell
and cell-to-matrix adhesion during tumor cell invasion.
Therefore, the important point is that for the growth of
tumor cells, we need the activity of TF and RTKs, and
for the invasion of tumor cells, we need the relationship
between TF and beta-catenin. TCGA gene analysis shows
a positive relationship between ECM-receptor interac-
tion with mRNA, F3 in glioma [31].

Disruption of the blood-brain barrier in glioblas-
toma leads to an increase in TF levels in the blood [125].
Nobuhiro et al. revealed that increased expression of
TF is related to lymph node metastasis and the degree
of cancer malignancy, so patients whose tumor cells do
not express TF have a better prognosis than those whose
tumor cells do, even if there is lymph node metastasis
[62]. In the tumor microenvironment, there are two types
of macrophages: M1 and M2. M1 macrophages promote
tumor destruction and produce TNF and interleukin-6,
while M2 macrophages contribute to tumor progres-
sion by producing VEGF, MMP, and interleukin-10. M2
macrophages are particularly involved in tumor angio-
genesis. The presence of TAMs (tumor-associated mac-
rophages) decreases in late-stage TFOCT and TFSCT/
par2-/- tumors. Alternative splicing of VEGF mRNA gen-
erates four isoforms (121, 165, 189, and 206 amino acids),
each with specific functions. TE, through PAR1/2 path-
ways, regulates VEGF expression, leading to angiogenesis
and invasion in various cancers. The larger isoforms (189
and 206 amino acids) are bound to glycosaminoglycans,
while the smaller isoforms (121 and 165 amino acids) are
secreted into the extracellular matrix. Both 189 and 165
amino acid isoforms contribute to angiogenesis, while
only VEGF189 is involved in cell growth [174].

TF targeted and re-targeted therapy

TF targeted therapies and targeted diagnostic approaches
TF is highly expressed in different kinds of cancers. It
activates the extrinsic blood coagulation pathway and
enhances tumor progression and metastasis [189, 190].
Many studies have shed light on the association between
blood coagulation and cancer progression [191, 192];
Therefore, TF-targeted therapies can be effective in
reducing tumor growth, angiogenesis, and metastasis
in many cancers (Table 3) [59, 60, 189, 190]. Not only
is targeting TF considered for cancer treatment, but it
also helps for the precise detection of TF expression in
tumors.

Antibody
Various types of antibodies have been used in studies,
including anti-asTF monoclonal antibodies, antibody
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drug-conjugate (ADC), and molecule-conjugated Fc of
IgG1. ASTF is a secreted form of TF that induces blood
coagulation in patients with heightened TF expression
levels in many forms of solid tumors, such as pancreatic
ductal adenocarcinoma (PDAC). Also, RabMabl, as an
asTF-specific neutralizing antibody;, is capable of restrict-
ing PDAC progression and spread [59].

Many studies have assessed the anti-tumor effects of
ADC on a broad range of solid tumors [189, 190, 194—
200, 222-224]. In this approach, the antibodies must
bind to a tumor-specific antigen that is highly expressed
on the cell surface that can be internalized into the tumor
cells by an endosomal vesicle. The drugs conjugated to
antibodies must be high-potential cytotoxic agents, and
the linkers must be persistent in the physiological situa-
tion, such as plasma, and cleaved properly by proteases
like cathepsin B in an acidic environment of cell lysosome
[225, 226]. A specific anti-TF antibody, called SC1, dem-
onstrates a remarkable efficacy against TF extracellular
domain, intracellular PAR?2 signaling, and tumor-initiated
coagulation, which is efficient against TF-positive triple-
negative breast cancer (TNBC) and Pancreatic adenocar-
cinoma cancer (PaC) cells. Accordingly, depleting the TF
or SC1-treatment in TNBC or PaC cells led to the inhi-
bition of TF-mediated cell migration, lung metastasis,
and tumor growth. Besides, tumor capability for angio-
genesis and stromal fibrosis was reported to be reduced.
SC1-DM1(emtansine) and SC1-MMAE (monomethyl
auristatin E) developed due to TF’s quick and effective
internalization of SC1-drug conjugate. Both of them
induced excellent cytotoxicity in TF-positive TNBC and
PaC cells [190].

