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Summary. Platelets can contribute to tumor progression

and metastasis. Cancer patients are at increased risk of

thrombosis, and advanced stages of cancer are associated

with thrombocytosis or increased platelet reactivity. Tyro-

sine kinase inhibitors (TKIs) are widely used as a targeted

strategy for cancer treatment, with the aim of prolonging

progression-free survival of the patients. Because of their

broad kinase target spectrum, most TKIs inevitably have

off-target effects. Platelets rely on tyrosine kinase activity

for their activation. Frequently observed side effects are

lowering of platelet count and inhibition of platelet func-

tions, whether or not accompanied by an increased bleed-

ing risk. In this review, we aim to give insights into: (i) 38

TKIs that are currently used for the treatment of different

types of cancer, either on the market or in clinical trials;

(ii) how distinct TKIs can inhibit activation mechanisms

in platelets; and (iii) the clinical consequences of the anti-

platelet effects of TKI treatment. For several TKIs, the

knowledge on affinity for their targets does not align with

the published effects on platelets and reported bleeding

events. This review should raise awareness of the poten-

tial antiplatelet effects of several TKIs, which will be

enhanced in the presence of antithrombotic drugs.

Keywords: cancer; platelets; signaling; therapy; tyrosine

kinase inhibitor.

Introduction

Human blood platelets are required for hemostasis, and

also contribute to pathological thrombosis [1]. Platelets

normally circulate in the blood at a concentration of 150–
450 9 109 L�1, with a lifespan of ⁓ 10 days. Thrombocy-

topenia, defined as a platelet concentration below which

bleeding risks increase, is defined as a count of

< 50 9 109 L�1. By implication, only a fraction of the

normally circulating platelets seems to be required for

proper hemostasis, as could be demonstrated in mice [2].

Hence, the majority of circulating platelets are likely to

contribute to other physiological processes, which can

include maintenance of vascular integrity, tissue repair,

immune responses, and infection prevention. The exis-

tence of different populations of platelets, primed by their

environment [3], may even suggest a certain degree of spe-

cialization in these functions. Considering the ‘overload’

of circulating platelets, it is not a surprise that these anu-

cleate cells also contribute to pathological processes,

including cancer.

It is well known that cancer patients are at increased

risk for thrombosis [4], and that advanced stages of can-

cer are associated with increased platelet reactivity [5].

Recent studies have also suggested that the growth factor

composition and even the RNA profile of platelets can

change because of the presence of cancer [6,7]. Also,

malignancy can lead to thrombocytosis (elevated platelet

count), which is regarded as a negative predictor of sur-

vival [8]. The suggested mechanism is enhanced platelet

formation by megakaryocytes, resulting from tumor-

derived interleukin-6 production and high thrombopoietin

production in the liver [9]. This points to a cycle of

tumor-induced platelet formation and activation, followed

by growth factor release and tumor promotion and

metastasis. This reciprocal interaction between platelet

activation and tumor growth has recently been reviewed

by others [10]. The model proposed in 2000 is that tumors

secrete chemokines that recruit blood cells, including pla-

telets, and thus promote the process of angiogenesis, i.e.

the formation of new blood vessels from pre-existing ves-

sels, in order to secure tumor development and metastasis

[11]. Platelets contain numerous proangiogenic (as well as

antiangiogenic) molecules in their a-granules, which are

either synthesized by megakaryocytes in the bone marrow

or are taken up via endocytosis [12].
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In the majority of cancers, oncogene-encoded proteins

or growth factor receptors are amplified or mutated,

which either carry intrinsic tyrosine protein kinase activity

or control both tyrosine and serine/threonine kinases in

the downstream signaling pathways. Accordingly, abnor-

mal protein kinase activity is considered to be a hallmark

of tumor biology [13], resulting in altered cell prolifera-

tion, survival, motility, metabolism, and angiogenesis, as

well as evasion of immune responses [14]. This insight has

prompted the search for tyrosine kinase inhibitors (TKIs)

as targeted therapeutic drugs in oncology.

