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A B S T R A C T

Overwhelming evidence suggests that platelets have a detrimental role in promoting cancer spread via plate-
let–cancer cell interactions linked to thrombotic mechanisms. On the other hand, a beneficial role of platelets in
the preservation of the endothelial barrier in inflammatory conditions has been recently described, a phenom-
enon that could also operate in cancer–related inflammation. It is tempting to speculate that some antiplatelet
strategies to combat cancer metastasis may impair the endogenous platelet–dependent mechanisms preserving
endothelial barrier function. If the protective function of platelets is impaired, it may lead to increased en-
dothelial permeability and more efficient cancer cell intravasation in the primary tumor and cancer cell ex-
travasation at metastatic sites. In this commentary, we discuss current evidence that could support this hy-
pothesis.

1. Introduction

It has been repeatedly demonstrated that platelets are involved in
cancer metastasis, and a number of platelet–dependent mechanisms
promoting metastatic processes have been identified. Therefore, anti-
platelet therapy has been considered for decades as an attractive strategy
to treat cancer. However, even though a number of platelet–dependent
prometastatic mechanisms have been identified in experimental studies,
no effective therapeutic strategy based on an antiplatelet regimen has yet
been introduced into the clinic to prevent or treat cancer metastasis.
Moreover, in some studies, long–term treatment with antiplatelet agents
including aspirin [1] and P2Y12 or PAR-1 receptor antagonists [2] had
detrimental effects on cancer progression, indicating that our under-
standing of the role of platelets in the context of cancer biology is still
incomplete. Recently, it has been appreciated that, apart from their
classical role in thrombosis, platelets also prevent the deleterious con-
sequences of inflammation on vasculature by maintaining vascular in-
tegrity. These mechanisms have not yet been studied in the context of
cancer progression and metastasis, the pathophysiology of which is clo-
sely linked to inflammation and destabilization of the endothelial barrier.
Therefore, it seems likely that in the pro–inflammatory environment of
cancer, platelet–dependent mechanisms are important to support

endothelial barrier integrity and, accordingly, their inhibition could
impair endothelial barrier function and favor metastatic spread. In this
commentary, we briefly summarize experimental and clinical evidence
that could support this hypothesis.

2. Detrimental role of platelets in cancer

The association between thrombosis and cancer was initially ob-
served in ancient times. However, it was not until 1865 that Armand
Trousseau in his famous lecture indicated that migratory deep vein
thrombosis is the prognostic indicator of a “deep–seated concealed
cancer” [3], a phenomenon later confirmed by numerous researchers
[4–6]. Subsequently, a number of studies pointed to the positive cor-
relation between increased platelet counts and worse prognosis in
various types of cancers, with up to 20% of cancer patients found to
have vascular thromboembolism [7].