A first-in-human antibody—drug conjugate is Tiso-
tumab vedotin (InnovaTV 201), which targets TF directly
and is in phase I/II of a clinical trial. It consists of a fully
human monoclonal antibody that specifically binds to TF,
conjugated to the MMAE via a protease-cleavable linker.
Tisotumab vedotin is a potent TF-ADC that has prom-
ising anti-cancer activity in severely pretreated patients
with several distinct cancers known to express TF [194].
As reported for the cervical cancer cohort of the inno-
vaTV 201 phase I/II study (NCT02001623) and phase II
clinical trial study, Tisotumab vedotin exhibited a con-
trollable and tolerable safety profile along with signifi-
cant and prolonged anti-cancer activity, In patients who
were formerly treated recurrent or metastatic cervical
cancer [195, 196]. A primary paratope family which did
not affect the alteration of Factor X (FX) to activated Fac-
tor X (FXa) and had no effects on the alteration of pro-
thrombin to thrombin is used. Both the coagulation-inert
MMAE-anti-TF antibodies and inhibitory conjugated
MMAE-anti-TF antibodies (tisotumab vedotin) killed
tumor cells significantly [197]. MMAE-anti-human TF
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(clone 1849), capable of internalizing into cells, has been
used on cell lines expressing TF, which was followed by
efficient MMAE release and notable suppression of pan-
creatic tumor growth [198]. ADC anti-tumor potential
depends on kinetics parameters. In a study, three types
of anti-TF ADCs were established, consisting of a low
ky 1849ADC, an intermediate ky 444ADC, and a high
kg 1084ADC. This study selected MMAE and the MC-
vc-PABC linker, which is a broadly used and extremely
potent anti-cancer combination [227]. In the in vivo,
all ADCs exhibited the same anti-cancer effects against
a small BxPC3 model of pancreatic tumor. While on a
larger BxPC3 model of pancreatic tumors, 1084ADC
(higher k,) indicated greater anti-cancer activity in com-
parison with 1849ADC (lower kg). Besides, comparing
1849ADC to 1084ADC via exerting immunofluorescence
staining exhibits that the distribution of the latter is
across the whole tumor, whereas the former only local-
izes nearby the tumor vessels. The anti-tumor effects are
augmented by the ADC with a greater kg, due to its pen-
etration and distribution across the whole solid tumor
[222].

There is another ADC, called an anti-TF1849 antibody,
with a potent anti-tumor activity although an inhibitory
effect on the blood-coagulating activity of TFE. In con-
trast, the anti-TF1859 has the drawback of anti-TF1849,
which led to the development of three other forms,
namely anti-TF1859-1gG-NC-6300, anti-TF1859 F (ab’)2-
NC-6300, and anti-TF1859-Fab’-NC-6300. The NC-6300
is an epirubicin-incorporating micelle that has an exten-
sive anti-tumor effect [228]. Anti-TF1859-IgG-NC-6300
has greater anti-cancer activity in cells with highly
expressed TF [199]. In another study, anti-TF-NC-6300
having the F (ab’)2 of anti-TF mAb was established to
be compared to NC-6300 both in vitro and in vivo. This
particular ADC was tested on BxPC3 (high TF express-
ing pancreatic cell line), 44As3 (high TF expressing gas-
tric cell line), and SUIT2 (low TF expressing pancreatic
cell line) xenografts. Anti-TF-NC-6300 showcased a
greater anti-cancer capability in BxPC3 and 44As3 xeno-
grafts, whereas both agents indicated similar activity in
the SUIT2 model. Anti-TF-NC-6300 seemed capable of
localizing to the high TF-expressing cancer cells. Results
showed that the heightened anti-cancer effect of anti-TEF-
NC6300 might rely on the selective intratumor localiza-
tion and the preferential internalization of this ADC into
high TF-expressing cancerous cells [200].

Conjugated anti-TF mAb (a chimeric antibody com-
posed of clone 1849 variable domains and constant
human domains) to immunomicelles exhibits higher
anti-cancer potential toward TF-positive stomach can-
cer compared to the anti-TF mAb and NC-6300 com-
bination; it can be distributed more equally among
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TF-positive tumor tissue in comparison with NC-6300.
On the other hand, anti-HER2 mAb (trastuzumab) con-
jugated to immunomicelles does not indicate meaningful
anti-cancer activity toward HER2-positive stomach can-
cer in comparison with the combined use of anti-HER2
mAb and NC-6300 in gastric cancer [223]. Moreover, a
study compared TF-ADC to EGF-R family receptors,
TF, HER2 and EGF-R specific monoclonal antibodies
conjugated to duostatin-3 (an antimitotic agent which
hinders tubulin) polymerization). TF-011, HER-2 005,
and zalutumumab are Monoclonal antibodies that target
TF, HER2, and EGF-R. The study showed that TF-ADC
is more efficient than the EGF-receptor family, whereas
lower expression of TF compared to the expression of
HER2 or EGER is reported. It is hypothesized that to
have an appropriate ADC treatment approach, the per-
petual TF turnover on tumor cells is needed [224].
Another ADC called TF-011-MMAE, a compound
of human TF-specific mAb conjugated to MMAE by a
protease-cleavable linker, is able to interrupt TF:FVIla-
dependent intracellular signaling and eliminates cancer
cells in vivo without affecting TF procoagulant activ-
ity in many solid tumors. TF-011-MMAE showcased
remarkable anti-cancer effects in the preclinical stage on
patient-derived xenograft (PDX) models with different
TF expression levels originating from seven distinct solid
tumors. Analyzing both the antibody and MMAE parts
of this ADC showcased that the auristatin part of MMAE
mediated most cytotoxic effects on cancer cells [189].
Molecule-conjugated Fc of IgGl is an effective
approach for immunotherapy. The natural killer cell
(NK cell) is a prominent cell of the innate immune sys-
tem, which can be a potent cytotoxic for a cancer cell; if
it is stimulated. The complement system, as an important
part of the immune response, can interfere with cancer
cells in the presence of antibodies. The classic pathway
of the complement system is activated when at least two
Fc domains bind to Clq simultaneously. The reason for
using IgGl1 is its potential for complement fixation. By
conjugation of the tumor-targeting domain with the
human IgG1 Fc effector domain and interaction with FC
receptors like CD16a, NK cell can be activated and has
a cytotoxicity effect by a mechanism named antibody-
dependent cellular cytotoxicity (ADCC) [201]. Two kinds
of targeting domains were studied in a severe combined
immunodeficient (SCID) murine model of human mela-
noma and prostatic cancer. Intratumoral injections of
the adenoviral vector encoding the mfVII/human Fc icon
into the skin tumor, led to the synthesis of the icon by
tumor cell. When the icon binds to TF expressed on cel-
lular membrane of endothelial cells that line the tumor
vasculature lumen and also to human TF expressed on
cellular membrane of tumor cells, it can activate the
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complement system and NK cells against them [202].
Two targeting domains are the human single-chain Fv
molecule and factor VII (fVII). The former interacts with
a proteoglycan named chondroitin sulfate that is mostly
expressed on the cellular membrane of human melanoma
cells. The latter is a zymogen that is capable of high-affin-
ity interaction with TF to trigger the blood coagulation
cascade. Several kinds of tumor cells and also endothelial
cells that line the tumor vasculature express TF, whereas
the normal vasculature does not. In the study, due to the
interaction of an fVII immunoconjugate to TF that may
lead to dispersed intravascular clotting, the fVII active
site mutation was done to hinder clotting without having
an effect on the affinity for TF. The results indicated the
inhibition of growth and relapse of an established human
tumor model. This approach showed the capability of
efficiency for a wide range of solid tumors treatment
[201-205, 229]. A noticeable point is the importance
of NK cells in this treatment, and studies showed that
impaired NK activity or level could lead to resistance to
immunotherapy by antibodies [201].

