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A B S T R A C T

The invasion and metastasis of malignant tumors are major causes of death. The most common metastases of
cancer are lymphatic metastasis and hematogenous metastasis. Hematogenous metastasis often leads to rapid
tumor dissemination. The mechanism of hematogenous metastasis of malignant tumors is very complex. Some
experts have found that platelets play an important role in promoting tumor hematogenous metastasis. Platelets
may be involved in many processes, such as promoting tumor cell survival, helping tumor cells escape immune
surveillance, helping tumors attach to endothelial cells and penetrating capillaries for distant metastasis. How-
ever, recent studies have shown that platelets can also inhibit tumor metastasis. At present, the function of
platelets in tumor progression has been widely studied, and they not only promote tumor cell metastasis, but also
have an inhibitory effect. Therefore, in-depth and summary research of the molecular mechanism of platelets in
tumor cell metastasis is of great significance for the screening and treatment of cancer patients. The following is a
brief review of the role of platelets in the process of malignant tumor metastasis.
1. Introduction

Metastasis is the most dangerous stage in the development of malig-
nant tumors, and approximately 60% of the deaths in patients with solid
tumors are caused by metastasis [1, 2]. Platelets are the smallest circu-
lating blood cell components, and their main function is to participate in
the processes of coagulation, hemostasis, and thrombosis upon vascular
or tissue injury. Platelets undergo deformation, paracrine and cytokine
release during maturation, which are related to the invasion and
metastasis of malignant tumors [3, 4].

With the rapid development of science and technology and numerous
researches, the view that platelets promote tumor metastasis has been
widely accepted in the medical community and is supported by sub-
stantial research data. However, the detailed mechanisms involved are
not fully understood, which has made research on the relationship be-
tween platelets and tumors a hot topic in oncology in recent years. In
1865, the association between platelets and cancer was named Trous-
seau's syndrome [5]. Later, Billroth accidently found a potential rela-
tionship between tumor cells and platelets during autopsies. He noted
that tumor metastasis was often accompanied by the formation of platelet
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thrombosis, which was similar to the "armor" of tumor cells. He then
made the following bold statement: “the process of tumor metastasis is
closely related to platelets”. However, this conjecture was not confirmed
by researchers such as Gasic and Li until more than half a century later.
Gasic et al. [6] established an in vivo model of thrombocytopenia by
administering anti-platelet antibody plasma to mice and adding a tumor
cell suspension to the in vivo model and then observed the metastasis of
tumor cells. The results showed that the metastasis of cancer cells in the
mouse model of thrombocytopenia was significantly reduced. Li et al. [7]
injected platelets together with tumor cells into mice, and the results
showed that the number of tumor metastases in mice infused with
platelets increased significantly compared with mice infused with only
tumor cells. The above studies preliminarily confirmed that platelets are
involved in the process of hematogenous metastasis of malignant tumors,
which laid the foundation for further studies on the relationship between
tumor cells, platelets and metastasis. Due to the role of platelets in the
hematogenous metastasis of malignant tumors, drugs targeting platelets
in anti-tumor therapy have become a hotspot in the scientific research
field. Pharmaceutical studies showed that aspirin [8, 9, 10], clopidogrel
[11, 12] and ticagrelor [13, 14] all inhibit platelets, but while they
.com (L. Zhang).
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inhibit platelets, many functions of platelets will also be damaged. To
balance the advantages and disadvantages of these drugs, liposomal
nanoparticles bearing tumor-homing pentapeptide CREKA (Cys-Arg--
Glu-Lys-Ala) have been developed to avoid the negative effects of direct
infusion of drugs in patients. Liposomal nanoparticles can deliver platelet
inhibiting drugs to tumor tissues, thereby specifically inhibiting
tumor-related platelets, and the functions of non-tumor related platelets
will not be affected, such as hemostasis and coagulation [15].