Since the early 1970s, a number of platelet–dependent mechanisms
favoring metastatic spread have been identified, highlighting the role of
platelets as active players in cancer growth and spread. Moreover, pla-
telets have been acknowledged as “first responders” to the presence of
cancer cells in the circulation [3]. Indeed, tumor cells injected in-
travenously lead to immediate platelet activation in a process of tumor
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Fig. 1. Two facets of platelet function in cancer. (A) Detrimental role of platelet activation: The scheme represents selected platelet receptors and factors secreted from their α
and dense granules inducing endothelium inflammation and promoting cancer metastasis [11,16–19,31,122]; (TF-: tissue factor; PAR-: Protease-activated receptor; CD97-: G
protein-coupled receptor CD97; LPAR-: lysophosphatidic acid receptor; sLEx-: Sialyl LewisX receptor; GPIIb/IIIa-: glycoprotein IIb/IIIa (integrin complex); ADAM9-:
metalloproteinase domain-containing protein 9; integrins: α2β1, α5β1, αVβ1, α6β1; HMGB1-: high-mobility group protein 1; vWF-: von Willebrand Factor; P2Y1, P2Y12-:
platelet purinergic receptors; Psel-: P-selectin; TLR4-: Toll-like receptor 4; GPIb-IX-V-: Glycoprotein Ib-IX-V Receptor Complex; GPVI-: Glycoprotein VI; TXA2-: thromboxane
A2; PS-: phosphatidylserine; TP-: TXA2 receptor). (B) Protective role of platelet activation: The scheme represents platelet-dependent mechanisms supporting endothelial
integrity via C-type lectin-like receptor (CLEC-2)/podoplanin and GPVI-dependent mechanisms that induce secretion of endothelium-protective factors from platelets as
well as participate in the plugging of endothelial holes by single platelets [76,87,89,123,124]. (PLCγ2-phosphoinositide-specific phospholipase C; SLP-76-: Lymphocyte
lymphocyte cytosolic protein 2; Syk-: spleen tyrosine kinase).
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cell–induced platelet aggregation, contributing to the release of various
pro–tumorigenic factors from platelets [3]. For example, platelet–derived
transforming growth factor β1 (TGFβ1) has been shown to downregulate
NK cell anti–tumor reactivity [8], while simultaneously promoting cancer
malignancy by activating the epithelial–mesenchymal transition (EMT) of
cancer cells [9,10]. Furthermore, platelets increase the survival of circu-
lating tumour cells shielding them inside platelet–cancer cell hetero-
aggregates from immune surveillance [10–13]. Platelets have also been
shown to protect cancer cells against chemotherapy–induced apoptosis
[14,15]. Over the years, a plethora of other molecular mechanisms of
platelet–cancer cell interactions have been identified that promote cancer
progression, including adenine nucleotides [16], integrin α6β1 [17], TLR4
[18], CD97 [19] clusterin and thrombospondin-1 [20], and many others
reviewed elsewhere [10,11,21].

Fig. 1A and Table 1 present selected mechanisms of platelet–de-
pendent processes that promote cancer progression. The complexity
and various cross–talk mechanisms between platelets and cancer cells
alongside cancer development are surprisingly well–orchestrated and
render tumour–educated platelets that effectively support cancer
growth and metastatic spread [9,22].

3. Antiplatelet strategies in cancer

A possible efficacy of an antiplatelet regimen to combat cancer was
first experimentally supported in 1968, when Gasic et al. found that
neuraminidase–induced thrombocytopenia resulted in reduced experi-
mental metastasis [29]. Later, the effects of pharmacological inhibition
of platelet aggregation by aspirin [30] and of other antiplatelet stra-
tegies [9,21] on cancer spread were investigated, and many were
shown to decrease cancer progression and metastasis (see Table 2).
These strategies included inhibition of glycoprotein platelet receptors
GPIIb/IIIa, P-selectin [31,32], GPIbα [33] and GPVI [34]; selective
inhibition of platelet storage granule release [35]; the use of ADP
P2Y12 receptor antagonists [26]; prostacyclin receptor agonist [36];
thromboxane receptor antagonists [37]; thromboxane synthase inhibi-
tion [38]; 12 –lipoxyganase inhibitor [39]; heparins and other thrombin
inhibitors [40]; and PAR-1 receptor antagonists [41]. Furthermore,
detergent–extracted modified human platelets (platelet decoys) that
retained platelet binding functions but were incapable of functional
aggregation also inhibited metastasis, suggesting that antithrombotic
and antimetastatic effects are closely linked [42].

4. Emerging evidence for the lack of anticancer effects or even
detrimental effects of antiplatelet treatment in cancer

Mounting experimental evidence has documented the involvement
of platelets in the promotion of cancer progression, and resulted in a
rather accepted view of platelet inhibition as a promising strategy to
combat cancer. However, in recent years, data have been gathered from
a number of experiments showing neutral or even negative effects of
anticancer or antimetastatic strategies based on platelet inhibition
(Table 2).

4.1. Aspirin

As early as the antimetastatic effectiveness of aspirin was evidenced
by Gasic et al., this effect was already questioned by his contemporaries
[55]. Recently, a study elegantly demonstrated that inhibition of pla-
telet COX-1-derived TXA2 by aspirin effectively reduced metastasis only
when aspirin was applied in the intravascular phase of cancer, but the
treatment was not effective when aspirin was administered in the ex-
travasation or extravascular phases of metastasis [44]. These results
underscore the link between the antimetastatic effect of aspirin and the
acute inhibition of TXA2-induced intravascular inflammation associated
with cancer spread, simultaneously questioning the long–term anti-
cancer efficacy of aspirin.