Protein tyrosine kinases are classified into the receptor-

linked tyrosine kinases, e.g. the vascular endothelial

growth factor (VEGF) and platelet-derived growth factor

(PDGF) receptors, and the cytosolic non-receptor kinases,

such as Src family kinases (SFKs), Syk, and Btk. In

tumors, gain-of-function mutations are often seen in the

genes encoding tyrosine kinases, resulting in constitutively

active proteins. Examples of such aberrant oncoproteins

are BCR–ABL and NPM–ALK. These are encoded by

fusion genes that originate from reciprocal translocation

of genetic material between two chromosomes, resulting

in proteins that are ‘always on’, and leading to uncon-

trolled cell division. In the past 15 years, almost 40 TKIs

have been developed and approved for cancer treatment

(Table 1). In most cases, these are small molecules with

relatively high affinity for the so-called targeted kinases,

but often with similar affinities for other tyrosine kinases.

As many of these tyrosine kinases are also expressed in

non-proliferative cells, including platelets, TKIs can

clearly have relevant off-target effects.

Blood platelets are unable to proliferate or differenti-

ate, but show high tyrosine kinase activities in compar-

ison with other cell types. In platelet activation, tyrosine

phosphorylation is one of the key signal transduction

mechanisms. As described below, non-receptor tyrosine

kinases are activated by the collagen receptor glycopro-

tein (GP) VI, C-type lectin-like receptor 2 (CLEC-2), von

Willebrand factor (VWF) receptor, GPIb–IX–V, and

adhesion-regulating integrins [15,16]. In this review, we

aim to give insights into: (i) the TKIs that are currently

used for the treatment of different types of cancer, either

on the market or in clinical trials; (ii) how distinct TKIs

can inhibit activation mechanisms in platelets; and (iii)

the clinical consequences of the antiplatelet effects of TKI

treatment.

Cancer treatment with TKIs

TKIs are defined as pharmaceutical drugs that inhibit tyr-

osine kinases. The majority of TKIs that are currently in

use are small molecules that can cross the cell membrane.

Their common mode of action is competition with ATP

in the conserved catalytic binding site in the superfamily

of (non)-receptor tyrosine kinases. Because of the compa-

rable structures of the catalytic pockets of tyrosine

kinases, TKIs often target multiple kinases that play roles

in several signaling pathways. At present, ⁓ 40 drugs with

TKI activity have been approved by the USA Food and

Drug Administration, or have entered clinical trials for

anticancer treatment (Table 1).

On the basis of their precise action, TKIs can be classi-

fied into four categories [17]. Type I inhibitors target the

active conformation of the kinase, and compete with the

ATP-binding site (e.g. sunitinib). Type II inhibitors

instead recognize the inactive conformation, and thereby

indirectly compete with ATP by occupying a hydrophobic

pocket near the ATP-binding site. Accordingly, type II

inhibitors are considered to modify the kinase activity in

an allosteric manner (e.g. imatinib and sorafenib).

Type III inhibitors are the so-called allosteric inhibitors.

These bind more distantly from the ATP-binding site,

and inhibit kinase activity via classical allosteric interfer-

ence (e.g. MEK1 inhibitors such as selumetinib). Type IV

inhibitors are also known as covalent inhibitors, forming

an irreversible covalent bond near the active site of the

kinase, usually by reacting with a cysteine. This blocks

the binding of ATP and prevents activation of the kinase

(e.g. ibrutinib and vantedanib).

