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Abstract

:

Besides the critical functions in hemostasis, thrombosis and the wounding process, platelets have been increasingly identified as active players in various processes in tumorigenesis, including angiogenesis and metastasis. Once activated, platelets can release bioactive contents such as lipids, microRNAs, and growth factors into the bloodstream, subsequently enhancing the platelet–cancer interaction and stimulating cancer metastasis and angiogenesis. The mechanisms of treatment failure of chemotherapeutic drugs have been investigated to be associated with platelets. Therefore, understanding how platelets contribute to the tumor microenvironment may potentially identify strategies to suppress cancer angiogenesis, metastasis, and drug resistance. Herein, we present a review of recent investigations on the role of platelets in the tumor-microenvironment including angiogenesis, and metastasis, as well as targeting platelets for cancer treatment, especially in drug resistance.
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1. Introduction


Despite emerging significant advances in therapeutic strategies, chemotherapy is still considered as a cornerstone in the treatment of various cancer types. Treatment failure is still a tough problem which mostly originates from the drug resistance of cancer cells [1,2,3,4]. Clinically, cancer patients are susceptible to chemotherapy, but over time most of their tumors sooner or later can become resistant after repeated treatment, leading to tumor relapse, metastasis, and limited overall survival [2,5,6,7].



So far, various mechanisms of drug resistance in cancer treatment have been unraveled, eliciting its heterogeneous and multifactorial nature [8]. Platelets have been investigated for decades for their critical role in tumorigenesis. Recently, a number of studies have focused on the association between platelets and drug resistance. Platelets are not only a beneficial ally of tumors in progression and migration but can also stimulate tumors to be resistant to chemotherapy [9,10]. Therefore, understanding of the functional contributions of platelets in cancer drug resistance as well as in the tumor-microenvironment, such as angiogenesis and metastasis, might possibly provide better strategies in cancer treatment. Herein, we highlight the association of platelets–cancer cell interactions in tumor progression as well as in drug resistance.




2. Landscape of Platelets in Cancer—From Bench to Bed


The critical role of platelets in tumor progression has been investigated for more than 50 years. To date, many different mechanisms of the interactions between cancer cells and platelets have been revealed, most of which involve the recruitment of activated platelets for facilitating tumor growth, angiogenesis, and metastasis. Based on the role of platelets in malignancy pathology, there is an emerging trend for researchers to exploit platelets in cancer diagnosis, prognosis, and treatment.



Originally, the active roles of platelets in promoting cancer growth and invasion led to the idea that an abnormally increased number of platelets might be potential biomarkers for cancer risk. Various cohort studies have reported that cancer incidence increases with increasing platelet count and those with a count of >3.5 × 1011/L have more than a 3% risk of cancer in one year of observation [11,12]. This may be a notable observation for primary care in order to attenuate cancer development.



In response to tumor activation signals, there is a dramatic change in the expression of certain platelet-derived proteins [13,14]. Additionally, platelets can sequester and deliver tumor-associated factors for angiogenesis and metastasis. As a result, the platelet proteome of cancer patients is different from that of a normal healthy person (or non-cancer patients). Recent studies have detected platelet protein biomarker candidates that can be applied for early diagnosis of various cancer types [15,16,17]. In addition to diagnosis, platelet quantity is also used for cancer prognosis and treatment monitoring. In pancreatic cancer patients with synchronous liver metastases, the overall survival of those with a mean platelet volume (MPV) of  >8.7 femtoliters (fL) is significantly shorter than that of those with an MPV of ≤8.7 fL [18]. A meta-analysis suggests that a platelet count will be applicable as a prognostic marker in pancreatic cancer [19]. On the contrary, the overall survival of non-small cell lung cancer (NSCLC) patients with a platelet distribution width (PDW) of  ≥16.3% is significantly longer than that of those with a PDW of <16.3% [20].



Another promising application of platelets in cancer treatment involves the strong interaction between activated platelets and cancer cells via receptors of high affinity, which can be utilized to design platelet-based drug delivery systems specifically targeting cancer cells, especially metastasizing ones and hematologic malignancies [21,22].



At the moment, a targeted tumor promoter or tumor suppressor is elicited to be in the era of personalized medicine. Many biomarkers have been developed in order to ensure both the efficacy and safety of treatment regimens. Among these biomarkers, platelets and their derivatives can potentially be used for the prediction of treatment response and minimization of drug resistance.




3. Platelets in the Tumor-Microenvironment


The tumor-microenvironment consists of not only cancer cells but also a system of different cell types from epithelial and mesenchymal cells to various blood vessel cells and immune cells that play important roles in tumor growth [23,24]. So far, there is more and more evidence of complicated interactions between platelets and various cells of the tumor-microenvironment, in most of which platelets are trained and recruited as favorable supporters for tumor angiogenesis and metastasis. Further, tumor infiltration even makes platelets a part of the tumor-microenvironment.