Indeed, although initial evidence from clinical studies suggested
that aspirin prevented cancer metastasis [45–47], this issue raised some
doubts later [50–52] and is currently being tested in the on-going ADD-
ASPIRIN Trial [56]. Moreover, the results of the recent Aspirin in Re-
ducing Events in the Elderly (ASPREE) trial revealed that long–term
platelet inhibition with low–dose aspirin in healthy older adults was
associated with a significantly increased number of cancer–related
deaths [1]. The latter data are especially alarming since aspirin has
been already recommended for primary prevention of colorectal cancer
in healthy adults older than 76 years [57].

4.2. Thrombin inhibitors and PAR-1 antagonists

In an experimental study, Niers et al. demonstrated that mice
treated with ximelagatran (a direct reversible thrombin inhibitor) or
hirudin (a bivalent direct thrombin inhibitor) for seven consecutive
days up to 24 h before intravenous injection of melanoma cells

Table 1
Selected platelet-dependent mechanisms favoring cancer progression.

Platelet-derived factor/platelet receptor Mechanism(s) of action References

Transforming growth factor β1 (TGFβ1) Downregulation of NK cell anti–tumor reactivity, activation of epithelial–mesenchymal transition (EMT), primary tumor
growth

[8–10]

ATP Triggering endothelium permeability by activation of P2Y2 receptor on endothelial cells, induction of EMT and
chemoresistance

[16,23]

ADP Promotion of tumor cell survival via favoring the formation of platelet–tumor cell aggregates, activation of EMT and
chemoresistance, activation of VEGF release, increase in vascular permeability

[10,23]

Integrin α6β1 Supporting platelet adhesion to various types of cancer cells via metalloproteinase domain–containing protein 9
(ADAM9)

[17]

Toll-like receptor 4 (TLR4) Supporting platelet–tumour cell interaction via high-mobility group box1 (HMGB1) released by cancer cells [18]
Lysophosphatidic acid (LPA) Increasing tumor invasiveness and vascular permeability via proximal CD97-LPAR heterodimer signaling, increasing

tumor cell proliferation and secretion of pro-inflammatory IL-6 and IL-8
[19,24]

clusterin Promotion of cancer invasiveness by upregulation of metalloproteinase 9 (MMP9) expression in cancer cells [20]
Trombospondin-1 Promotion of cancer invasiveness by upregulation of MMP-9 expression in cancer cells [20]
Vascular endothelial growth factor

(VEGF)
Activation of angiogenesis and increase in vascular permeability [10]

Glycoprotein VI (GPVI) Upregulating expression of cyclooxygenase 2 (COX-2) and EMT markers in cancer cells via interacting with galectin 3
containing collagen–like domain on cancer cells

[25]

Platelet purinergic receptor P2Y12 Supporting primary tumor growth [26]
GPIIb/IIIa, GPIb-IX-V P-selectin Favoring platelet adhesion to cancer cells and formation of tumor cell–platelet aggregates [10]
Thromboxane A2 (TXA2) Promotion of tumor cell survival in the circulation via favoring formation of platelet–tumor cell aggregates [10]
Chemokines CXCL5 and CXCL7 Recruitment of granulocytes to tumor cells and formation of early metastatic niche [27]
Protease-activated receptor (PAR-1) Selective release of pro-angiogenic VEGF with simultaneous suppression of antiangiogenic endostatin release from

platelets, increase in vascular permeability
[28]
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displayed significantly more pulmonary metastases compared with
control and acute one-dose or uninterrupted short (up to 24–h) treat-
ment [40]. These results show that long–term inhibition of thrombin
negatively affected metastatic spread and the authors ascribed the in-
creased metastatic loads to more effective extravasation of cancer cells,
though without mechanistically–oriented studies that would explain
these findings. Clinically, safety monitoring of the PAR-1 antagonist
vorapaxar use in cardiovascular patients in the Thrombin Receptor
Antagonist for Clinical Event Reduction in Acute Coronary Syndrome
(TRACER) trial also revealed a significant excess of solid cancers [2].