PARs antagonist

Protease-activated receptors (PARs) are specific GPCRs,
large superfamily members which trigger cellular signal-
ing as a response to extracellular proteases. Four mem-
bers of the PAR family have been identified. PAR1 is
the main thrombin receptor that acts as an encouraging
target to affect cancer progression, metastasis, and angi-
ogenesis in many cancers, including colon, breast, pros-
tate, melanoma, and ovarian cancer [230-233]. Besides,
PAR1 is the only one that was significantly expressed in
the cell lines of lung cancer [207]. When PAR1 is cleaved
by thrombin, it is activated. The cleavage occurs between
the N-terminal extracellular domain residues R41 and
S42 of the receptor. [234]. Various proteases can acti-
vate PAR1 coupled with Ga-subunits. All three hetero-
trimeric Ga-subunits can be activated simultaneously by
thrombin [235]. Cell-penetrating pepducins inhibitors
are specific for the first (il) and third (i3) intracellular
PAR1 loops. The PAR1 pepducins exhibited meaning-
ful cell migration hindrance in lung cancer cell lines, the
same as PARI1 expression silencing with short hairpin
RNA (shRNA). The i3 loop pepducins but not i1, were
profound inhibitors of PAR1-mediated ERK activation
and also tumor cell proliferation [207]. PAR2 is a trypsin/
tryptase receptor that is highly expressed in cancer cells
[207, 236, 237]. A study identifies imidazopyridazine
compound [-191, as an antagonist for PAR2 activation.
Interaction of I-191 with PAR2 cause a noncompetitive
modulation and acts as a negative allosteric modulator of
the agonist 2f-LIGRL-NH,. Therefore, Various intracel-
lular signal transduction pathways followed by PAR2 are
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effectively debilitated. Inhibition of PAR2 activation by
I-191, cause a remarkable inhibition in all PAR2-depend-
ent intracellular signal transduction pathways such as
Ca®" release, phosphorylation of extracellular signal-
regulated kinase 1/2 (ERK1/2), Ras homolog gene family,
RhoA activation, and forskolin-induced cAMP accumu-
lation. Also, I-191 significantly hindered PAR2-mediated
downstream functional responses, such as inflammatory
cytokines expression and secretion, cellular apoptosis,
and migration in MDA-MB-231 cell line (human breast
adenocarcinoma) and HT29 cell line (human colon ade-
nocarcinoma) [208].

TF ligand inhibitor

Cancer cells expressing TF, platelets activation, and inter-
action between platelet and leukocyte paves the way for
cancer cell survival in the blood and metastasis, Whereas
TF-FVIIa interaction activates PAR2, which improves
cancer progression without the dependency on the intra-
vascular blood coagulation cascade. Tumor-associated
macrophages (TAM) and monocytes produce the FVII
and FX, which can activate PAR2. FXa-PAR2 signaling
hampers anti-cancer immune response in the TME and
leads to immune evasion. Rivaroxaban; is a small mol-
ecule that inhibits coagulation factor X (FX) activation
and enhances anti-cancer immune response by increas-
ing infiltration of dendritic cells and cytotoxic T cells at
the tumor region. It targets PAR2 signal transduction
specifically to reprogram TAM [209]. The other stud used
rivaroxaban as an inhibitor of Factor Xa in both BxPc-3
and MIA PaCa-2. Results showcased high TF expres-
sion in BxPc-3 while no TF expression in MIA PaCa-2 is
reported. As a result, the growth of TF-positive BxPc-3
tumors can be reduced by rivaroxaban but not by TE-
negative MIA PaCa-2 tumors in nude mice. Also rivar-
oxaban has no effect in the proliferation of both breast
cell lines [210].