3.1. Platelets and Tumor Angiogenesis


Angiogenesis is a fundamental process in tumor malignancy and progression which is essential for both solid and non-solid tumors. The active role of platelets in angiogenesis from the early steps of vasculogenesis until the advanced stages has been known for a long time [25,26]. In order to recruit platelets as an ally, tumors firstly activate platelets using their tissue factors (TFs)-containing microparticles (MPs) [27]. The tumor cell-induced platelet activation (TCIPA) is characterized by platelet aggregation, adhesion, and an increase of both platelet quantity and platelet-derived pro-angiogenic factors [28]. The platelets are activated through their essential pathways, including thromboxane (TX)-A2, glycoprotein (GP)-Ib-IX, adenosine diphosphate (ADP), and GPIIb/IIIa [29]. There is a dramatic increase in both platelet activation markers, such as P-selectin, an adherent molecule, and angiogenesis markers in the platelets of various types of cancer patients. For example, platelet lysate from breast cancer patients contains significantly higher levels of vascular endothelial growth factor (VEGF), angiopoietin-1, and P-selectin, compared to that from normal controls [30]. Similarly, intra-platelet levels of VEGF and platelet-derived growth factor (PDGF) augment in colorectal cancer patients compared to those in controls [31]. Notably, these angiogenic regulators are detected at the early phase and their levels are associated with clinical characteristics (Figure 1) [13,30,31]. Using immunohistochemical staining with human colorectal tumor specimens, Qi et al. showed that activated platelets are chemoattractant toward the cancer cells. As soon as the platelets adhere to cancer cells, there is an acceleration of platelet-derived angiogenic regulators to facilitate angiogenesis in the tumor. Both VGEF expression and the impacts of platelets on tumor vascularity are depleted in genetic P-selectin-deficient mice, suggesting that the interactions between activated platelets and cancer cells are mediated by P-selectin [32]. Additionally, the interactions between activated platelets and cancer cells are also mediated by galectins, another kind of cell adhesion molecule. Different members of the galectin family can discriminatingly regulate the release of angiogenic regulators by human platelets [33]. The importance of TCIPA in tumor angiogenesis is supported by the fact that several antiplatelet and anticoagulant agents can inhibit the expression of platelet angiogenic proteins and platelet-induced angiogenic response as well (Figure 1) [28,29,34]. The treatment of thrombin-stimulated human platelets with various inhibitors can also reveal the contribution of multiple signaling pathways in the platelet pro-angiogenic responses. Inhibition of PKC, p38, ERK1/2, Src kinases, or PI3K/Akt pathways partially interferes with endothelial cells growth and tube formation at various levels. For instance, angiogenetic effects were partially but remarkably inhibited by the inhibition of PKC, p38, and ERK1/2 pathways while the blockade of Src kinases or PI3K/Akt showed little or no effect, respectively. However, the platelet-induced endothelial cells growth and tube formation are totally inhibited in the presence of aspirin. Treatment with indomethacin, another COX inhibitor, like aspirin, results in similar impacts, without significantly inhibiting the phosphorylation of p38, ERK, Src, Akt, and PKC substrates [33]. Taken together, it can be said that the overall pro-angiogenic effects of platelet-derived angiogenic regulators are regulated by different signaling pathways but essentially depend on the action of COX. The supportive impacts of platelets in angiogenesis are not only on functional epithelial cells but also on their precursors, the epithelial progenitor cells (EPCs). A co-culture of platelet-rich plasma and EPCs results in the build-up of vasculogenesis-related factors such as VGEF, PDGF, stromal cell-derived factor 1 (SDF-1), and fetal liver kinase 1 (Flk-1), which is followed by the spreading of vessel-like structure formation [35]. Among the platelet-originated angiogenic factors, the growth factors (GFs) play an important role in endothelial cell proliferation and migration. Even a concentrated GF preparation containing PDGF, VEGF, and CXC chemokine receptors 4 (CXCR4) can promote endothelial cell proliferation and migration in a dose-dependent manner in an in vitro study with human umbilical vein endothelial cells (HUVECs). Additionally, the preparation enhances the expression of PDGF, CXCR4, and VEGF in dental pulp cells, which are also known as supports for epithelial cell proliferation (Figure 1) [36,37]. In response to the rise of platelet-derived growth factors, there is a boost of specific GF receptors in tumor cells [38].