Although they are directed against specific targets,

almost all TKIs affect multiple kinases. Table 1 provides

an overview of the currently used TKIs that are prescribed

for different types of cancer, together with their target

kinases in tumor cells. The majority of the drugs are tar-

geted at receptor tyrosine kinases for growth factors (epi-

dermal growth factor [EGF], fibroblast growth factor,

PDFG, and VEGF) or for differentiation/proliferation

factors (FLT, FMS, Kit, and Ret). Several of the drugs

also target intracellular tyrosine kinases (ABL, B-Raf, Btk,

Itk, MEK, SFKs, and Syk). Although affinities for individ-

ual kinases will differ, essentially all TKIs have more or

less broader efficacy, which in some cases is intentional.

For instance, both VEGF and PDGF are known to be

important in tumor angiogenesis. Sunitinib, which blocks

signaling via both types of receptor, will thus have a

broader spectrum of action spectrum vatalanib, which tar-

gets only VEGF receptors [18]. In general, the use of TKIs

for the treatment of specific tumors depends on the affinity

for the targeted kinases [19] and the pharmacokinetics at

the indicated dosages and with treatment regimens [20]

(Table 1). As far as is understood, the ultimate specificity

is not strongly correlated with chemical structure or the

subfamily of the targeted kinase [18].

Receptor-linked tyrosine kinases are also abundantly

expressed in non-tumor cells, and treatment with TKIs

will inevitably have off-target effects, thus interfering with

the normal function of non-diseased cells and tissues.

This can explain the side effects of treatment, varying

from general complications such as fatigue, diarrhea, and

nausea, to specific complications such as hand–foot syn-

drome [21]. In spite of drug-to-drug variations, many

TKIs can cause skin toxicity, even in > 50% of patients

© 2018 International Society on Thrombosis and Haemostasis
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[22]. For antiangiogenic TKIs, ‘blood-related’ side effects

have been reported, such as hypertension, myelosuppres-

sion, and bleeding [23]. Incidentally, on-treatment cardio-

vascular events have also been reported, e.g. linked to

affected vascular integrity of the endothelium [24]. TKI

effects on the vessel wall comprise endothelial dysfunction

and increased capillary leakage [25], which may con-

tribute to an increased bleeding tendency. Paradoxically,

drugs affecting the integrity of endothelial cells can shift

the hemostatic balance in favor of thrombosis; this may

explain why treatment with specific TKIs has been associ-

ated with an increase in arterial thromboembolic events

in cancer patients [25,26].

Despite the clinical benefits of the prescribed TKIs,

some of the patients who initially respond to the therapy

experience a relapse, e.g. because of acquired drug resis-

tance of the tumor [14]. In such cases, the treatment

schedule is adjusted or a switch is made to an alternative

TKI as a second-line or third-line treatment (Table 1). In

specific cases, several TKIs can be combined for effective

blockade of one or two signaling pathways [14,21]. Fur-

thermore, chemotherapy or radiation therapy can be com-

plemented with TKI treatment [13].

Protein tyrosine kinases implicated in platelet activation

A global overview of platelet tyrosine kinase signaling

underneath several receptors, as well as the downstream

platelet responses, is given in Table 2.

GPVI signaling Collagen-induced platelet activation is

established via the tyrosine kinase-linked receptor GPVI,

which is a member of the immunoglobulin superfamily.

GPVI is linked to the Fc receptor c chain (FcRc), which
contains two immunoreceptor tyrosine-based activation

motifs (ITAMs) that require phosphorylation to mediate

platelet activation [27]. Ligand binding and dimerization

of the GPVI–FcRc complex leads to activation of the

SFK isoforms Src, Fyn, and Lyn, which, in turn, phos-

phorylate the FcRc ITAM tyrosine residues to recruit

and phosphorylate Syk [1,28]. The tyrosine kinases SFK

and Syk also phosphorylate downstream targets, includ-

ing the transmembrane adapter linker for activated T cells

(LAT) and Src homology 2 domain-containing leukocyte

phosphoprotein (SLP76). The consequence is the forma-

tion of a large signaling complex, including LAT, SLP76,

Btk, isoforms of phosphoinositide 3-kinase (PI3K), and

Tec family kinases [29]. A key downstream event is the

phosphorylation and activation of the second messenger-

generating phospholipase (PLC) c2, resulting in Ca2+

mobilization and protein kinase C activity. Further

responses are integrin activation, thromboxane A2 release,

granule secretion, and phosphatidylserine exposure.