PCI-27483 is a small molecule that inhibits the TF:
FVIla-complex and signaling downstream of PAR2,
including MAPKs and Akt phosphorylation, c-fos induc-
tion, vascular endothelial growth factor (VEGF), and IL8
secretion as an autocrine growth factor known to induces
chemotaxis and invasion in BxPC3 cell line (pancreatic
adenocarcinoma). Besides, a significant dose-dependent
tumor growth inhibition (in vivo) in mice implanted with
BxPC3 cells is reported [211]. In the phase II clinical trial
study, a combination of PCI-27483 with Gemcitabine
was well tolerated, but it was insignificant in contrast to
Gemcitabine [238].

rNAPc2 inhibitor
Recombinant nematode anticoagulant protein c2
(rNAPc2) is a small molecule that hampers TF/FVIIa
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complex and has antithrombotic effects [239]. It
impedes complex enzymatic initiation in the blood
clot cascade [240, 241]. A direct positive correlation
between TF expression and vascular density and vas-
cular endothelial growth factor (VEGF) expression is
identified [242]. When rNAPc2 is used simultaneously
beside 5-fluorouracil as a cytotoxic agent or bevaci-
zumab (a humanized anti-VEGF monoclonal antibody)
in mice with xenografted, disseminated, or sponta-
neous colorectal cancer cells, it inhibits primary and
metastatic tumors growth [239]. INAPc2 hampers both
primary and metastatic tumor growth and is also an
efficient angiogenesis inhibitor in mice [212]. A clini-
cal trial study used combination therapy of rNAPc2
beside aspirin, clopidogrel, and unfractionated hepa-
rin and indicated that dose-dependent Impediment of
the TF/FVIIa complex formation is safe and a profound
approach to prohibit thrombin production through
coronary angioplasty [243]. The higher dose of INAPc2
inhibited prothrombin fragment F1.2 generation and
also decreased ischemia by more than 50% in compari-
son with the placebo and rNAPc2 lower dose [244].

CAR cell-mediated immunotherapy

Chimeric antigen receptor (CAR) is a novel geneti-
cally modified super receptor that is expressed on T
and NK cells and can bind specifically to cancer cell
antigens. Therefore, CAR-T and CAR-NK cells are
known as promising immunotherapeutic approaches
for cancer treatment [27, 213, 245, 246]. Clinical trial
studies have illustrated that CAR-T cell transferring to
patients suffering from cancer provides a novel strat-
egy to transport specific antigen-targeted cancer treat-
ment [247, 248]. Zhang and colleagues designed a new
third-generation CAR that targets TF (TF-CAR T). In
their study, mouse FVII (mlFVII) is selected as the TF-
CAR target-binding domain. To determine the capabil-
ity of TE-CAR T cells, in vitro and in vivo studies were
carried out. The former indicated a strong cytotoxic
potential of TE-CAR T cells against TF-positive cancer
cells, and also, the latter showcased a significant sup-
pression of s.c. xenograft growth and lung metastasis
models [213, 249]. Additionally, CAR-NK cells were
evaluated in triple-negative breast cancer (TNBC). The
absence of a targetable surface molecule has made it
an incurable cancer. In a study, TF-CAR-NK cells co-
expressing CD16 (FcyRIII) were designed to mediate
antibody-dependent cellular cytotoxicity (ADCC). The
study developed a second-generation TF-targeting anti-
body-like immunoconjugate (named L-ICON). In pre-
clinical evaluation, a comparison of both TF-CAR-NK
cells (single-agent therapy) and TF-CAR-NK cells with
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L-ICON (combination therapy) was conducted. As a
result, TE-CAR-NK cells were capable of killing TNBC
cells, and as the combination therapy, its effectiveness
was boosted with L-ICON ADCC in vitro. Additionally,
TF-CAR-NK cells were successful in treating TNBC
in vivo using patient’s tumor and cell line-derived xeno-
graft mice models [27, 250-258].

Anticoagulant

Long-term consumption of vitamin K antagonists like
warfarin can reduce the incidence of cancers. In a study
that supports the hypothesis that anticoagulation may
affect protectively cancer development, vitamin K
antagonist-exposed patients were lower likely to develop
prostate cancer in comparison with the control group
[259]. Besides, the risk of patients suffering from cancer
recently after the first episode of venous thromboembo-
lism appears to be minor among patients treated with
oral anticoagulants like warfarin for a six months period
[260]. As a molecular mechanism of action for warfarin, a
study reported that hindering Gas6-dependent Axl acti-
vation with warfarin inhibits the development, spread,
migration, invasiveness, and proliferation of pancreatic
cancer. However, it enhances apoptosis and susceptibility
to chemotherapy [214].