The remarkably high levels of angiogenic regulators in activated platelets are results of not only their enhanced expression in platelets but also their uptake from plasma [39]. In addition to the angiogenic regulators, platelets sequester tumor-derived cytokines, which in turn instigate platelets to be recruited to responding tumor sites where they aid vessel formation [40].



Once activated, platelets form MPs, which are abundant in the circulation. The number of circulated platelet MPs increases in cancer patients compared to that in normal healthy controls [41,42]. The platelet MPs deliver angiogenic signals and can communicate with many types of cells to induce angiogenesis (Figure 1) [43]. An in vitro study on HUVECs demonstrates that platelet MPs facilitate capillary-like network formation in a dose-dependent manner. There is an upregulation of matrix metalloproteinases (MMPs) such as MMP-2 and MMP-9 in platelet MPs-stimulated HUVECs. The pro-angiogenic effects of platelet MPs which are reconfirmed in vivo in mice with a subcutaneous implantation of Matrigel are diminished totally in the loss of MMPs activity [44]. In addition to cancer, platelet MPs also activate angiogenesis in some other inflammatory diseases [45,46]. The angiogenetic signals delivered by platelet MPs consist of not only cytokines and GFs but also microRNAs to control gene expression as unraveled in recent studies. In the presence of platelet MPs, there is a substantial downregulation of anti-angiogenic modulators such as thrombospondin-1 (THBS-1) in HUVECs. The neovascularization effects of platelet MPs are explained by the transfer of miRNA let-7a, which directly targets the THBS-1 mRNA of HUVEC. The pro-angiogenic impact of platelets is depleted by treating the platelet MPs with RNAase [47]. Another platelet-originated miRNA with a crucial role in platelet angiogenic activity is miR-27b with autocrine effect. The transfection of miR-27b inhibits platelet THBS-1 synthesis, resulting in enhanced platelet-dependent endothelial tube formation in Matrigel [48]. On the other hand, miR-24, another miRNA which is transferred from platelet MPs to tumor cells, constrains tumor growth by targeting mitochondrial mt-Nd2, and Snora75, resulting in mitochondrial dysfunction and tumor suppression [49]. In addition to miR-24, platelets also produce several other anti-angiogenic factors. Interestingly, the pro-angiogenic factors and the anti-angiogenic factors are found to be located differently in platelets [50]. Furthermore, there are some dual-effect regulators derived from platelets, such as transforming growth factor-β (TGF-β). TGF-β regulates endothelial cells via two opposing type I receptor/Smad pathways. Activinreceptor-like kinase-1 (ALK1) enhances Smad1/5 phosphorylation, leading to endothelial cell activation, while ALK5 upregulates Smad2/3, suppressing endothelial cells [51]. An in vitro study with HUVECs shows that TGF-β modulates the binding between interleukin (IL)-37 and the ALK1 receptor complex, promoting endothelial cells proliferation and tube formation. TGFβ-mediated pro-angiogenesis is also supported in vivo with the mouse model of a Matrigel plug and oxygen-induced retinopathy (OIR) [52]. On the contrary, the addition of TGF-β1 to an in vitro model of vessel assembly in the presence of VEGF and FGF2 leads to diminished tube formation in a dose-dependent manner [53]. It seems that the overall TGF-β-related impact of platelets on angiogenesis is contextual and heterogeneous.



Adjacent to major vasculogenic impacts on neoplastic epithelial cells and endothelial cells, activated platelets also facilitate angiogenesis through other cell types of the tumor-microenvironment. There is evidence that PDGF is essential for vascular pericytes and smooth muscle cells which help to stabilize the microvasculature. Blocking the PDGF receptor leads to pericyte and vascular smooth muscle degeneration, thereby promoting angiogenesis [54,55]. Recently, neuropeptide Y (NPY), a peptide that is involved in various physiological and homeostatic processes in both the central and the peripheral nervous systems, is also found in platelet lysate at a high level. NPY promotes migration and vessel formation of adipose tissue-originated stromal cells (ASCs). The loop number and network length found in Matrigel assays of ASCs co-cultured with platelet lysate are notably attenuated in parallel with decreased VEGF expression in the presence of a specific NPY receptor antagonist. Taken together, platelet NPY plays a vital role as a VEGF mediator in ASC angiogenesis [56]. Another type of cell-affecting endothelial homeostasis and function is fibroblasts. The supportive role of cancer-associated fibroblast (CAF) and CAF-derived galectin-1 in vessel formation is observed in gastric tumors [57]. Fibroblasts in general, and CAFs in particular, are regulated by platelet-derived growth factors such as basic fibroblast growth factor (bFGF) and PDGF. Therefore, platelets might have an indirect impact on tumor angiogenesis through fibroblasts. In fact, consecutive delivery of bFGF and PDGF leads to both the enhanced endothelial cell migration and the growth of vascular pericytes in vitro (Figure 1) [58].