CLEC-2 signaling A similar powerful activation path-

way of platelets is induced via CLEC-2, a C-type lectin

receptor that also acts through tyrosine phosphorylation.

Known ligands of this receptor are podoplanin (ex-

pressed in tumor tissue, among other tissues) and the

snake venom rhodocytin. Signaling occurs through a so-

called hem-ITAM motif [30]. The clustering of CLEC-2

induces events that are more or less similar to those

described for GPVI. Starting with the tyrosine phospho-

rylation of SFK and Syk, a signaling complex including

Tec family tyrosine kinases is formed, resulting in PLCc2
and PI3K activation. The consequences are, again, inte-

grin activation, granule release, and thromboxane A2

production [30].

GPIb–IX–V signaling Interaction of VWF with the

GPIb–IX–V receptor is one of the first steps in platelet

tethering and adhesion under shear flow [1]. This interac-

tion causes only weak signaling, e.g. leading to restructur-

ing of the actin cytoskeleton, with, under certain

conditions, phosphorylation of SFKs (Src, Fyn, and Lyn)

and activation of PI3K isoforms [1]. Integrin aIIbb3 acti-

vation and platelet spreading result from this.

Integrin-dependent signaling Platelet integrins, in partic-

ular aIIbb3, a2b1, and avb3, regulate adhesion, aggrega-

tion, and thrombus formation [28]. Especially regarding

integrin aIIbb3 (ligands: fibrinogen, VWF, and other

matrix proteins) much research has been performed on

the outside-in signaling events triggered by the occupied,

activated conformation. Several tyrosine kinases are

implicated in this signaling pathway, including FAK,

Pyk2, Src, SLP76, and Syk [29,31].

Effects of TKIs on platelet function

Tyrosine kinases are targeted by TKIs as a treatment for

cancer, their most important effect being the prolongation

Table 2 Protein tyrosine kinases implicated in platelet activation

responses: global overview of tyrosine kinases implicated in signaling

via key platelet receptors, as well as downstream platelet responses.

Summarized from [1,16,28,30]

Receptor

Signaling tyrosine kinases

Platelet responseSFK Other

GPVI Src, Fyn, Lyn,

Fgr

Btk, Syk, Tec Ca2+ mobilization,

integrin activation,

degranulation

CLEC-2 Src, Fyn, Lyn Btk, Syk, Tec Ca2+ mobilization,

integrin activation,

degranulation

GPIb–IX–V Src, Fyn, Lyn Btk Integrin activation

Integrin

aIIbb3

Src, Fyn, Lyn FAK, Syk,

SLP76, Pyk2

Spreading,

outside-in signaling,

clot retraction

CLEC-2, C-type lectin-like receptor 2; GP, glycoprotein; SFK, Src

family kinase; SLP76, Src homology 2 domain-containing leukocyte

phosphoprotein.
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of progression-free survival. Given the presence of on-tar-

get or related off-target tyrosine kinases in megakary-

ocytes and platelets, it is to be expected that several TKIs

will interfere with platelet formation and/or platelet acti-

vation processes.

To provide an overview, we evaluated the inhibition

profiles of TKIs (22 in total) against target protein tyro-

sine kinases that are known to be expressed in platelets

[32]. Notably, the majority of these TKIs showed rela-

tively low affinities for kinases with crucial roles in plate-

let activation processes (SFKs, Syk, Btk, MEK, and

Eph), exceptions being bosutinib, dasatinib, fostamatinib,

nintedanib, and sunitinib (Fig. 1). For such an in vitro

affinity-based analysis [18,19,33], it should be realized that

the presence of blood plasma and blood cells can pro-

foundly change the bioavailability of a TKI, apart from

its metabolic and pharmacokinetic profile. Notably,

bleeding symptoms have been reported for 11 of these

TKIs. For individual TKIs, on the basis of their known

targets, we have summarized in Table 3 which of these

targets are expressed in platelets. Furthermore, we made

an inventory of the published effects of these TKIs on

platelet responses.