Antibody-mediated imaging

Positron emission tomography (PET) imaging of TF is a
profound diagnostic technique applicable for tumor stag-
ing in a wide variety of malignancies [216]. ALT-836, a
recombinant IgG4x chimeric antibody that blocks the
factor X/factor IX (FX/FIX) binding site of TF, showed
extreme efficiency at preventing thrombin generation. In
a chimpanzee arterial thrombosis model caused by sur-
gical endarterectomy, it reduced acute vascular throm-
bosis with no discernible differences in surgical blood
loss and template-bleeding time in the treated group
compared to control animals [215]. In the phase I clini-
cal trial study, it was demonstrated that in patients with
ALI/ARDS caused by sepsis, dose-dependent ALT-836
could be safely administered without having an anti-
ALT-836 antibody response and major bleeding peri-
ods. The most common side effects were anemia [261].
NOTA-ALT-836, a 64Cu (radiolabeled) conjugate of
ALT-836 and 2-S-(4-isothiocyanatobenzyl)-1, 4, 7-triaza-
cyclononane-1, 4, 7-triacetic acid (p-SCN-Bn-NOTA),
is utilized for immuno-PET imaging [216, 262]. In vivo
PET imaging of mice with pancreatic cancers revealed
more 64Cu-NOTA-ALT-836 uptake in BXPC-3 tumors
(high TF expression) than in PANC-1 and ASPC-1
tumors (lower TF expression) [216]. Besides, it delim-
its both subcutaneous and orthotopic anaplastic thyroid
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cancer (ATC) with high levels of tumor uptake [217]. A
near-infrared fluorescent imaging probe (IRDye 800CW-
ALT-836) paves the way for the entire resection of ortho-
topic ATCs and '3'1-ALT-836 as a therapeutic conjugate
for radioimmunotherapy (RIT), enhances the survival
rate of ATC-bearing mice [217].

Long-lasting %°Zr-Df-ALT-836 PET scans revealed
a long-term and prominent uptake in BXPC-3 tumors
while pre-injection of mice with a blocking dose of unla-
beled ALT-836. It indicates the excellent affinity and
TE-specificity of this radiolabeled PET-tracer [219].
Several-fold greater tumor uptake of (64) Cu-NOTA-
ALT-836-Fab compared to the blocking group and tumor
models that failed to significantly express TF was seen in
a serial PET imaging study of the MDA-MB-231 TNBC
model [218]. Dual-targeted imaging agents have indi-
cated enhanced targeting effectiveness rather than single-
targeted entities. A heterodimer from the Fab’ fragments
of TRC105 (IgG,, monoclonal antibody targeting CD105)
and ALT-836 (IgG, monoclonal antibody targeting TF)
is designed. Heterodimer was radiolabeled with 64Cu
before being injected into mice models of pancreatic can-
cer. PET scans using 64Cu-NOTA In contrast to Fab frag-
ment homodimer, heterodimer-ZW800 in BxPC-3 tumor
xenografts showed considerably higher tumor uptake
[220]. A specific and non-invasive PET tracer called
18F-FVIIai uses active site-inhibited factor VIIa that
has been radiolabeled with 18F. Four hours after injec-
tion, TF-expressed tumors showed significant uptake of
18F-FVIIai, and there is a link between this uptake and
TF expression as evaluated ex vivo in tumor homogen-
ates [221]. Comparing 1849-Fab-AF647 to 1849-whole
IgG-AF647, the former demonstrated rapid dissociation
from TF, tumor accumulation, tumor penetration, and
also rapid body clearance. Thus this is an appropriate
diagnostic tool [263].

Re-targeted TF-based therapies

Occluding tumor blood supply is an appealing approach
for treating tumors [264]. Vascular targeting therapy
includes two strategies currently: inhibition of new ves-
sel formation by antiangiogenic agents and elimination
of existing tumor vasculature. The last one leads to the
obstruction of pre-existing tumor blood vessels [265—
268]. Targeted delivery of the extracellular domain of
TF (truncated TF, so-called tTF) as a protein capable of
coagulation induction to tumor vessels has been exten-
sively investigated to achieve this goal. Free tTF is soluble
and disabled to activate the blood coagulation pathway;
however, its ability to induce clot is regained when local-
ized close to a phospholipid membrane of cells. tTF acti-
vates blood coagulation pathways via activation factor X.
Blood coagulation pathways (Both intrinsic and extrinsic)
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lead to the activation of clotting factor X. As a result, the
conversion of prothrombin to thrombin occurs by acti-
vated factor X, which finally accumulates fibrin polymers,
forms the polymeric fibrin network, and blood clots
(Table 4).[13, 22-26]