3.2. Platelets and Tumor Metastasis


Tumor metastasis consists of the detachment of tumor cells from the original tumor [59,60], entering the circulation, extravasation, and finally colonization at the new site, in all of which platelets play a significant role.



Firstly, before detaching from the tumor and intravasation, neoplastic epithelial cells undergo an epithelial mesenchymal transition (EMT). They become less adherent, less polar, more mesenchymal, and have increased mobility. The EMT is characterized by a decreased expression of E-cadherin following the increased expression of p38 and relating pathways (Figure 2) [61,62,63].



The role of platelets in EMT has been supported in various studies. Co-incubation with platelets potentiates a phenotypic change towards an EMT trend in ovarian cancer cells in conjunction with enhanced expression of tissue factor, a metastasis marker [64]. There is an activation of platelets by various factors produced from the cancer cells. The platelet activators expressed on tumor cell surfaces, on one hand, lead to the cancer cells-induced aggregation of platelets and, on the other hand, induce the EMT of tumor cells. It has been reported that in pancreatic cancer and stroma, there is a significant correlation between platelets activation levels (marked by CD42b expression) and EMT markers such as Snail 1 upregulation and E-cadherin downregulation [65]. Co-culturing HT29 colon carcinoma cells with platelets results in EMT of the cancer cells with decreased E-cadherin, increased Twist1, and enhanced cell mobility. All of these impacts are reversed by various antiplatelet agents such as aspirin, ticagrelor, and DG-041 (an antagonist of prostaglandin (PG)E2 EP3 receptor) [66].



The mechanism of the role of platelets in EMT has been revealed by many factors derived from either platelets or tumor to induce platelet activation. Podoplanin is a platelet activator secreted by cancer cells. Podoplanin-positive cancer cell lines promote platelet activation and especially platelet TGF-β expression which in turn triggers EMT transition of the cancer cells. Interestingly, TGF-β blockade significantly inhibits podoplanin-induced EMT and metastasis in mice injected with highly metastatic lung cancer cells, suggesting that podoplanin mediates tumor metastasis by mounting platelet-derived TGF-β [67]. Among the platelet-associated metastasis mediators, TGF-β plays an essential role. The pre-treatment of colon carcinoma cells or breast carcinoma cells promotes the TGF-β/Smad and NF-ĸB pathways, resulting in EMT phenotype, tumor migration, and invasion. Therefore, blocking NF-ĸB signaling or silencing platelet TGF-β leads to the inhibition of metastasis in mice injected with colon carcinoma cells [14]. The role of platelets in EMT of colon cancer cells is regulated by protease-activated receptor-1 (PAR1), a G protein-coupled receptor on the human platelet surface. The co-culture of colon cancer cells with PAR1-activated platelets promotes EMT with E-cadherin upregulation and vimentin downregulation in a dose-dependent manner. At the same time, PAR1-activated platelets inhibit expression of miR-200b, a TGF-β1-dependent EMT inhibitor in cancer cells [68]. Alternatively, acid sphingomyelinase (Asm) is an activated platelet-derived enzyme catalyzing the breakdown of sphingomyelin to ceramide and phosphorylcholine. Co-incubation of melanoma cells with either Asm or activated platelets but not with Asm-deficient platelets stimulates several intracellular signaling molecules such as p38 MAP kinase (p38K), phospholipase Cxγ (PLCxγ), ezrin, and extracellular signal-regulated kinases. As a result, the p38 pathway activates β1 integrin, an adherent factor which is crucial for tumor metastasis. The important role of the p38 pathway in metastasis is emphasized with the fact that the attenuation of p38K activity prevents both Asm-induced adherence and lung metastasis of melanoma cells [69]. Another relation of activated platelets to the p38 pathway is through the apoptosis signal-regulating kinase 1 (ASK1), an important kinase in both p38 and the c-Jun N-terminal kinase (JNK) pathways. It is shown that ASK1 builds up in activated platelets, leading to metastasis. ASK1 knockout mice show remarkably attenuated metastasis, downregulated p38 and JNK phosphorylation as well as coagulation disorders [70]. Furthermore, the contribution of platelets to metastasis also depends on autotaxin (ATX), through its regulation activity on levels of lysophosphatidic acid (LPA) [71]. LPA is an intermediate factor in the interaction between cancer cells and platelets for tumor invasion and metastasis. The signaling pathway through the LPA receptor is enhanced by CD97, a member of the epidermal growth factor which is activated in various types of cancer [72,73,74].