Ibrutinib is a covalently acting TKI that is targeted at

Btk and Tec, which probably explains the strong effects

observed on platelets [34]. It is frequently used for the treat-

ment of mantle cell lymphoma and chronic lymphocytic

leukemia (CLL). Emerging data suggest that ibrutinib

could also be used to treat solid tumors [35], and it has been

shown to inhibit several other kinases, such as Itk, JAK3,

Hck, Blk, EGF receptor (EGFR), ErbB2, and ErbB4 [36].

Ibrutinib treatment is associated with a risk of bleeding

[34,37,38]. Being the most investigated TKI with regard to

platelets, ibrutinib has been shown to potently inhibit
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collagen-induced responses of platelets from patients

receiving treatment [39–44]. Efficient inhibition by ibrutinib

of the GPVI pathway (in response to collagen or collagen-

related peptide) has been demonstrated to proceed via

reduced PLCc2 phosphorylation [42]. In treated patients,

the suppression of collagen-induced platelet aggregation

has been shown to correlate with the occurrence of bleeding

events [42]. Subsequent studies showed that ibrutinib sup-

pressed multiple (mostly) GPVI-dependent platelet

responses, including adhesion, spreading, calcium fluxes,

secretion, phosphatidylserine exposure, and clot retraction

[40,43]. In addition, evidence was obtained for reduced

aIIbb3-dependent outside-in signaling, linked to thrombus

instability in vitro [40]. Several studies have confirmed that

Btk can act as a central target of ibrutinib in GPVI-stimu-

lated platelets, although downstream tyrosine kinases may

be affected as well [40,42,44]. In vitro, ibrutinib was found

to fully inhibit the tyrosine phosphorylation of Src and

PLCc2 [42]. Other affected events were the phosphoryla-

tion of Fyn, Lyn, Btk, Tec, and Syk [40,44]. Together, these

findings point to potent suppression by ibrutinib of the

GPVI signalosome, with the Tec family kinases as the

major targets.

The second-generation drug acalabrutinib is a more

selective and irreversible Btk inhibitor. In a clinical trial

with patients with relapsed CLL, acalabrutinib showed

promising safety and efficacy profiles, although some

minor bleeds were still reported [45]. A recent study com-

paring treatment with ibrutinib and treatment with acal-

abrutinib indicated that both compounds impaired

platelet aggregation responses after collagen receptor

stimulation [46]. Both drugs inhibited platelet Btk and

Tec at physiological concentrations, whereas only ibruti-

nib inhibited SFK isoforms. This provided an explanation

for why only ibrutinib, and not acalabrutinib, caused dys-

functional thrombus formation [46].

Imatinib, which targets the oncogenic kinase BCR–
ABL, was the first TKI developed for chronic myeloid

leukemia (CML). Imatinib is known to block Kit and

PDGF receptors, as well as Erk and Akt isoforms [47].

This TKI has been reported to cause thrombocytopenia

in 18% of the treated patients, with hemorrhages also

being reported [48]. Despite the high efficacy of imatinib,

15% of patients appear to develop clinical resistance and

relapse after initial response to therapy.