4.3. P2Y12 receptor antagonists

Some alarming data have been also recently gathered from cardio-
vascular patients participating in the Dual Antiplatelet Therapy (DAPT)
trial. They were treated with the platelet purinergic receptor antago-
nists prasugrel or clopidogrel on top of aspirin for 12 and 30months,
and the longer treatment increased incidence of cancer deaths [2].
These data confirmed the earlier results of the TRITON trial (prasugrel
vs clopidogrel) that also reported an increased number of cancer deaths
following the treatment [2]. Notably, the deleterious effects of platelet
inhibition with P2Y12 antagonists in the DAPT trial were particularly
observed in cases of prolonged treatment and were more prominent in
cases of a more potent platelet P2Y12 receptor antagonist. Based on
these results indicating a possible cancer–favoring effects of potent and
long–term antiplatelet regimens in patients with cardiovascular dis-
eases, the authors suggested that more delicate platelet inhibition (i.e.,
aspirin alone) or, possibly, shorter exposure to dual oral antiplatelet
agents should be used [2].

In our recent experimental study we showed that clopidogrel used
on top of aspirin increased breast cancer malignancy in mice [53]. In-
terestingly, the substitution of the irreversible P2Y12 antagonists pra-
sugrel or clopidogrel with their reversible counterpart ticagrelor on top
of aspirin was not associated with substantially increased risk of cancer
death as compared to prasugrel or clopidogrel [58]. Therefore, based on
current evidence, prolonged DAPT in patients should be rather based on

ticagrelor and aspirin as an effective therapy reducing the number of
cardiovascular events and, at the same time, being safe as regards the
cancer risk (PEGASUS-TIMI 54 trial).

4.4. In search of the mechanism(s) underlying negative effects of
antiplatelet and anti-thrombotic drugs on cancer progression

The mechanisms of the possible cancer–promoting effects of these
antiplatelet and antithrombotic strategies have not been explained. The
results suggest that targeting platelets for cancer treatment still re-
presents a challenge and we need a better understanding of the me-
chanisms controlling metastasis to develop specific antiplatelet thera-
pies to impede cancer spread without possible unwanted side effects.

Especially puzzling are the results suggesting paradoxical prome-
tastatic effects of vorapaxar and ximelagatran, as it is well known that
cancer cells increase thrombin generation [59], promoting plate-
let–cancer cell interactions and disrupting the endothelial barrier via
PAR-1 receptor signaling. However, it has been reported that low doses
of thrombin elicit the opposite barrier–protective effect via throm-
bin–dependent activation of protective activated protein C signaling
through PAR1-dependent sphingosine 1-phosphate receptor-1 (S1P1)
crossactivation [60,61]. Thrombin–dependent protection of the en-
dothelial barrier can be also elicited by activation of thrombin receptor
PAR-4 expressed on platelets [62,63] leading to selective release of
antiangiogenic endostatin (without an effect on proangiogenic VEGF
release) [28,64]. Therefore, paradoxically, inhibition of thrombin
generation or PAR-1 antagonism by antiplatelet agents can negatively
affect endothelial barrier function. Furthermore, inhibition of platelets
by antiplatelet agents can inhibit platelet–dependent mechanisms
maintaining endothelial barrier function in the cancer inflammatory
microenvironment, recently referred to as inflammation-associated
hemostasis [65–68]. In fact, it is tempting to speculate that long-term
inhibition of platelet-dependent mechanisms maintaining endothelial
barrier integrity might paradoxically favor metastatic spread, as the
endothelial barrier and endothelial NO–dependent function represent
key elements of cancer cell extravasation and formation of metastases

Table 2
Effects of antiplatelet therapy on cancer progression.