The interaction between tumor cells and platelets is a prerequisite for
successful hematogenous metastasis of tumors [16]. There is a complex
two-way communication pathway between platelets and tumor cells. The
interaction between tumor cells and platelets leads to platelet activation,
which releases factors conducive to the survival and proliferation of
tumor cells [17, 18]. There are various ways in which tumor cells activate
platelets. For example, they can directly secrete thrombin, the most
effective agonist for platelet activation, and thrombin regulates platelets
through protein kinase receptor feedback, resulting in a platelet aggre-
gation waterfall reaction [7]. Tumor cells can also secrete a series of
tissue factors to activate platelets, which starts the process of external
coagulation, promotes thrombosis, and then protects tumor cells [19]. In
addition, tumor cells can induce platelet activation by releasing the
metabolite ADP [20], which is a way of indirectly activating platelets.
Platelets activated by tumor cells can promote the survival and invasion
of tumor cells through a variety of mechanisms (Figure 1). But recent
studies have shown that platelets also play an inhibitory role in tumor
growth and metastasis (Figure 1). For example, platelets inhibit tumor
cell proliferation by blocking the cell cycle [21]. Platelet factor (PF4)
promotes apoptosis and vascular degeneration by binding to its receptor
CXCR3B, leading to inhibition of tumor metastasis [22].

2. Mechanisms by which platelets promote tumor metastasis

Platelets promote tumor metastasis as a result of platelet-tumor cell
interactions. Tumor cells activate platelets, which in turn can stimulate
the distant metastasis of tumor cells in a systematic process. Studies have
shown that platelets can aid in tumor cell immune escape [23], avoid the
influence of blood flow shear force, enhance the ability of tumor cells to
resist anoikis and apoptosis [24], promote vascular remodeling, and help
tumor cells to enter the blood circulation and metastasize [25]. There-
fore, studying the mechanism by which platelets promote tumor metas-
tasis is a crucial step.
Figure 1. Roles of platelets in tumor invasion and metastasis summarized in this rev
blue part is the summaries of platelets inhibiting tumor growth and metastasis.
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2.1. Platelets fight the immune effects of NK cells and T cells

In the blood circulation, cancer cells are monitored and killed by
peripheral immune cells such as natural killer (NK) cells [26, 27, 28], T
cells [29, 30] and dendritic cells (DCs) [31, 32]. When NK cells encounter
tumor cells, NK cells release perforin and granzyme, triggering apoptosis.
In addition, CD8þ T cells secrete tumor necrosis factor α (TNF-α) and
interferon γ (IFN-γ), hindering tumor metastasis [33]. DCs also secrete
various cytokines to enhance cellular immune response [34]. Tumor
cells, as antigens in the tumor immune microenvironment, will signifi-
cantly cause the above reactions, so that immune-related cells can
accurately identify, kill, and clear tumor cells. Therefore, platelets
assisting tumor cell immune escape is the key to achieve tumor cell
metastasis, the current platelet assisted tumor cell immune escape
mechanisms are mostly concentrated on NK cells and T cells, which is
achieved through the following mechanisms:

2.1.1. Platelets can shield epitopes that NK cells recognize on the tumor cell
surface

Natural killer cell group 2D (NKG2D) is the surface receptor of NK
cells that activates NK cells in the blood, and platelets induce tumor cells
to express ligands that can bind to NKG2D receptors, therebymasking the
recognition epitopes of NK cells to tumor cells. At the same time, some
signal activation events are also significantly inhibited, such as NK cell
degranulation and the production of INF-γ, which effectively inhibit the
immune clearance of NK cells to tumor cells. Platelet-derived trans-
forming growth factor beta (TGF-β) down-regulates the expression of NK
cell activation receptor NKG2D, resulting in the inability of NK cells to be
activated [35]. In addition, after tumor-platelet interactions, NKG2D li-
gands are sheded from the surface of tumor cells [36], resulting in
impaired “self-inducing” recognition patterns of NK cells [37]. A study
showed that the platelet surface and the post-activation release of
ADAM10 promotes NKG2D receptor expression [38]. MICA and MICB,
located on the surface of tumor cells, are ligands of NKG2D receptors.
Platelets interact with tumor cells, causing the secretion of MICA and
MICB into the tumormicroenvironment, which can inhibit the expression
of NKG2D receptor on NK cells, resulting in blocked activation of NK cells
and immune escape of tumor cells [39] (Figure 2①). Platelets covering
the surface of circulating tumor cells (CTCs) are equivalent to the “pro-
tective umbrella” of tumor cells. Platelets gather and wrap on the surface
of tumor cells to avoid direct contact between NK cells and tumor cells,
iew. The red part is the mechanisms of platelets promoting metastasis, and the