Anoikis is an apoptosis type that occurs when cells detach from the surrounding extracellular matrix (ECM). Anoikis becomes a barrier that cancer cells must overcome before metastasis. Recently, it is reported that co-incubation of multiple human cancer cell lines with platelets under artificial anoikis conditions activates and promotes the nuclear translocation of Yes-Associated Protein 1 (YAP1), a transcriptional regulator by activating genes involved in cell proliferation and suppressing apoptotic genes. Consequently, a number of anti-apoptotic genes are upregulated and anoikis is reversed. YAP1 silencing results in decreased metastasis induced by platelet transfusion in mice injected with human ovarian cancer cells (Figure 2) [75].



Alternatively, special local microenvironments (or niches) are crucial for metastasis. The metastasis niches which contain mostly ECM are formed with the contributions of platelets and then granulocytes. In a study on Lewis lung carcinoma spontaneous metastatic model, the knockout of platelet ADP receptor (P2Y12) leads to decreased lung fibronectin, a major component of ECM which is upregulated strongly in the connective tissue of a pre-metastatic organ, resulting in decreased pulmonary metastasis [76]. P2Y12 is the target for common anti-platelet drugs, so it may be developed into a new target for anti-metastatic drugs as well.



During circulation, before reaching the distant site, cancer cells are exposed to severe dangers such as shear forces, and immune attack. Platelets support cancer metastasis by protecting cancer cells from shear forces caused by blood flow. The co-incubation of A2780 ovarian cancer cells and human platelets notably lessens lactate dehydrogenase (a marker for shear-induced membrane damage) released by the cancer cells [77]. Another significant danger to metastasizing cells in the circulation is immune attack, in which natural killer (NK) cells play a key role in the immune system. On the one hand, TGF-β released from platelets attenuates the natural killer group 2D (NKG2D), an activating receptor on the NK surface [78]. On the other hand, in the blood, the interaction between metastasizing tumor cells and platelets results in co-expression of platelet-specific proteins, including the platelet-originated normal major histocompatibility complex (MHC) class I on the tumor cell surface. This kind of disguise diminishes cytotoxicity and interferon-γ secretion of NK cells [79]. Only a few cancer cells can manage to survive after circulation stresses, and the final border before colonization at the new site is extravasation which again depends on the support of platelets. In a study on Hodgkin lymphoma cell lines with the presence of platelets, there is a substantial increase in adherence between the cancer cells and the activated platelets, followed by the adherence of the complex to endothelial cells. The cell adhesions depend on CD15, P-selectin, and tumor necrosis factor-β (TNF-β) [80]. The role of platelets in extravasation is also supported in vivo. In mice injected with human tumor cells, the cancer cell–platelet interactions lead to the production of high-affinity integrin αvβ3 from cancer cells which facilitate vascular migration [81]. Recently, the role of CD97, an adhesion G protein-coupled receptor, which is overexpressed in a number of cancer types in tumor cell transendothelial migration, is supported both in vitro and in vivo. The induction of platelet activation in co-incubation with prostate cancer cells depends on the level of CD97. Moreover, supernatants from platelets co-cultured with cancer cells promote the dissociation of endothelial tight junctions while the impact is abolished in the same model using CD97-deficient cancer cells. Most importantly, the essential role of CD97 in tumor-induced mice is confirmed by the significant difference of vascular permeability and metastatic foci number between the wild type and the depleted phenotypes of CD97 (Figure 2) [82].





4. Platelets in Cancer Drug Resistance


4.1. Chemotherapy


Various studies have indicated that the platelets from cancer patients who receive chemotherapy may influence the efficacy of drug treatment in many different cancer types [83]. For instance, high platelet levels are reported to attenuate the efficacy of platinum-based treatment in NSCLC [9]. Carboplatin and paclitaxel chemotherapy are also suggested to be a platelet-sparing drug combination [84]. It was observed that serum thrombopoietin levels in patients receiving carboplatin and paclitaxel were significantly enhanced five hours after infusion and remained elevated at day seven compared to those in normal controls [84]. Moreover, breast cancer patients with a low platelet-to-lymphocyte ratio, treated with neoadjuvant chemotherapy, can achieve a higher complete pathological response, independently of the primary tumor molecular subtype [85].



Additionally, the platelet-to-lymphocyte ratio and its dynamic changes during chemotherapy are useful to predict a more accurate prognosis of advanced biliary tract cancer [86]. For instance, after neoadjuvant chemotherapy, the platelet-to-lymphocyte ratio level could be negatively associated with survival prognosis in gastric cancer patients [87] and breast cancer patients [88]. Alternatively, the regeneration of hematopoiesis, especially the hyper-recovery of platelets after induction therapy, is considered as a significant predictor of relapse-free survival in patients with acute myeloid leukemia [89]. Taken together, as the sensitivity of megakaryocytic precursor cells to chemotherapeutics is suggested to vary, the extent of platelet dysfunction could be considered as a combined result of the sensitivity of the precise drugs administrated and their dosage [90,91] as summarized in Table 1.