Identifying molecular targets that are highly expressed
on tumor vascular endothelium and absent from normal
tissues and organs is one of the basics for tumor vascular
targeted therapy [288]. Numerous studies have indicated
that targeting a specific antigen on tumor vessels brings
about inhibition and retardation of tumor growth. It has
been reported as a potential and appropriate strategy for
tumor embolization therapy [271, 280, 285]. Antibodies
and peptides with affinity against tumor antigens have
been utilized for specific targeting of tTF to tumor vascu-
lature [272]. Most of the specific ligands are produced by
cloning systems to allow rapid generation of recombinant
vascular targeting agents (VTAs) [295]. One promising
approach is antibody-mediated coagulation induction in
tumor nodules to cut off their blood supply. This concept
was first reported in a murine model using neuroblas-
toma cells transfected with the IFN-y gene. Those cells
released IFN-y, which increased the expression of MHC-
II molecules on tumor endothelial cells. MHC-II are not
present in normal endothelial cells in mice; however,
they are expressed in APCs and some epithelial cells, so
they are potential targets for antibodies that fuse to tTF.
B21-2/10HIO bispecific antibody targets I-A¢ and I-E¢ as
major histocompatibility on the tumor vascular endothe-
lium. Enhanced coagulation was observed in vitro and
in vivo. Furthermore, it is indicated that 38% of murine
models that received B21-2/10HIO-tTF coagulant
had whole tumor regressions. This event endured four
months or more [269]. Using cell adhesion molecules for
targeting tumor vessels has been investigated by several
studies. Vascular cell adhesion molecule-1 (VCAM-1) is
expressed by endothelium in Hodgkin’s disease and dif-
ferent cancers like small-cell lung carcinoma. It is not
present in normal endothelium of mice, except heart and
lungs. It has been reported that the treatment of murine
models with different types of cancers by anti-VCAM-1
led to thrombosis and tumor necrosis in those neoplasm
regions. In contrast to the former study, complete tumor
regressions were not observed in Hodgkins tumors in
mice, and in all murine models, tumors regrew from
persisting tumor cells in VCAM-1-negative areas. Anti-
VCAM-1-tTF was localized in the heart and kidney ves-
sels but did not induce thrombosis after binding to the
endothelium. The VCAM-1-expressing normal vessels in
those regions were not thrombosed because they lack PS
on their luminal surface [270, 271].

Fibronectin is another adhesion molecule that accu-
mulates in neovascular structures in tissues undergoing
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angiogenesis, such as aggressive tumors. ChTV.1-tTF
targets fibronectin on vessels, leading to thrombosis
in small and medium vessels [272]. The extra domain
B of fibronectin (ED-B) is identical between mice and
humans; therefore, Nilsson and colleagues showed
that targeting the ED-B domain by an antibody frag-
ment combined with the tTF led to selectively targeting
tumor blood vessels in vivo. They designed ScFv(L19)-
tTE which displays a highly accumulated neovasculature
a few hours after injection and led to whole tumor cells
eradication in 30% of the mice treated in the absence of
noticeable side effects at the highest doses of administra-
tion in three various kinds of tumors [273, 296].

Using monoclonal antibodies against nuclear-related
antigens has been investigated. Tumors may contain
high proportions of degenerating cells with areas of frank
necrosis. Epstein and colleagues have hypothesized that
tumors containing dead or degenerating malignant cells
may be readily distinguished from normal tissues. They
designed two monoclonal antibodies, TNT-1 and TNT-
2, with specificity against nuclear-related antigens [297].
In the subsequent study, TNT-3 and chimeric TNT-3
(chTNT-3) were designed, illustrating threefold higher
tumor uptake than TNT-1 [298]. It was observed that
vessel thrombosis was caused by chTNT.3-tTF occurred
mainly in larger ones. Blocking of tumor blood sup-
ply, necrosis of tumor cells, and then significant tumor
growth inhibition was observed in chTNT-3-tTF-treated
tumor-bearing mice without any obvious dose-response
effect [272].

A monoclonal antibody attached to factor VIla was
designed by Rippmann and colleagues. They produced
a TFOS4, a single-chain humanized antibody bound to
fibroblast activation protein (FAP). Activated fibroblasts
in the tumor stroma especially and extensively express
this marker. Selectively targeting tumor cells by TFOS4
could induce plasma coagulation, whereas intravenously
injection into normal murine models illustrated no sys-
temic coagulation or unfavorable effects [275].

Peptide-mediated targeted tTF may have more merits
over antibodies, especially larger ones. Low tumor pene-
tration and potential immunogenicity are two significant
side effects of larger antibodies. Further, reticulohistio-
cytic systems (RHS), such as in bone marrow, liver, and
spleen, could uptake antibodies that might bring about
potentially harmful induction of blood clotting in these
organs [284, 299, 300].

Pasqualini & Ruoslahti showed that peptides could
localize phages, particularly to the brain and kidney, and
showed up to 13-fold selectivity for these organs for the
first time [301]. One appealing synthetic peptide that
can be recognized by cell surface integrins is Arg-Gly-
Asp tripeptide (RGD). Peptides containing RGD motifs
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originated from matrix proteins like fibronectin, vitron-
ectin, etc. [302]. It has been reported in different studies
that cyclic RGD could bind to asf;, o, ps, and o, p5 integ-
rins, and cyclic phage peptides have higher affinities for
the integrin than linear peptides [303-305]. avfp3 and
avP5 integrins were present in tumor vessels of some
kinds of cancers and targeted by RGD-tTE. Thrombosis
caused by RGD-tTF mainly occurred in capillaries and
small vessels, causing insignificant harm to the tumor
in vivo, and did not have inhibitory effects on tumor
growth. In a subsequent study, Kessler et al. developed
tTE-RGD as a fusion protein that consists of tTF and a
RGD peptide bound to the c-terminal domain of tTF.
They reported that administration of tTF-RGD brought
about thrombotic occlusion of tumor vessels and hin-
dered tumor growth in mice in the absence of any unfa-
vorable effects. These apparent antitumor activities of
tTE-RGD are opposed to the study of Hu and colleagues.
However, tumor regrowth was reported after termination
of therapy [272, 276].