Dasatinib and nilotinib have been developed as second-

generation BCR–ABL inhibitors for the treatment of

CML. Two case reports showed that dasatinib could

induce a bleeding diathesis correlated with platelet dys-

function, which was reversed upon cessation of dasatinib

treatment [49,50]. Studies with blood from patients or

healthy subjects showed impairment of platelet aggrega-

tion by dasatinib given in vivo or in vitro [51,52]. In par-

ticular, platelet aggregation in response to collagen,

arachidonic acid and epinephrine was affected [52], along

with collagen-induced thrombus formation [51,53],

suggesting interference with GPVI signaling and other

pathways. The mechanism of dasatinib-induced inhibition

in platelets was elucidated from changes in the protein

phosphorylation profile after collagen stimulation; dasa-

tinib appeared to interfere with SFK, PLC and PI3K

activities [51]. Thrombocytopenia is a relatively common

side effect of dasatinib treatment [54]. This has been pro-

posed to be attributable to reduced megakaryocytopoiesis,

resulting in lower platelet production [55]. The combined

quantitative (via megakaryocytes) and qualitative (via sig-

naling) platelet dysfunction is most likely the reason for

the relatively high bleeding incidence in dasatinib-treated

patients. Imatinib induces less antiplatelet activity and

causes less bleeding at clinically achievable doses than

dasatinib, probably because it is less inhibitory for SFK

isoforms. On the other hand, nilotinib has been reported

to potentiate thrombus formation and increase the risk of

thrombosis [56].

Ponatinib and bosutinib are third-generation BRC–
ABL inhibitors used for the treatment of CML, and are

applicable when patients develop resistance to imatinib.

The use of ponatinib has been associated with bleeding

diatheses, along with changes in platelet count and func-

tion, which may explain the impaired hemostasis [57,58].

One study described inhibitory effects of ponatinib, ima-

tinib and nilotinib on platelet activation, secretion and

aggregation in response to collagen [57]. In this study,

ponatinib appeared to be the most potent platelet inhibi-

tor. Ponatinib increased PFA-100 closure times, probably

by suppressing ITAM signaling via several tyrosine

kinases, including Src, Lyn, Syk, and Btk [57,58]. In con-

trast, imatinib and nilotinib did not affect platelet granule

secretion, procoagulant activity, or aggregation, and only

moderately reduced the tyrosine phosphorylation of Lyn

and Btk as compared with ponatinib [57]. However,

whole blood thrombus formation was reduced by ima-

tinib and ponatinib to similar extents. For bosutinib

(which also targets Src), bleeding has also been reported

[59], although in patients it did not affect platelet aggre-

gation in response to several agonists [52]. In microfluidic

whole blood testing of platelet thrombus formation, bosu-

tinib was found to be less potent than dasatinib [53].

Overall, it appears that the BCR–ABL inhibitors used for

leukemia treatment have an inhibitory effect on platelet

functions, with the possible exception of nilotinib.

Sunitinib, sorafenib and pazopanib are multitarget

TKIs used for the treatment of renal cell carcinoma, with

the aim of inhibiting tumor angiogenesis via interference

with the receptors for VEGF and PDGF. Such multi-

arget TKIs may potentially also inhibit tyrosine kinases

present in platelets. For sunitinib and sorafenib, a meta-

analysis of 23 trials (> 6500 patients) showed an increased

incidence of bleeding events: 16.7% for all grades of

bleeding, and a 2.4% probability of high-grade bleeding

events [60]. For sunitinib, both quantitative and qualita-

tive effects on platelets have been reported. The
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compound can be taken up by platelets from healthy

donors and renal cell carcinoma patients, and hence

reduce platelet functionality in a way that depends on

protein tyrosine phosphorylation [61]. In patients receiv-

ing treatment, this is accompanied by a decrease in plate-

let count [61,62]. For sorafenib, similarly to other TKIs

used for the treatment of renal cell carcinoma, such as

pazopanib, an increased risk of bleeding has also been

observed [63], but effects on platelet function have not

been investigated.