Therapeutic target Antiplatelet approach References

INHIBITION OF CANCER PROGRESSION BY ANTIPLATELET/ANTITHROMBOTIC REGIMEN
Thrombin Hirudin, dabigatran etexilate nadroparin, Succ-100-LMWH [40,43]
Platelet COX-1 Aspirin [30,44–47]
Thrombocytopenia Neuraminidase, antibody–mediated platelet depletion [29,31]
GPIIb/IIIa Function blocking by Fab antibody fragment [31]
P-selectin P-selectin knockout mice [31]
GPIbα Function blocking by antibody [33]
GPVI Function blocking by F(ab)2 [34]
Platelet purinergic receptor P2Y12 Ticagrelor, P2Y12 knockout mice [26]
PGI2/iloprost Platelet inhibition with endogenous platelet inhibitor prostacyclin (PGI2) or its stable analog [36,37]
TXA2 1-(7-carboxyheptyl)imidazole, TBXAS1 (thromboxane A2 synthase) knockdown mice [37,38]
PAR-1 PAR-1 (protease-activated receptor-1) knockdown mice [41]
Platelet decoys Detergent-extracted modified human platelets that retained platelet binding functions but were incapable of functional

activation and aggregation
[42]

NEUTRAL EFFECT OF ANTIPLATELET/ANTITHROMBOTIC REGIMEN
Thrombin Dabigatran etexilate, rivaroxaban [48,49]
Platelet COX-1 Aspirin [44,50–52]
GPVI Antibody-mediated blockade [31]
Platelet purinergic receptor P2Y12 P2Y1 knockout mice [26]

PROMOTION OF CANCER PROGRESSION BY ANTIPLATELET/ANTITHROMBOTIC REGIMEN
Platelet purinergic receptor P2Y12 Clopidogrel and prasugrel on top of aspirin [2,53]
Thrombin Ximelagatran, hirudin [2,40]
PAR-1 Vorapaxar [2]
Platelet COX-1 Aspirin [1,51]
Thrombocytopenia Tpo (thrombopoetin) knockout mice [54]
GPIbα Function blocking by Fab antibody fragment [31]
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in the targeted organ [69,70]. Similarly, inhibition of platelet–depen-
dent mechanisms might also impair the microvasculature of the pri-
mary tumor and promote intravasation of cancer cells [71]. Impairment
of these protective platelet–dependent mechanisms may explain some
of the detrimental effects of antiplatelet strategies on metastatic spread
reported in the literature. Furthermore, it may well be that, depending
on the environment (local or bloodstream), the consequences of the
interactions between platelets and tumor may promote or prevent
cancer progression [72].

5. Protective role of platelets in maintenance of endothelial
barrier integrity

Platelets support the integrity of the endothelial barrier by the
constitutive release of a plethora of mediators stabilizing adherens
junctions between the neighboring endothelial cells and preventing
extravasation of erythrocytes into the surrounding tissues, such as
platelet factor 4 (PF-4), endostatin, or thrombospondin-1 (TSP-1)
[65,67,73]. This facet of platelet function is less stressed in the litera-
ture than is the ability of platelets to release factors increasing en-
dothelium permeability such as vascular endothelial growth factor
(VEGF), IL-1β or serotonin [74–76]

The importance of platelets in maintaining the endothelial barrier
has first been recognized in patients with immune thrombocytopenia
[65] (also known as idiopathic thrombocytopenic purpura (ITP)). This
disease features spontaneous bleeding into the skin that results in a
characteristic petechiae due to postcapillary venular extravasation of
red blood cells [65]. Mechanisms of ITP have been ascribed to low
numbers of platelets, diminished production of platelet–derived factors,
and impaired trophic signaling via various endothelial receptors, such
as vascular endothelial growth factor receptor (VEGFR2), platele-
t–activating factor receptor (PAFR), tyrosine–protein kinase receptor
(Tie-2), endothelial differentiation gene 1 (EDG-1), epidermal growth
factor receptor (EGFR), brain–derived neurotrophic factor receptor
(BDNFR) [65]. Further studies have demonstrated that classical factors
increasing endothelial permeability such as VEGF, when given alone,
did not induce skin bleeding even in severely thrombocytopenic mice,
whereas induction of skin inflammation by UVB irradiation caused
cutaneous petechiae in thrombocytopenic patients but not in control
subjects [77] pointing to the important role of platelets in preventing
bleeding in inflamed organs [78].