VEGFR-2 and neuropilin-1 are highly expressed by
endothelial and tumor cells [278, 306]. VEGF and sema-
phorins could bind to the neuropilin-1 (Npn-1) as their
receptor. Semaphorins are a large family that primarily
act as neuronal mediators [307]. Besides, Npn-1 seems
to have a critical role in tumor angiogenesis and the
conversion of benign stromal tissues to malignant ones
[308-310].

As part of the heparin-binding domain of VEGF, HBDt
has been shown to engage in a trimolecular complex of
chondroitin C sulfate proteoglycan, neuropilin-1, and
VEGF receptor-2. Administration of HBDt that fused
to tTF brought about thrombosis in tumor vessels,
decreased tumor size, and almost eradicated them [278].
Subsequently, functions of tTF-EG3287 and SP5.2-tTF
were investigated, respectively targeting neuropilin-1 and
VEGER-1. tTF-EG3287 blocked tumor-supplying vessels
that reduced tumor size, and SP5.2-tTF showed favorable
antitumor activity during treatment [280, 281].

It has been revealed that shorter TF molecules (TF
1_014) showed stronger pro-coagulatory activity than the
complete extracellular domain (TF ;_,,4) [311]. For more
investigation, Brand et al. have designed tTF-TAA, tTF-
LTL, and tTF-NGR with various sizes of the tTF-moiety.
These fusion proteins represent ligands of NG2. NG2
(also called nerve/glial antigen 2) is a transmembrane
proteoglycan expressed in numerous different cell types,
specifically tumor vessel walls or pericytes on the ablu-
minal surface of endothelial cells. In contrast to normal
vessels, tumor vessels show a permeable endothelium.
So, it becomes a probable target for the vascular delivery
of antitumor agents and strategies. Only tTF-LTL, which
consists of the selected length of the TF sequence, was
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observed with varied pro-coagulatory activity, but in con-
trast to the former study, this variation was not signifi-
cant. Although they reported vascular obstruction and
decreased tumor blood supply by utilizing tTF-TAA, it
showed a small therapeutic window [284, 312].

In addition to NG2, it was revealed that NGR-con-
taining peptides couple to aminopeptidase N (APN; so-
called CD13), a,B;, and asfB; [304, 313]. The tTF-NGR
suppressed tumor development in mice via thrombotic
blockage of blood flow in tumor vessels, with no major
adverse effects in other organs at therapeutic doses but
not in high doses. Also, it was demonstrated suppression
of tumor perfusion in the clinical first-in-man adminis-
tration of this molecule at low doses [284, 285].

As shown previously, ChTV.1-tTF and ScFv (L19)-tTF
represent fibronectin ligands, accumulating in tumors
and inducing intratumoral thrombosis [272, 273]. Then
Shi and colleagues produced a new fusion protein, tTF-
CREKA [286]. Cys-Arg-Glu-Lys-Ala (CREKA), a phage
display-identified tumor-homing pentapeptide, identifies
microthrombus-associated fibrin-fibronectin complexes
[289, 292]. They observed that tTF-CREKA reduced
tumor development with more efficacy and at a lower
dosage than some other fusion proteins. Therefore, it
seems to be a safe cancer therapeutic approach. After
systemic treatment, this suppression occurred due to
intratumoral thrombosis induction [286].

Combination therapy of vascular targeting agents,
besides other treatment approaches, has been investi-
gated. Liu and colleagues targeted PMSA concurrent with
the administration of doxorubicin [287]. Prostate epithe-
lial cells can be identified by the PSMA protein. However,
normal prostate epithelial cells generate a cytosolic ver-
sion of PSMA that is highly expressed by carcinoma of
the prostate, nearly a 100-fold increase [314, 315]. Tar-
geting PMSA alone resulted in strong and highly selec-
tive tumor microvascular thrombosis. For combination
therapy, 2 mg/kg of liposomal doxorubicin (Doxil) was
administered intravenously. This Combination therapy
was far more effective, greatly increased tumor eradica-
tion, and dramatically extended the period during which
the patient remained tumor-free. Considering that doxo-
rubicin causes endothelial cells to undergo apoptosis, it
may boost local thrombotic activity by increasing tumor
cell antigen exposure to plasma proteins. However, this
investigation showed that doxorubicin treatment alone
had no noticeable impact on tumor growth or survival
[287, 316].

Some new strategies have been investigated to
enhance the therapeutic efficacy of vascular target-
ing. Using a two-step coagulation approach by uti-
lizing the streptavidin—biotin system was explored
recently. XU and colleagues carried out a study using

Page 31 of 39

a streptavidin-conjugated anti-neuropilin-1 monoclo-
nal antibody (mAb-SA) and biotinylated tTF (tTF-B)
[288]. As previously demonstrated, neuropilin-1 is the
proper target on the surface of tumor vascular endothe-
lium [278, 306]. First, mAb-SA was diffused into the
tumor region, followed by the administration of tTF-
B, which effectively interacted with mAb-SA to cause
tumoral thrombosis. In vitro and in vivo investigations
have shown that the mAb-SA:tTF-B approach hindered
tumor development and elevated tumor regression by
targeting tumor blood vessels selectively and generat-
ing total vascular infarction [288].