Afatinib is used for the first-line treatment of, particu-

larly, patients with non-small-cell lung cancers [64]. It acts

as an irreversible inhibitor of EGFR and human epider-

mal growth factor receptor. An increased bleeding risk in

patients receiving afatinib has been linked to impaired

platelet function and apoptosis [65]. In particular, afatinib

impaired GPVI-induced platelet responses, including cal-

cium fluxes, integrin activation, secretion, procoagulant

activity, and platelet aggregation (Table 3). On the other

hand, thrombin-induced platelet responses were less

strongly inhibited. Further investigation showed that the

collagen-induced phosphorylation of Akt was decreased

by afatinib [65].

Cabozantinib, cediranib, dovitinib, lenvatinib, rego-

rafinib and other TKIs cotarget the receptor kinase Kit,

which acts as a receptor for stem cell factor in megakary-

ocytopoiesis, regulating platelet production. The Kit

receptor is known to signal via the SFK, PI3K, Ras–
MEK and JAK–STAT pathways [66]. In an analogous

way, the thrombopoietin receptor Mpl signals via JAK2

and Tyk2 as immediate effector kinases, resulting in the

activation of STAT isoforms [67]. For these signaling

pathways, key tyrosine kinases are also present in plate-

lets and/or megakaryocytes (Tables 2 and 3), which raises

the possibility that Kit-targeted TKIs can modulate plate-

let function as well as platelet count. So far, the signaling

effects of these TKIs on platelets have not been investi-

gated in detail. Cabozantinib treatment has been associ-

ated with a higher bleeding risk [63]. Related drugs are

ruxolitinib, pacritinib, and lesaurtinib, which also target

JAK1/2 and are usually prescribed for myeloproliferative

disorders, such as essential thrombocythemia, which is

characterized by an elevated platelet count (thrombocyto-

sis). The latter compounds appear to lower (normalize)

the concentration of circulating platelets [68], most likely

via inhibition of the thrombopoietin pathway in

megakaryocytes. However, the effects on platelet function

are still unclear. It is known that thrombopoietin potenti-

ates agonist-induced platelet activation via JAK2 and

Tyk2 signaling [69]. This indicates that this pathway is

not strong enough to induce platelet activation on its

own. Inhibition of JAK2 in platelets has been reported to

only attenuate collagen-induced responses [70].

For multiple prescribed TKIs with a broad target

range, bleeding symptoms have not been reported

(Table 1). Examples of these are fostamatinib, dovitinib,

and vantedanib, which, on the basis of their affinity pro-

files, should affect SFK and/or MEK isoforms in platelets

(Fig. 1). In these cases, additional research is needed to

verify the effects on platelet count and activation, and to

determine whether there is a bleeding risk. Summarizing

the current knowledge of TKI effects on platelet activa-

tion responses, it appears that the majority of multitarget

TKIs suppress, in particular, GPVI-induced signaling

pathways, but that they can also target kinase events

downstream of other platelet receptors. As the inhibition

of GPVI alone has been shown to prevent occlusive

thrombus formation without causing bleeding [71], it is

most likely that the targeting of pathways downstream of

additional receptors is responsible for an increased bleed-

ing risk with these compounds.

Clinical implications of platelet inhibition with TKIs

Platelets are known to interact with cancer cells in the

blood. Tumors exposed to the bloodstream can activate

platelets, and platelets can stimulate tumor angiogenesis,

growth, and metastasis. The question has been raised

of whether and how interfering in the platelet–cancer
loop via antiplatelet treatment may also influence can-

cer progression. Several studies have reported that

aspirin and P2Y12 receptor inhibitors suppress tumor

angiogenesis in vitro [72] and tumor growth in vivo [73].

A low daily aspirin intake has been associated with a

reduced risk for the development of cancer, as well as

the prevention of metastases [74]. The mechanism is not

completely resolved, but it has been shown that inhibi-

tion of platelets by aspirin decreased their ability to

stimulate cancer cell proliferation through modulation

of the Myc oncoprotein [75]. For other antiplatelet

drugs, clinical evidence of a beneficial effect on cancer

is still lacking.