4.2. Chemotherapy Resistance


The treatment of cancer is often complicated by the lack of response to chemotherapy leading to chemo-resistance, which remains a major problem in anticancer drug therapy, and the association of platelets with chemo-resistance in cancer treatment has been also investigated.



The principal mechanism regulating chemotherapy resistance is the elevated proliferation of cancer cells through the activation of anti-apoptotic proteins or phenotypic conversion in cancer cells through EMT, which could possibly be affected by platelets [92]. Platelets exhibit a pro-proliferative function through the secretion of various growth factors, and consequently possess the ability to counter the anti-proliferative effects of chemotherapeutic agents [92]. While the use of ABT-263 in patients is dose-limited due to causing thrombocytopenia via suppression of BCL-xL in platelets [93], loss of caspase-9 confers resistance to ABT-737, suppressing phosphatidylserine exposure and delaying APT-737-stimulated thrombocytopenia in vivo [94]. Additionally, the complex mechanism between gemcitabine/cisplatin and platelets lies in epithelialization. The releasing of TGF-β1 can (1) activate EMT in tumor tissues or (2) stimulate activated platelets through direct contact [14,66,95,96]. In pancreatic cancer cells, activated platelet-derived TGF-β1, rather than direct platelet–tumor cell contacts, promotes MAPK and PI3K/Akt signaling, resulting in the reduction of cisplatin sensitivity in these cells [97]. Consistently, emerging studies also indicate the critical contribution of platelets to chemotherapy resistance [92]. For instance, platelets can enhance adenocarcinoma cells survival and chemo-resistance to standard anticancer drugs [10]. Clinically, differential platelet levels can affect response to taxane-based therapy and platelet transfusion significantly counteracts the antitumor effect of chemotherapy in ovarian cancer [98]. Takeuchi et al. recently also observed the interaction of the novel platelet-enhancing agent eltrombopag with rosuvastatin via breast cancer resistance protein (BCRP) and suggested that BCRP in the small intestine can be the major target for interaction between rosuvastatin and eltrombopag in humans [99].



Alternatively, there are also several classical resistance mechanisms which might significantly contribute to drug resistance such as an increased number of drug efflux pumps located on the cell membrane or increased drug metabolism [100]. It has been suggested that platelets express relatively high amounts of multidrug resistance-associated protein 4 (MRP4), not only in the plasma membrane but also in the membrane of dense granules, eliciting relevance for modulator storage [101]. MRP4 confers resistance to nucleoside-based cytotoxic drugs [102], and the increase of MRP4, together with its specific localization during differentiation toward megakaryocytes, supports the concept of platelet-specific roles, whereas reduced transporter expression in leukocyte differentiation can have implications for chemotherapy [103]. Besides, the other efflux protein investigated in platelets is MRP1 and its physiological role is reported to be the active export of leukotriene C4, the highest-affinity substrate known for MRP1, from human platelets [101]. Platelet count and MRP1 are associated with a poor prognosis in various types of cancer [104,105]. Additionally, in hepatocellular carcinoma, the p0SK-Hep1 cells are resistant to both cisplatin- and doxorubicin-stimulated apoptosis, while cybrids (SK-Hep1Cyb) prepared by fusing p0SK-Hep1 cells with platelets display a restored susceptibility to both drugs, and this phenomenon is associated with P-glycoprotein and MRP1 [106].



Another mechanism by which platelets may also be associated with resistance to anti-angiogenic therapy is through the scavenging of anti-angiogenic agents. Both sunitinib and bevacizumab may be taken up by platelets, which might contribute to the bioavailability and pharmacodynamics of these anti-angiogenic agents [107]. Alternatively, during the infusions of G3139 (a Bcl-2 antisense oligodeoxynucleotide), there was a reduction of the absolute numbers of platelets and fatigue that precede vincristine, adriamycin, and dexamethasone (VAD) chemotherapy, suggesting that G3139 can overcome classical resistance and restore the sensitivity of myeloma tumor cells to VAD treatment [108]. Imatinib is highly effective in chronic-phase chronic myeloid leukemia (CML) patients resistant or intolerant to interferon, especially in those with normal platelet counts [109]. It has been also shown that platelet dysfunction is related to ponatinib, a new pan breakpoint cluster region-Abelson (BCR-ABL) inhibitor with efficacy for CML resistant to multiple tyrosine kinase inhibitor therapy [110].