Figure 2. Mechanism by which platelets promote tumor metastasis. Tumor cells separate from the primary tumor and invade the blood circulation. Tumor cells
immediately activate and interact with platelets in the first minutes.① Platelets secrete TGF-β upon activation which induces NK cell dysfunction due to NKG2D down-
regulation. In addition, the ligands MICA and MICB of NKG2D are lost from the surface of tumor cells in a platelet dependent manner, resulting in the down-regulation
of NKG2D receptor function. ② After platelets interact with tumor cells, platelet-derived MHC-1 molecules translocate to the surface of tumor cells. KIR is a specific
inhibitory receptor on the surface of NK cells, and inhibitory KIR binds specifically to MHC-1 to inhibit the immunogenicity of NK cells. ③ GITRL on the platelet
surface binds to GITR receptor, which inhibits the activity of NK cells. ④ Tumor-associated platelets down-regulate T cell recruitment bispecific antibody (BsAb)-
mediated reactivity of CD4þ T cells and CD8þ T cells, resulting in degranulation of T cells, impaired perforin secretion and destruction of anti-tumor cytotoxicity of T
cells. The green dashed box represents the anti-tumor response mediated by BsAb under normal conditions. ⑤ Granulocytes are recruited to the aggregation areas of
platelets and tumor cells by chemokines CXCL5 and CXCL7 to form an early metastasis niche. Finally, platelets mediate the stagnation of tumor cells in the vascular
wall through P-selectin and GPVI, and promote the extravasation of tumor cells to the subendothelial matrix of distant organs by activating endothelial P2Y2 receptor.
Furthermore, platelets secrete bFGF, SDF-1, MMPs and PDGF to promote angiogenesis, creating favorable conditions for tumor cell metastasis.
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preventing NK cells from recognizing the tumor cells, platelets can also
aggregate fibrin around CTCs through activated thrombin, doubly
increasing the physical barrier to NK cells and protecting tumor cells
from the attack of blood turbulence and damage due to blood flow shear
force [40].

2.1.2. Major histocompatibility complex-I (MHC-I) interacts with NK cells to
inhibit NK cell immunogenicity

NK cells express killer cell immunoglobulin-like receptors (KIRs),
which are specific inhibitory receptors for MHC-I molecules. KIRs are
divided into two haplotypes, A and B. Haplotype A includes KIR3DL3,
KIR2DL3, KIR2DP1, KIR2DL1, KIR3DP1, KIR2DL4, KIR3DL1, KIR2DS4,
KIR3DL2 and pseudogene KIR2DP1. In group A haplotypes, with the
exception of KIR2DS4, the others are inhibitory KIRs. Group B haplotypes
include KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS5, KIR3DS1, KIR2DL2 and
KIR2DL5. In group B haplotypes, with the exception KIR2DL2 and
KIR2DL5, the others are activating KIRs [41]. After the interaction be-
tween platelets and tumor cells, platelet-derived MHC-I molecules spe-
cifically bind to the inhibitory receptor KIR, inhibitory receptor KIR is
activated and NK cell immune responses are suppressed (Figure 2②). In
addition, MHC-I molecules can also prevent NK cells from recognizing
tumor cells through the TGF-β and nuclear factor-kB pathways [42]. This
can also indicate that in cells with low expression of MHC-I molecules,
the immunogenicity of NK cells can be activated. The reactivity of NK
cells can be largely restored by blocking MHC-I molecules to prevent
tumor progression [37, 43].

2.1.3. Tumor necrosis factor family members are involved in platelet-
mediated tumor cell escape from NK cell attack

Zheng et al. [44] showed that tumor necrosis factor related ligand
(GITRL), induced by glucocorticoids, is produced during
3

megakaryocyte differentiation, resulting in the expression of GITRL by
megakaryocytes and their platelet offspring. When tumor cells interact
with platelets, the platelets are activated and GITRL rapidly aggregates
on the surface of platelets and binds to GITR expressed by NK cells
(Figure 2③). The interaction of GITR-GITRL will lead to a significant
reduction in the immunogenicity of NK cells [45, 46, 47], and this
interaction can also inhibit NK cells from producing INF-γ [48]. Zheng
et al. showed that blocking GITR expressing NK cells can significantly
reverse NK cell reactivity. However, in the absence of platelets,
blocking GITR-GITRL interaction will not change NK cell reactivity. In
addition, the generation of INF-γ will be partially recovered by adding
anti-GITR antibody. These phenomena confirmed the inhibitory effect
of platelets derived GITRL on NK cell reactivity. In addition, activated
GITR is involved in inhibiting IL-15 mediated signal activation events
in NK cells, resulting in blocked production of cytokines and cytotoxic
particles, and weakened proliferative capacity of tumor cells [49],
enabling cancer cells to escape the attack of NK cells and to metastasize
distantly [50]. Tumor-associated platelets can up-regulate the expres-
sion of RANKL, a member of the TNF family, and RANKL can inhibit
the anti-tumor activity of normal NK cells [51], but there have been
few studies on this subject.