In fact, the important pathophysiological context for the role of pla-
telets in preventing bleeding has been linked to inflammation–associated
hemostasis, whereby platelets coordinate a host defense, serving as
gatekeepers of the vascular wall and protecting the endothelial barrier
against leaks, subsequent bleeding and excessive inflammatory damage
[66]. In recent years, the ability of inflammation to induce bleeding in
thrombocytopenia has been confirmed in a variety of models of in-
flammation induced by a wide range of factors such as viruses, bacteria,
injections, immunization, immune complexes, irritants, ischemia–r-
eperfusion, and irradiation [79], underscoring the important role of
platelets in the protection of vascular integrity in inflammation, in-
dependent of the inflammatory stimulus.

5.1. Mechanisms of classical hemostasis and non-classical inflammation-
associated hemostasis

Mechanisms of classical hemostasis are based on thrombus forma-
tion under high shear stress conditions in response to vascular injury.
They are controlled by binding of the GPIb-IX-V complex on platelets to
immobilized von Willebrand factor, followed by firm platelet adhesion
mediated by direct binding of platelet GPVI and α2β1 receptors to
collagen and von Willebrand factor to platelet GPIIb/IIIa receptor [80].
Other subendothelial matrix components are also involved, including
laminin and fibronectin binding to α6β1 and α5β1 integrins, respec-
tively [81]. Signaling via the GPVI receptor induces platelet activation,

degranulation, aggregation, and procoagulant activity in response to
collagen [82], a response involving thromboxane A2 production and
ADP release from dense granules as major autocrine mechanisms re-
inforcing platelet activation. The subsequent conversion of integrin
GPIIb/IIIa to a high–affinity fibrinogen receptor [81,82] represents the
final major step in platelet aggregation and thrombus formation [83]. It
is tightly linked to phosphatidylserine (PS) exposure on the platelet
surface and assembly of the tenase and prothrombinase complex with
subsequent thrombin generation converting soluble fibrinogen into fi-
brin, as well as the induction of the anticoagulant pathway mediated by
activated protein C activity [84].

In contrast to the classical mechanisms of thrombus formation,
platelet–dependent inflammation–associated hemostasis and preven-
tion of bleeding have been shown to be mediated by GPIIb/
IIIa–independent mechanisms in a number of models, such as IgG
complex–mediated cutaneous RPA reaction [85–88], LPS–induced lung
inflammation [86,87], immunization with ovalbumin or complex
Freund’s adjuvant [89], and syngeneic tumors grafted subcutaneously
[66,68,90,91]. Furthermore, GPIbα, calcium, diacylglycerol–regulated
guanine nucleotide exchange factor I [85], and G protein-coupled re-
ceptors (GCPRs) [86] are also not involved in the maintenance of pla-
telet–dependent inflammation–associated hemostasis.

The major mechanism regulating non–classical platelet–dependent
inflammation–associated hemostasis has been identified to depend on
signaling from platelet immunoreceptor tyrosine activation motif
(ITAM) –containing receptors [66,86]. As reviewed by Lee and Berg-
meier [92], the group of ITAM–containing receptors in mice comprises
CLEC-2 and Fcγ- chain receptors (the latter is functionally associated
with the classical collagen receptor glycoprotein GPVI). Human plate-
lets express an additional ITAM receptor:Fcγ RIIA. Podoplanin has been
considered for a long time as the only known endogenous receptor for
CLEC-2 although recently S100A13 expressed by vascular smooth
muscle cells has also been found to bind platelet CLEC-2 [93] while
collagen and fibrin are well-known ligands for GPVI.