Of growing interest is the recent finding that platelets

are capable of sequestering bioactive compounds from the

plasma, including growth factors [12,76,77] and RNA spe-

cies [7]. In addition, platelets accumulate the anticancer

drugs bevacizumab [78] and sunitinib (in granules) [61].

Other TKIs can also be taken up by platelets, which usu-

ally is a requirement for interaction with the intracellular

kinases. Whether these TKIs can also be secondarily

released by platelets and, perhaps, then contribute to

tumor inhibition is matter of speculation. Another consid-

eration is that uptake of TKIs by platelets (e.g. in

patients with thrombocytosis) can reduce the availability

of the compounds for tumor inhibition. On the other

hand, it is likely that a decreased aggregation tendency of

platelets (as induced by TKIs) also lowers tumor-induced

platelet activation, and thereby reduces metastasis of

tumor cells. However, the evidence for such a mechanism

is, at best indirect, and further investigation is required.

Taken these findings together, it appears that platelets

can interfere with drug effects in different ways and by
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different mechanisms, which should be taken into account

in therapeutic drug monitoring.

Application of the TKIs axitinib, dasatinib, pazopanib,

sorafenib and sunitinib – all of which may cause bleeding –
can lead to a reduction in the platelet concentration in

blood (Table 3). In cancer patients, thrombocytosis has

been associated with a worse overall prognosis than that

in patients with a normal platelet count [8,9]. In addition,

in glioblastoma patients who underwent concomitant

radiotherapy and chemotherapy, a decrease in platelet

count correlated with longer overall survival [79]. In renal

cell carcinoma patients with metastasis, a reduction in

platelet count after the start of sunitinib treatment was

associated with a better treatment outcome [62]. Although

more research is needed, these studies suggest that platelet

count can be used as one of the parameters to monitor

anticancer treatment efficacy.

Besides platelet count, platelet function can also be

affected by many TKIs, as indicated in Table 3. This sug-

gests that combined platelet count and function tests

could be used in clinical practice to assess the risk of

bleeding upon TKI treatment. For the availability of such

(point-of-care) tests, we refer to the literature [80]. In the

future, it may be possible to use flow-based assays for this

purpose. Our laboratory recently found that this method

detects additive effects of low platelet count and impaired

platelet functionality in patients with a bleeding pheno-

type [81].

It is known that cancer patients are at increased risk for

thrombosis, also referred to as Trousseau’s syndrome [82].

As a consequence, many cancer patients have a history of

cardiovascular disease and are treated with antiplatelet or

anticoagulant drugs. When additional treatment with a

TKI is started, the clinical problem of an enhanced bleed-

ing risk may arise. Another treatment issue is that some

oral anticoagulants and TKIs (e.g. ibrutinib) have a com-

mon metabolic pathway (cytochrome P450 3A4), which

can affect the pharmacokinetics of either drug. These inter-

actions between TKIs and antithrombotic treatments need

to be further investigated.

Conclusions

Several of the TKIs used for the treatment of cancer can

increase the risk of bleeding. For some, but not all, of

these, the bleeding tendency is linked to a lowering of pla-

telet count and/or an impairment of platelet function. On

the basis of their binding profiles, some other TKIs are

predicted to have an antiplatelet effect, although no

bleeding side effects have been reported so far. For a

third group of TKIs, no published data on platelets are

available. Given the suspected role of platelets in tumor

progression, platelet inhibition may be a clinically rele-

vant side effect of several TKIs. Together, the available

knowledge shows that there must be awareness of the

potential antiplatelet effects of TKIs, which are likely to

be further enhanced in combination with antithrombotic

drugs.

Addendum

B. M. E. Tullemans reviewed the literature, compiled

tables and Fig. 1, and wrote the manuscript. J. W. M.

Heemskerk was responsible for the outline, and wrote

and revised the manuscript. M. J. E. Kuijpers was respon-

sible for the outline, reviewed the literature, and wrote

and revised the manuscript.
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