2.1.4. Platelets attenuate the anti-tumor immunity of T cells
Lutz et al. showed that tumor-associated platelets down-regulate T

cell recruitment bispecific antibody (BsAb)-mediated reactivity of CD4þ
T cells and CD8þ T cells in a TGF-β-dependent manner, specifically
manifested by T cell degranulation, impaired perforin secretion, and
destruction of T cell anti-tumor cytotoxic effects, that is, the main
mechanism inside the green box in Figure 2④ is broken [52]. Platelet
derived soluble factors such as lactate and TGF-β suppress the function of
CD4þ T cells and CD8þ T cells, enabling tumor cells to escape the



X. Bian et al. Heliyon 8 (2022) e12072
immune surveillance of T cells [53]. In addition, TGF-β converts CD4þ T
cells into induced regulatory T cells (ITregs) [54], and ITregs have the
ability to kill activated T cells through a granzyme B-dependent mech-
anism [55, 56]. Polasky et al. confirmed that platelets can reduce the
expression of programmed cell death protein-1 (PD1) on CD4þ T cells,
while inhibiting the production of INF-γ and TNF-α [57], which is
conducive to the successful metastasis of cancer cells, that is, platelets
promote cancer cell metastasis by inhibiting the immune response of T
cells.

2.2. Platelets secrete a variety of bioactive factors to promote the formation
of neovascularization

The growth of tumors and the formation of metastasis depend on the
formation of new blood vessels. There are abundant vessels in the pri-
mary tumor, and platelets in blood vessels can secrete angiogenic regu-
latory factors such as stromal cell-derived factor-1 (SDF-1) [58], basic
fibroblast growth factor (bFGF) and vascular endothelial growth factor
(VEGF) [59], which affect angiogenesis and distribution in tumor tissue.
Tumor-associated platelets can also secrete matrix metalloproteinases
(MMPs) [60], which are very helpful for tumor vascular remodeling and
angiogenesis. The enhanced expression of MMPs degrades the extracel-
lular matrix, and interstitial tumor cells leave the primary site and invade
the peripheral blood circulation with the help of 5-hydroxytryptamine
and histamine released by platelets. Studies have shown that activated
platelets release angiopoietin [61], VEGF [62], secretogranin III, cyclo-
philin A, and calumenin [63], which promote angiogenesis, vascular
proliferation and vascular remodeling, maintain the integrity of tumor
blood vessels, promote the growth and proliferation of tumor cells. In
addition, platelet-derived growth factor (PDGF) is a relatively new
angiogenesis signal molecule that mediates vascular maturation and
stability [64]. Neovascularization is similar to the “nutrition absorption
center” of tumor cells, creating favorable conditions for the hematoge-
nous metastasis of tumor cells.

2.3. The interaction between platelets and tumor cells promotes the cross-
endothelial migration of tumor cells

The adhesion between vascular endothelial cells and tumors is very
low, but platelet activation increases the expression of P-selectin [65]
on the plasma membrane, platelet surface integrins such as αIIbβ3 [66]
and α6β1 [67], resulting in a sudden increase in adhesion between
mucin on the surface of tumor cells and vascular endothelial cells,
which greatly helps tumor cells implant at the metastatic site. Tumor
cells then penetrate the capillary canal walls and follow the blood
circulation to the target organ. The specific mechanisms of action are as
follows: (1) CD97 is an adhesion G protein-coupled receptor (GPCR)
and over-expresses tumor antigen in a variety of cancers. The
CD97-platelet interaction coordinates tumor invasion and endothelial
cell contraction, resulting in increased inter-cellular space and pro-
moting the diffusion of tumor cells into the blood circulation [42]. (2)
Following induced activation, platelets secrete prostaglandins, resulting
in increased vascular permeability. (3) Galectin-3 on the tumor surface
binds to platelet glycoprotein 4 (GPVI), which can induce a series of
changes, such as platelet activation, shape change, degranulation and
ATP secretion. The released ATP then acts on the endothelial purine
receptor P2Y2, thereby increasing vascular permeability and further
enhancing the cross-endothelial migration of tumor cells [68]. (4) After
platelet-tumor cell interactions, platelets secrete CXCL5 and CXCL7
chemotactic factors, and granulocytes are recruited by platelet-derived
CXCL5/7 chemokines through the granulocyte receptor CXCR2. Plate-
lets and granulocytes are recruited in an orderly manner to tumor cells
to form an “early metastasis niche” [69] (Figure 2⑤), which promotes
tumor migration out of endothelial cells. In conclusion, the interactions
between platelets and tumor cells create favorable conditions for tumor
cell cross-endothelial migration.
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2.4. Inherent components on platelets promote tumor metastasis