The mechanisms by which platelets limit bleeding and preserve
endothelial barrier integrity in inflammation seem to be stimulus– and
organ–dependent [76]. They involve GPVI and CLEC-2 in the skin as
well as GPVI, CLEC-2, and GPIb in the lungs and the ischemic brain
[87]. Involvement of GPIIb/IIIa integrin and platelet secretion from α
and dense granules has also been shown to prevent bleeding in various
models of inflammation [87]. It is worth noting that platelet CLEC-2
also protected organs from the injury exerted by infiltrating in-
flammatory cells in sepsis [94] and, thus, CLEC-2-dependent mechan-
isms could hamper monocyte recruitment, lung injury, and, conse-
quently, increased pulmonary permeability during cancer metastasis
[95]. To add to the complexity of mechanisms governing platelet–de-
pendent inflammation–associated hemostasis, these signaling pathways
might simultaneously regulate other processes, for example, by exerting
anti–inflammatory action as shown for the CLEC-2/podoplanin axis
[96] or anticoagulant action as shown for PF4 [97]. It was surprising to
find out in the literature that the mechanisms regulating in-
flammation–associated hemostasis seem to be also involved in the
platelet–cancer cell interactions and classical thrombosis. For instance,
the ITAM motif–containing CLEC-2/podoplanin pathway, identified as
a major pathway limiting inflammation–associated bleeding [89], is
also involved in classical thrombosis, as CLEC-2–deficient mice and
inhibition of podoplanin have been shown to limit the number of
thrombotic events [98]. Furthermore, podoplanin expressed on cancer
cells and CLEC-2/podoplanin interactions have been shown to stimulate
cancer progression [99,100]. Similarly, ITAM motif–containing platelet
GPVI, also involved in inflammation–associated hemostasis [34,88],
additionally plays a classical role in thrombosis [101] and stimulation
of cancer growth and spread via its binding to galectin 3 expressed on
tumor cells [11].

Initially, platelet–dependent mechanisms involved in in-
flammation–associated hemostasis were suggested to be distinct from
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the classical mechanisms regulating platelet aggregation and thrombus
formation [66]. However, recent data indicate that platelet–dependent
mechanisms governing platelet aggregation and thrombus formation
(classical hemostasis) and those of non–classical hemostasis depending
on CLEC-2 are rather interlinked than distinct [102]. If so, targeting
platelet aggregation and thrombus formation by antiplatelet regimens
in cancer might simultaneously impair platelet–dependent non–-
classical inflammation–associated hemostasis.

6. Endothelial barrier integrity and cancer cell intravasation in
the primary tumor and extravasation in the metastatic organ

The endothelial barrier is crucial for controlling the rates of cancer
spread both in primary tumors and in metastatic organs. The metastatic
process starts from losing tumor cell–cell adhesion capacity and
changes in the tumor cell–matrix interactions. During this step, cancer
cells downregulate E-cadherin expression and activate mechanisms al-
lowing for degradation of the extracellular matrix (e.g., metalloprotei-
nases, proteolytic urokinase–type plasminogen activator system) [103].
To form distant metastases, cancer cells must cross the endothelial
barrier twice, firstly entering the circulation in the primary tumor
(intravasation) and secondly leaving the bloodstream at the metastatic
site in the process of extravasation via transendothelial or paracellular
routes [104]. Both processes are tightly linked to local vascular in-
flammation in the primary tumor and the metastatic organ, as well as
with systemic inflammation [105,106]. Therefore, it is tempting to
speculate on the important role of platelets in the maintenance of en-
dothelium integrity in the pathophysiological context of intravasation
and extravasation of cancer cells (Fig. 1B).

6.1. Platelets and endothelial barrier integrity in the primary tumor

As regards the primary tumor, it has been shown that thrombocy-
topenia consistently results in massive bleeding in the surroundings of
the tumor, without affecting vascular integrity elsewhere [90,107].
This suggests that its dysfunctional microvasculature with an in-
flammatory microenvironment might be particularly prone to defi-
ciency of the platelet–dependent safeguarding role and maintenance of
the endothelial barrier. Indeed, platelet–derived factors have prevented
β2 and β3–dependent macrophage and neutrophil infiltration into the
primary tumor as well as destruction of the primary tumor vasculature
[90,91]. Similarly, it has been recently shown that blocking of platelet
GPVI function increased intratumor bleeding [34]. In addition, we have
also shown that pharmacological platelet inhibition by the combination
of aspirin and clopidogrel promoted dysfunction of the primary tumor
vasculature triggering induction of vascular mimicry which increased
cancer malignancy [53]. In this study, an antiplatelet regimen resulted
in lower expression of eNOS and higher expression of Ang-2 in the
primary tumor in response to platelet inhibition, in line with the
emerging role of platelets in the regulation of the vascular network of
the malignant tissue [66,90].