The platelet activation index can also be suggested as a potential cancer biomarker for predicting chemotherapy resistance (Table 2). For example, a recent study reports that platelets may be useful cancer biomarkers for gemcitabine/cisplatin resistance in NSCLC treatment [111]. In castration-resistant patients, platelets can also harbor prostate cancer biomarkers and help to predict therapeutic response to abiraterone [112]. This may be because larger platelets can release more cytokines upon stimulation than smaller ones in cancer cells; subsequently, some cytokines can stimulate tumor promoters such as EMT or TGF-β, leading to chemotherapy resistance [111]. Additionally, there was a nonlinear association between naïve platelet counts and turnover resistance, regardless of aspirin regimen in myeloproliferative neoplasms [113]. Alternatively, IL-6 may also enhance chemotherapeutic resistance by suppressing the activation of proteases involved in apoptosis [114], and serum IL-6 levels are associated with poor survival in patients with hormone-refractory metastatic breast cancer [115].





5. Opportunities of Targeting Platelets in Cancer Treatment


5.1. Combinations of PDGFs/PDGFRs Inhibitors and Others


Although the PDGF isoforms and receptors’ function in resistance to tyrosine kinase inhibitors (TKIs) indicates a critical challenge to cancer treatment, combining different targeted agents may offer potential benefits for enhanced efficacy over monotherapy while maintaining a favorable safety compared with chemotherapy combinations [116]. Recent research developments focused on the suppression of only PDGFR without affecting EGFR [117]. However, it was investigated that EGFR may also undergo a heterodimerization with the associated PDGFR in various types of cancer similar to EGFR [118,119]. Additionally, it may also be possible to “sensitize” cells to antiangiogenic treatment by lowering the tumor cell survival threshold through suppressing EGFR signaling pathways [116]. Subsequently, a dual suppression of both PDGFR and EGFR may be preferable to prevent a kinase inhibitor resistance led by a receptor heterodimerization [120].




5.2. Platelets as Cancer Biomarkers


The biomarkers are usually urgent and important for prognosis and personalized cancer medicine and the PDGFs/PDGFRs can also be critically considered as potential biomarkers, eliciting resistance to targeted therapies. For example, the involvement of PDGFs/PDGFRs activation in resistant TKIs may function as a prognostic biomarker and support the clinical development of PDGFs/PDGRs-targeted agents [121]. A recent study also investigated the role and presence of platelets in primary tumors and observed that the primary tumor cells related to platelets may exhibit chemo-resistance to common anticancer drugs such as taxanes and anthracycline [122]. Taken together, platelet aggregation can be an effective predictor of chemo-resistance and a novel therapeutic target for overcoming chemo-resistance, one of the major objects of cancer treatment. Additionally, platelets and their activation index can likely be used more extensively due to their low cost compared to serum tumor markers [111] and may address the problem of high costs of novel therapies by validating therapy responders [112].





6. Conclusions


In spite of extensive efforts in cancer treatment improvement, drug resistance still remains a problematic challenge for both scientists and clinicians. In their strong association with tumors, activated platelets, especially their growth factors, potentiate chemo-resistance of cancer cells through regulation of tumor growth, angiogenesis, and metastasis. Therefore, targeting tumor–platelet interactions and more specifically targeting platelet-originated growth factors might be a promising approach in order to enhance tumor sensitivity to chemotherapy. Alternatively, and perhaps more feasibly, platelet index and platelet growth factors can be used as biomarkers to predict the response to a chemo-regimen in a personalized medicine approach, a critical trend in cancer treatment. These two platelet-based strategies should be the focus of more attention, in order to address the severe problem of cancer drug resistance.
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Abbreviations




	ADP
	adenosine diphosphate



	Asm
	acid sphingomyelinase



	ATX
	autotaxin



	BFGF
	basic fibroblast growth factor



	CAF
	cancer-associated fibroblast



	CD
	cluster differentiation



	CDD
	cytidine deaminase



	CXCR4
	chemokine receptor type 4



	ECM
	extracellular matrix



	EGFR
	epidermal growth factor receptor



	EML4-ALK
	echinoderm microtubule-associated protein-like 4-anaplastic lymphoma kinase