Many studies have shown that some inherent components of platelets
have positive significance for tumor hematogenous metastasis. Phos-
phatidylinositol transfer protein-α (PITPα) in platelets plays an important
role in the process of platelet phosphatidyl inositol signal transduction,
PITPα is essential for the synthesis of higher-order phosphatidylinositol-
PtdIns (4,5) P2, when stimulated by thrombin, phospholipase C hydro-
lyzes phosphatidylinositol-PtdIns (4,5) P2, producing inositol triphos-
phate (IP3). The production of IP3 within platelets stimulates an increase
in cytoplasmic calcium, resulting in exposure to phosphatidylserine on
the surface of platelets, and then the prothrombin is activated to start the
endogenous coagulation process, which facilitates the formation of
platelet-fibrin complexes that envelop tumor cells and allows tumor cells
to metastasize remotely [70]. High-mobility group Box 1 (HMGB1)
released by tumor cells is a key factor that interacts with platelet toll-like
receptor 4 (TLR4), mediating platelet-tumor cell interactions and pro-
moting migration and invasion, suggesting that TLR4 and its endogenous
ligand HMGB1 may be the target of anti-metastatic therapy [42]. In
addition, tissue factors expressed by tumor cells interact with platelet
coagulation factor VII (FVII) and coagulation factor X (FX) to produce
thrombin. Thrombin not only leads to the formation of fibrin and the
activation of platelet receptors but also promotes thrombosis, and then
the thrombus wraps tumor cells to achieve distant metastasis [71].

2.5. Platelets enhance the ability of tumor cells to resist anoikis

Anoikis induces cell death through the traditional apoptotic pathway,
which was named for the first time in 1994. Its core feature in the failure of
anchoring between cells or between cells and the matrix, resulted in cell
autonomous death. Anoikis plays roles in homeostasis regulation, disease
occurrence and tumor metastasis, and reduces the probability of tumor
cells implanting in unsuitable places. Therefore, reducing anoikis is a
necessary condition for tumor cells to achieve successful invasion and
metastasis. Platelets not only induce tumor cells to fail contact with the
extracellular matrix, but also destroy tumor cells to adhere to other cells,
causing tumor cells to survive in a paracrine or autocrine manner to resist
natural apoptosis and restore the ability to attach, spread, metastasize, and
invade. Platelets can secrete TGF-β and PDGF to maintain epithelial
mesenchymal transformation (EMT) of CTCs. PDGF can participate in the
maintenance of EMT by activating signal transducer and activator of
transcription (STAT) [72]. In pancreatic cancer, PDGF activates the Notch
signaling pathway. Notch is a relatively conserved ligand receptor pathway
that induces EMT [73], while TGF-β signaling enhances the expression of
PDGF [74], and the twowork together to enhance the anti-apoptotic ability
of tumor cells [9]. After dephosphorylation of Yes-associated protein 1
(YAP1) mediated by the platelet-activated RhoA-MYPT1-PP1 pathway,
YAP1 translocates to the nucleus and binds to transcription factors E2F1
and TEAD2/4, promoting proliferation and inhibiting apoptosis (Figure 3).
Interestingly, tumor cells that do not adhere to platelets do not undergo
dephosphorylation of YAP1, that is, YAP1 activity is themain reason for the
platelet mediated enhanced survival of cancer cells [24]. Tanaka et al.
showed that in colorectal cancer, tumor cells can resist anoikis apoptosis
through their own BDNF-TrkB (brain-derived neurotrophic factor-tyrosine
kinase receptors) signaling pathway [75]. At present, little is known about
the mechanism of platelet resistance to anoikis apoptosis.