6.2. Platelets and endothelial barrier integrity in metastasis to the lungs

In contrast to the accumulating evidence on the platelet–dependent
regulation of endothelial barrier integrity in the primary tumor vascu-
lature affecting cancer cell intravasation, less is known about the me-
chanisms involved in the regulation of cancer cell extravasation in the
metastatic organ. Obviously, the mechanisms of extravasation are or-
gan–specific to some extent. It could well be that the protective role of
platelets is of particular importance in the regulation of metastasis to
the lungs since thrombocytopenia significantly increases pulmonary
vascular permeability, reversed by restoring the circulating platelet
population [108].

Adhesion of cancer cells to the pulmonary endothelium, followed by
extravasation and subsequent colonization of the lungs [109,110],

involves many cross–talk mechanisms between cancer cells, platelets,
and leukocytes in heterocellular aggregates. Early pulmonary en-
dothelial dysfunction, characterized by impaired NO–dependent func-
tion and increased endothelial permeability, also involves glycocalyx
disruption and endothelial inflammation [106,111]. Altogether, the
major mechanisms of early pulmonary metastasis involve tumor–-
induced host pulmonary endothelial response and increased endothelial
permeability associated with the pro–thrombotic response of platelets
and activation of leukocytes [112–114]. Thus, targeting cancer cel-
l–induced local endothelial barrier dysfunction in the metastatic organ
preceding metastatic spread could be an effective strategy to prevent or
lower metastasis rates at an early stage of cancer, while factors that
impair the endothelial barrier should be inhibited as they favor me-
tastasis.

Good examples supporting the central role of the endothelial barrier
in metastasis come from studies showing that atrial natriuretic peptide
[115,116] and vasculotide [117] not only limited an increase of en-
dothelial permeability but also decreased metastasis. On the other
hand, inhibition of NO production intensified endothelial permeability
both in vitro [118] and in vivo [119] indicating that NO is one of the
important players regulating endothelial barrier integrity in addition to
prostacyclin and the cAMP–mediated pathway [120]. Similarly, co-
operation between NO and PGI2 plays an important role in the en-
dothelial–dependent regulation of platelet activity [121].

Determination of the decisive factors maintaining the endothelial
barrier in a metastatic organ – which involve multiple en-
dothelial–dependent mechanisms far beyond NO and PGI2-depedent
regulation as well as multiple blood cell–dependent mechanisms other
than those linked to platelet–cancer cells interactions – represents a
fundamental challenge to develop novel treatment strategies to prevent
metastasis. In this context, it seems possible that platelet–dependent
mechanisms of inflammation-associated hemostasis play a role in the
maintenance of endothelial barrier function in the metastatic organ,
and impairment of these mechanisms favors metastatic spread, parti-
cularly to the lungs, with pulmonary vascular permeability regulated by
platelets [108].

7. Conclusions

The well–known role of platelet adhesion, aggregation, and
thrombus formation in the promotion of cancer growth and spread has
been widely investigated since the 1960s as a possible therapeutic
target to reduce dissemination of cancer cells. In contrast still little is
known about the vital role of platelets in maintenance of the en-
dothelial barrier in the primary tumor and metastatic organ. Although
initially the classical mechanisms of thrombosis and hemostasis were
thought to be distinct from mechanisms of inflammation–associated
hemostasis, they seem to be interlinked. Thus, at the current stage of
knowledge, it is uncertain whether long-term anticancer or antimeta-
static therapy based on the inhibition of platelet–dependent thrombotic
mechanisms supporting cancer would not impair simultaneously the
endogenous platelet–dependent mechanisms preserving endothelial
barrier function leading to increased endothelial permeability and more
efficient cancer cell intravasation in the primary tumor and their ex-
travasation at metastatic sites. Clearly, the consequences of the activity
of platelets may depend on the local environment, showing detrimental
or protective effects on cancer progression [72]. In conclusion, efficient
targeting of platelets to combat cancer requires better understanding of
the platelet–dependent mechanisms involved in the preservation of the
endothelial barrier (Fig. 1B) as compared with those of platelet–cancer
cell interactions favoring metastasis (Fig. 1A) in order to target the
latter mechanisms selectively.
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