	EMT
	epithelial mesenchymal transition



	EPCs
	epithelial progenitor cells



	fL
	femtoliter



	FLK-1
	fetal liver kinase-1



	GP
	glycoprotein



	hENT
	human equilibrative transporter



	HUVEC
	human umbilical vein endothelial cell



	JNK
	c-Jun N-terminal kinases



	LLC
	Lewis lung carcinoma



	LPA
	lysophosphatidic acid



	MHC
	major histocompatibility complex



	MMPs
	matrix metalloproteinases



	MPs
	microparticles



	MPV
	mean platelet volume



	NK
	natural killer



	NKG2D
	natural killer group 2D



	NPY
	neuropeptide Y



	P2Y12
	platelet ADP receptor



	PAR-1
	protease-activated receptor-1



	PDGF
	platelet-derived growth factor



	PDGFR
	platelet-derived growth factor receptor



	PDW
	platelet distribution width



	(PG)E2 EP3
	prostaglandin E2 receptor subtype EP3



	RTK
	receptor tyrosine kinase



	SDF-1
	stromal cell-derived factor-1



	TBHS-1
	thrombospondin-1



	TCIPA
	tumor cell-induced platelet activation



	TFs
	tissue factors



	TGF-β
	transforming growth factor-β



	TKI
	tyrosine kinase inhibitor



	TX
	thromboxane



	VEGF
	vascular endothelial growth factors
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Figure 1. Platelets and tumor angiogenesis. Interactions between tumor cells and activated platelets result in angiogenic regulators and microRNAs which are delivered by platelets microparticles (MPs) to various cell types of the tumor-microenvironment in favor of neovascularization (see text for details). 
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Figure 2. Platelets and tumor metastasis. Interactions between tumor cells and activated platelets, on the one hand, upregulate epithelial mesenchymal transition (EMT) facilitators and promote extravasation, and, on the other hand, protect the cancer cells from various dangers during the process of tumor detachment and circulation. As a result, tumor metastasis is promoted with supports of platelet ally (see text for details). 
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Table 1. The contributions of platelets to chemotherapy treatment in cancer cells.
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	Drug
	Role of Platelets
	Ref.





	Platinum
	High platelet levels attenuate the efficacy of platinum-based treatment in NSCLC.
	[9]



	Postoperative chemotherapy
	The platelet-to-lymphocyte ratio is a potential marker of therapeutic effect of postoperative chemotherapy in non-metastatic esophageal squamous cell carcinoma.
	[123]



	Postoperative adjuvant chemotherapy
	The platelet-to-lymphocyte ratio can be used to predict the prognosis of patients with NSCLC treated with postoperative adjuvant chemotherapy.
	[124]



	Chemotherapy
	Platelets after chemotherapy enhance procoagulant activity and can affect the hypercoagulative state of NSCLC.
	[125]



	Resveratrol
	Resveratrol inhibits pulmonary tumor metastasis by interrupting the platelet–tumor cell amplification loop.
	[126]



	Rituximab
	Lack of detectable platelet autoantibodies is associated with nonresponsiveness to rituximab treatment in immune thrombocytopenia patients.
	[127]



	Chemotherapy
	Pretreatment platelet-to-lymphocyte ratio is correlated with the response to first-line chemotherapy in patients with metastatic gastric cancer.
	[128]



	Neoadjuvant chemotherapy
	Pretreatment platelet/lymphocyte can be a significant predictive indicator for neoadjuvant chemotherapy response in breast cancer patients.
	[88]



	Aspirin
	Aspirin therapy decreases the ability of platelets to stimulate colorectal cancer cell proliferation.
	[129]
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Table 2. The contributions of platelets to the drug resistance of cancer cells.






Table 2. The contributions of platelets to the drug resistance of cancer cells.





	Model/Cell Types
	Corresponding Drugs
	Role of Platelets
	Ref





	Pancreatic ductal adenocarcinoma (PDAC) cells
	Gemcitabine
	Platelets modulate cytidine deaminase (CDD) and human equilibrative nucleoside transporter 1, the markers expression of gemcitabine resistance in pancreatic cells. Platelet-derived ADP and ATP can active survival signals of cancer cells through modulating Slug and CDD levels.
	[130]



	Non-small cell lung cancer
	Gemcitabine/Cisplatin
	Platelet activation index can be a potential marker for predicting gemcitabine/cisplatin resistance
	[111]



	Castration cancer patients
	Abiraterone
	Platelets harbor prostate cancer biomarkers and the ability to predict therapeutic response.
	[112]



	Immune thrombocytopenia patients
	Rituximab
	Lack of detectable platelet autoantibodies is associated with non-responsiveness to rituximab treatment.
	[127]



	Non-small cell lung cancer
	Crizotinib
	Platelets are useful for predicting and monitoring outcome of crizotinib.

Platelets are valuable biomarkers for the non-invasive detection of EML4-ALK rearrangements.
	[131]



	Serum in patients
	Paclitaxel/Carboplatin
	The platelet-sparing phenomenon could be observed in patients treated with carboplatin and paclitaxel chemotherapy.
	[84]
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