Thus, platelets play an important role in the proliferation and
metastasis of tumor cells. On the primary side of the tumor, platelets in
blood vessels secrete pro-angiogenic regulatory factors such as SDF-1,
bFGF and VEGF to promote the proliferation of cancer cells and create
favorable conditions for cell migration. Platelets infiltrating around
tumor tissue secrete TGF-β, while activating TGF-β/Smad and NF-κB
pathways in cancer cells, causing cancer cells to acquire a mesenchymal-
like phenotype and metastasis [76]. It has been confirmed that GPVI and
P-selectin (Figure 2) on the surface of platelets can help metastatic cells
colonize at the distance [77, 78]. Studies have shown that the number of



Figure 3. Platelets enhance the ability of tumor cells to resist anoikis. Platelet activated YAP1 translocates to the nucleus and binds to transcription factors E2F1 and
TEAD2/4 to inhibit apoptosis and promote metastasis.

X. Bian et al. Heliyon 8 (2022) e12072
platelets in most patients with solid tumors is abnormal. For example, in
gastric cancer, platelets directly contact gastric cancer cells and promote
the malignant behavior of cancer cells [79]. In a mouse model of breast
cancer, it was found that the activation level of platelets and the degree of
interaction between platelets and cancer cells increased with tumor
progression [80]. Therefore, platelets have become one of the markers
for judging the poor prognosis of tumor patients [81, 82, 83, 84].

3. Inhibition of platelet functions and blockage of tumor
metastasis

Platelets promote tumor metastasis by inducing EMT in cancer cells
and protecting CTCs from immune-mediated clearance. Therefore, inhi-
bition of platelet function provides a potential new method for treatment
centered on eliminating tumor metastasis [15]. On the one hand,
inhibiting platelet function can accelerate platelet apoptosis to inhibit the
metastasis and invasion of cancer cells. Wang et al. [85] showed that
tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) plays an
important role here, that is, TRAIL receptor-DR5 is expressed on the
surface of platelets. The combination of the two promotes platelet
apoptosis and hinders tumor cell migration, which provides an innova-
tive way for us to identify potential new targets to inhibit tumor metas-
tasis. However, Greer et al. [86] confirmed that the anti-cancer
properties of TRAIL are also limited, as it causes liver toxicity, and
many tumor cells will develop drug resistance to TRAIL. Further study
have found that recombinant TRAIL protein can function better, inhibit
the growth of tumor cells, and even cause tumors to regress without
obvious damage to the host, suggesting that it has potential good appli-
cation prospects in tumor therapy. On the other hand, as previously
described, liposomal nanoparticles can be used to import platelet
inhibitory drugs into tumor tissues to inhibit the function of
tumor-associated platelets [15, 87]. The safety of these nanoparticles has
been verified and has wide and good application prospects in the clinic.

4. Mechanisms by which platelets inhibit tumor growth and
metastasis

Although the view that platelets promote tumor metastasis is widely
accepted and supported by a large number of studies, the role of platelets
in tumor growth is still controversial [21]. Moreover, the latest research
5

shows that platelets can inhibit tumor metastasis in some ways [88]
(Figure 1). However, the mechanism is unclear at present and requires
further investigation.

4.1. Platelets inhibit tumor proliferation and metastasis

4.1.1. Platelets inhibit tumor cell proliferation by blocking the cell cycle
Platelet infusion is a necessary supportive treatment for cancer patients,

as platelets inhibit tumor cell proliferation by blocking the G0/G1 phase of
the cell cycle, and this inhibitory effect increases with increasing infusion
time [21]. By analyzing the cell cycle, it was found that platelets affect tumor
proliferation by blocking the cell cycle and inhibitingDNA synthesis. Animal
experiments showed that platelets inhibit the growth of tumor cells in vitro
in a non-MHC-1-dependent manner. This inhibition is not related to tumor
type or the apoptosis pathway, but is closely related to the cell cycle [89].

4.1.2. Platelet factors inhibit tumor metastasis
Platelet factor (PF4) plays an inhibitory role in the process of tumor

metastasis, mainly by binding with receptor CXCR3B [22]. CXCR3B is a G
protein-coupled receptor that is mostly found in the cytoplasm of tumor
cells. After binding, they mediate the anti-tumor effect by promoting
growth inhibition, cell apoptosis and vascular degeneration [90]
(Figure 4①). Glycoprotein Ibalpha (GPIbα), located on the surface of
platelets, is a part of the receptor complex GPIb-V-IX, and Erpenbeck
et al. [91] showed that inhibition of GPIbα leads to a significant increase
in lung metastasis. Therefore, we suspect that targeting certain receptors
on the surface of platelets may have an inhibitory effect on tumor
metastasis. Platelets and platelet-derived particles have anti-proliferative
and cytotoxic effects on many tumor cells [92], thus promoting cell cycle
arrest, but the presence or absence of cytotoxic effects is closely related to
cancer types. Current studies have shown that the role of platelets in
tumor development is more complex than originally expected.