One more practical approach is utilizing a nanoparti-
cle delivery system mimicking platelets. These particles
increase their own homing and amplify their accumu-
lation like platelets. Simberg et al. coupled CREKA as a
tumor-homing peptide to nanoparticles and liposomes.
They observed a 20% obstruction rate, but this ves-
sel occlusion degree is insufficient to reduce the tumor
growth rate. They suggest that optimizing the formulas
and methods could change the degree of vessel occlusion
[289, 292].

A fusion protein (tTF-pHLIP) consists of tTF fused to
a peptide with a low pH-induced transmembrane struc-
ture is another approach for delivering tTF. pHLIP is
generally water-soluble at physiological pH, but at the
slightly acidic pH of tumor vasculature, it forms o-helix
capable of insertion into a lipid bilayer. In preclinical
studies, systemic injection of tTF-pHLIP selectively trig-
gered thrombotic obstruction of tumor vessels, therefore
decreasing tumor perfusion and inhibiting tumor devel-
opment without major adverse consequences [264].

Since some peptides and antibodies could medi-
ate selective localization on tumor vessels, some stud-
ies set out to apply them to facilitate cancer detection
and deliver tumor inhibitor agents, such as anti-cancer
drugs, nanoparticles, and cytokines, into tumor tissues
[291-294].

For example, RGD and NGR sequences were coupled
to doxorubicin as chemotherapeutic agents. This experi-
ment led to favorable antitumor activity during treatment
and prolongation of survival [291]. Moreover, intrave-
nously administered liposomes coupled to CREKA and
delivered ticagrelor as a platelet inhibitor led to inhibit
tumor metastasis without overt side effects [292]. Epstein
and colleagues generated a monoclonal antibody (TV-1)
targeting a basement membrane antigen found in all tis-
sues but accessible only in tumor vessels. Administration
of TV-1 which was bound to IL-2, enhanced the uptake
of radiolabeled tumor-specific monoclonal antibodies
[293].

One of the outstanding techniques for high-resolution
visualization of the anatomic structure of soft tissues
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like tumors is magnetic resonance imaging (MRI). Early
detection and accurate diagnostic imaging of high-risk
breast cancer are crucial in selecting suitable and effective
strategies and interventional therapeutic agents. There-
fore, Zhou and colleagues bound a pentapeptide CREKA
to an MRI contrast agent and developed CREKA-Tris
(Gd-DOTA)3 for molecular visualization with contrast-
enhanced MRI. It was observed that CREKA-Tris (Gd-
DOTA)3 could effectively visualize metastases containing
micrometastases in aggressive breast cancer [294].

Conclusion and future prospectives

Cancer progression is significantly influenced by TE,
which has been identified as a potential therapeutic tar-
get. Tissue factor is overexpressed in a wide range of can-
cers, and its expression is correlated with poor patient
outcomes. Tumor growth, angiogenesis, and metastasis
can be inhibited by targeting TF, resulting in improved
patient survival. Agents such as monoclonal antibod-
ies, small molecules, CAR T-cells, and RNA interference
have been developed to target TF.

One promising area of research in the field of TF-tar-
geted therapy is the use of CAR T-cells that target TF.
In preclinical models of cancer, CAR T-cells targeting
TF inhibit tumor growth and extend survival. As well
as exhibiting potent cytotoxicity against TF-expressing
tumor cells, these CAR T-cells have also been shown to
infiltrate solid tumors and promote immune cell infil-
tration. Even though CAR T-cell therapy has shown
remarkable success in treating certain cancers, it also
faces significant challenges. Potential toxicity is one of
the major limitations, particularly cytokine release syn-
drome and neurotoxicity. Moreover, CAR T-cell therapy
is expensive and complex, making it inaccessible to many
patients. The development of CAR T-cells targeting TF
remains a promising approach for treating cancer. This
approach has the potential to revolutionize cancer ther-
apy and improve patient outcomes, but further research
is needed to optimize CAR T-cell design.

In addition, re-targeted therapies have opened up new
avenues for treating cancer. Through re-targeted thera-
pies, therapeutic agents are delivered directly to can-
cer cells. In addition to reduced toxicity and improved
pharmacokinetics, this approach has the advantage of
targeting multiple antigens simultaneously. In preclini-
cal models of cancer, re-targeted therapies have shown
promising results when TF-targeting antibodies are cou-
pled with therapeutic agents. It is, however, still difficult
to translate TF-targeted and re-targeted therapies into
clinical practice, which remains a significant challenge.
The delivery of drugs, toxicity, and resistance are all prob-
lems that need to be overcome. The use of these therapies
for specific patient populations and the optimization of
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treatment regimens require further study. Despite the
promising results of the new treatment and the FDA
approval of Seagen and Genmab’s tisotumab vedotin for
cervical cancer treatment, it is crucial to acknowledge
that further research is necessary to comprehensively
grasp TF targeted and re-targeted advantages and limita-
tions [317]. As we learn more about the role of TF in can-
cer, new therapeutic approaches may emerge that target
it more effectively. A TF-targeted and re-targeted therapy
may ultimately lead to a cure for cancer with continued
research and development.
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