4.2. Platelet inhibition of tumor metastasis is related to many factors

4.2.1. Platelet-induced promotion or inhibition of tumor metastasis is closely
related to the type and location of cancer

A study on the effect of the combined removal of NK cells and
platelets on liver and lung metastases of melanoma and breast cancer
cells showed that the incidence of lung metastasis in mice with combined



Figure 4. Mechanism by which platelets inhibit tumor growth and metastasis and the construction of N þ R@PLT. ① PF4 binds to CXCR3B in the cytoplasm of tumor
cells, promoting tumor growth inhibition, cell apoptosis, vascular degeneration and hindering tumor metastasis.② Direct interaction between tumor cells and platelets
produces IMPs, IMPs produce CCL2 and CXCL2, which are responsible for recruiting macrophages. With the assistance of IL-4 and IFN-γ, macrophages kill tumor cells.
③ Schematic illustration of N þ R@PLT construction (Through Suzuki reaction, thiophene and naphthalene diimide were partially integrated into the polymer
skeleton to synthesize the photothermal polymer (NDI-BT). Then, hybrid nanoparticles were constructed with the photothermal copolymer and the hydrophilic
polyethylene glycol (PEG) segment of distearoyl ethanolamine phosphate (DSPE)-PEG, and then the nanoparticles were modified with biotin. After that, CD42a on PLT
membrane was pretreated with avidin labeled anti-CD42a antibody, the highly specific interaction between biotin and avidin will trigger the binding of nanoparticles
with anti-CD42a antibody and promote the internalization of nanoparticles into PLT through CD42a molecule. The immunostimulator R837 hydrochloride uniformly
dispersing in the medium was also imported during the internalization process, N þ R@PLT successfully built). Laser irradiation after intravenous injection, N þ
R@PLTs interact with tumor vessel, resulting a large amount of exposed tumor antigen was transported to the tumor-draining lymph node (TLN), increasing uptake by
DCs. In addition, CD8þT cells and other immune cells also proliferate in TLN, and tumor metastasis is inhibited.
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removal of platelets and NK cells was significantly lower than that in
mice with only NK cells removed. In contrast, mice lacking NK cells and
platelets had a significantly increased incidence of melanoma liver me-
tastases compared with mice lacking only NK cells [93]. Bulla et al. [94]
showed that both thrombolytic products and platelet release products
can inhibit the migration of canine osteosarcoma cells, suggesting that
platelets may antagonize the migration of canine osteosarcoma. How-
ever, there are no studies on specific platelet release products or
thrombolytic products, which needs further investigation. Studies have
preliminarily confirmed that whether platelets promote or inhibit tumor
metastasis is closely related to the location and type of cancer.

4.2.2. The promotion or inhibition of tumor metastasis by platelets is closely
related to the environment, local position and blood flow

When platelets infiltrate the tumor microenvironment, the interaction
between platelets and tumor cells will lead to the production of three types
of microparticles (MPs), including tumor-derived microparticles (TMP),
platelet-derived microparticles (PMP) and mixed MPs with both platelet
and tumor cell features (T þ PMPs). These particles are collectively
referred to as IMPs. IMPs produce chemokines CCL2 and CXCL12, which
are responsible for recruiting macrophages, and with the assistance of IL-4
and IFN-γ, tumor killing ability of macrophages is activated, thereby
inhibiting the growth of primary tumors. Studies have confirmed that
there are IMPs in colon cancer [95, 96] (Figure 4②). However, IMPs
activate endothelial cells in the circulating blood flow, promote the
adhesion of tumor cells to endothelial cells, produce EMT and promote
tumormetastasis. Therefore, we speculate that the promotion or inhibition
of tumormetastasis by platelets is closely related to the environment, local
position and bloodflow. In addition, platelets can destroy the angiogenesis
of cancer cells [97] and hinder the vascular reconstruction of cancer cells.
6

4.3. Thrombin-activated platelets inhibit angiogenesis of endothelial cells

It has been clinically confirmed that cancer patients have abundant
tissue factors to promote the conversion of prothrombin to thrombin
[71], thrombin is one of the most effective platelet agonists, a study
using an in vitro cultured vascular endothelial cell (EC) model
demonstrated that thrombin-activated platelets (TAPLT) target
vascular cell adhesion molecule-1 (VCAM-1), resulting in a decrease in
reactive oxygen species production in endothelial cells induced by
tumor conditioned medium (TCM), both permeability and angiogen-
esis were inhibited, and the migration of cancer cells across ECs was
blocked [98].

5. Clinical application of platelets

5.1. Liquid biopsy

Tumor-acting platelets play an important role in tumor develop-
ment, but also change the mRNA profile of platelets, through platelet
mRNA sequencing, which can better distinguish between local and
distant metastases in patients. Moreover, this is significantly related
to the target drug related indicators, such as HER2-positive, MET and
EGFR, and has diagnostic potential, providing a potential marker for
the diagnosis of various cancers. Clinically, blood tests based on
tumor associated platelet biomarkers can not only detect early can-
cer, but also closely correlate with personalized treatment and pre-
diction of recurrence [83]. Liquid biopsy has the advantage of
overcoming the limitations of tissue collection, and has been studied
in breast cancer [99], pancreatic ductal adenocarcinoma [100] and
liver cancer [101].
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5.2. Development of an anti-cancer platelet-based biomimetic formulation

In addition to being an indicator of clinical diagnosis, some studies
have shown that platelets can be used as effective anticancer carriers
through mechanisms, such as vascular-endothelial cell adhesion, surgical
injury-induced aggregation and activated secretory nanovesicles [102,
103, 104]. A block copolymer, naphthalene diimide-bithiophene deriv-
ative (NDI-BT), was used as a photothermal material, and then photo-
thermal nanoparticles were synthesized and introduced into platelets
together with immunostimulant R837 hydrochloride to construct engi-
neered PLTs (N þ R@PLTs) [105] (Figure 4③), which rely on NDI-BT to
induce tumor cells to release antigens [106], R837 to activate the im-
mune response and tumor killing cells. The new anticancer biomimetic
formulation takes platelets as the carrier and can effectively remove
primary and secondary tumors, and has broad clinical application
prospects.
5.3. The role of the bi-directional function of platelets in clinical treatment

Tumor-associated platelets have a bi-directional function in the pro-
cess of cancer progression. In the clinic, we can serve patients individu-
ally according to this feature, first of all, treatment can be carried out
according to different malignancies, such as the study by Servais et al.
[107], which confirmed that platelets promote the occurrence of colon
cancer by inhibiting the immune response, while Lucy et al. [108] found
that platelets can significantly enhance melanoma in lung metastasis, but
do not affect liver metastasis, however, in the absence of platelets, liver
metastasis is significantly enhanced, demonstrating that the function of
tumor-associated platelets is organ-specific. Therefore, in the clinical
treatment process, we can formulate treatment plans for different cancer
types according to the function of tumor-associated platelets. In addition,
tumor-associated platelet function is also different in different stages of
the same tumor. Katrin et al. [109] proposed that the platelet fibrinogen
receptor glycoprotein IIb (GPIIb) can support the initiation of lung
metastasis by promoting the aggregation of platelets and tumor cells, but
weakening the subsequent distant planting and proliferation of tumor
cells. Therefore, during the process of clinical diagnosis and treatment,
the functions and characteristics of tumor-related platelets still need to be
further explored, and then individualized and targeted assessment of the
prognosis and treatment of patients is needed to improve the quality and
survival time of treatment.

6. Summary

In recent years, an increasing number of researchers have paid
attention to the dual role of platelets in the occurrence and develop-
ment of tumors. Some important platelet-related molecules are
involved in the whole process of tumor metastasis, invasion, screening,
diagnosis and prognosis evaluation, and their potential biological
values have gradually emerged. However, due to the complexity of the
interactions between platelets and tumor cells, the specific mecha-
nisms still need further exploration and elucidation, including how to
balance and develop tumor cells, immune cells, platelets and inflam-
matory cells. In different types of metastatic cancer cells, what are the
typical mechanisms of action of platelets? In the process of promoting
metastasis, which mechanism plays a key role and which main mole-
cules are involved in different stages still require further research data
for verification. In addition, the choice of anti-platelet drugs is also a
hot topic in the current medical community, and the choice of drug
types and doses and their safety will be the future direction of key
exploration and breakthroughs in the scientific research field. Platelets
not only promote tumor metastasis but also hinder tumor metastasis to
a certain extent. The mechanism of this functional duality of platelets
is still unclear. The specific mechanism of platelets in tumor metastasis
still needs further research.
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