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Introduction
Platelets, traditionally recognized for their role in hemostasis, have increasingly been implicated in cancer progression, including head and neck squamous cell carcinoma (HNSCC). Beyond releasing growth factors and chemokines, platelets modulate leukocyte-mediated proinflammatory responses and effector functions through direct or indirect contact. These processes promote tumor cell proliferation, survival, epithelial to mesenchymal transition (EMT) and extravasation. Consequently, targeting platelet-leukocyte aggregate (PLA) formation represents a promising pharmacological strategy to interfere with platelet-mediated pro-tumorigenic effects. 1,8-cineole, a plant-derived metabolite found in several botanical sources, has shown potent anti-platelet effects through modulation of the adenosine A2A receptor signaling. However, its influence on PLA formation has not been investigated.
Methods
In this study, we analyzed platelet activation and PLA formation in HNSCC patients compared to healthy donors. A co-culture system combined with blocking antibodies was employed to elucidate the mechanisms of PLA formation. Moreover, the pharmacological effects of 1,8-cineole were compared with those of conventional anti-platelet drugs.
Results
The results revealed elevated P-selectin expression and enhanced PLA formation in HNSCC patients. PLA formation was predominantly mediated through P-selectin-PSGL-1 interactions. Ex vivo studies demonstrated that 1,8-cineole significantly reduced PLA formation by inhibiting P-selectin expression on platelets. Notably, traditional anti-platelet agents did not significantly inhibit PLA formation, despite effectively reducing platelet aggregation.
Discussion
These findings identify a pharmacological effect of 1,8-cineole in disrupting platelet-leukocyte interactions via suppression of the P-selectin-PSGL-1 axis. This suggests that 1,8-cineole offers potential pharmacological benefits in mitigating platelet-mediated inflammation and tumor progression.
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1 INTRODUCTION
Thrombosis represents a significant complication and a leading cause of mortality among cancer patients (Brose and Lee, 2008; Donnellan et al., 2014; Khorana et al., 2022). It is estimated that up to 30% of all venous thromboembolic events are cancer-related, with metastatic cancers posing an even greater risk (Blom et al., 2006; Bastida and Ordinas, 2009; Timp et al., 2013). The reciprocal relationship between platelets and tumor progression has been recognized for years, yet the mechanisms underpinning this interaction remain incompletely understood. Clarifying these mechanisms is crucial for the development of more effective anti-cancer therapies.
Platelets contribute to cancer progression by releasing cytokines and growth factors such as transforming growth factor β (TGFβ), vascular endothelial growth factor (VEGF), epidermal growth factor (EGF) and platelet-derived growth factor (PDGF), which drive key hallmarks of tumor development, including EMT, angiogenesis, tumor cell migration, and immunosuppression (Takagi et al., 2014; Metelli et al., 2020; Janowska-Wieczorek et al., 2005; Guo et al., 2019; Takemoto et al., 2017; Labelle et al., 2011; Labelle et al., 2014). Notably, thrombocytosis is associated with poor prognostic outcomes across various cancer types (Ikeda et al., 2002; Gücer et al., 1998; Taucher et al., 2003; Kandemir et al., 2005; Yu et al., 2013). Similarly, in HNSCC elevated platelet counts correlate with worse prognosis, and anti-platelet therapies have demonstrated potential in improving clinical outcomes (Chen et al., 2009; Rachidi et al., 2014; Pardo et al., 2017). Despite the well-characterized role of platelets in many cancer entities, their involvement in HNSCC remains insufficiently explored.
The platelet-mediated cancer progression through the release of cytokines and growth factors is dependent on the activation of platelets. In this process, platelets can interact directly with tumor cells or the tumor microenvironment via multiple pathways. For instance, platelets can bind podoplanin on cancer cells via C-type lectin-like immune receptor 2 (CLEC-2) (Rayes et al., 2019). Moreover, tumor cell-derived extracellular vesicles are able to activate platelets via the expression of tissue factor, inducing the intrinsic coagulation pathway (Bastida et al., 1984; Gomes et al., 2017) and several cancer types secrete immunoglobulins, activating platelets via FcγRIIa (Kdimati et al., 2021; Miao et al., 2019). Additionally, tumor-secreted molecules like ADP, thromboxane A2 (TXA2) and arachidonic acid (AA) further stimulate platelet activation (Nie et al., 2023; Liao et al., 2022; Morris et al., 2022). Beyond their direct role in tumor biology, platelets significantly influence the tumor microenvironment through interactions with leukocytes, forming platelet-leukocyte aggregates (PLAs). These PLAs serve as hubs for inflammation and immune modulation, amplifying the pro-tumorigenic microenvironment. PLAs promote leukocyte recruitment, activation, extravasation, phenotype switch and changes in effector functions (Kral et al., 2016; Semple et al., 2011; Zuchtriegel et al., 2016). These interactions not only enhance local inflammation but also facilitate tumor invasion and metastasis, promoting an inflammatory milieu conducive to cancer progression (Germano et al., 2008). A critical mechanism by which PLAs drive metastasis is through their promotion of neutrophil extracellular traps (NETs). NETs have been shown to increase the adhesion of tumor cells to lung and liver microvasculature, leading to tumor cell migration and invasion (Albrengues et al., 2018). Additionally, NETs have been implicated in shielding tumor cells from immune attack, further contributing to cancer progression (Ma et al., 2020). PLAs also affect monocyte and macrophage functions by promoting a pro-inflammatory phenotype. Platelet interactions with monocytes can induce the release of inflammatory cytokines such as tumor necrosis factor α (TNFα), interleukin (IL)-1β, IL-6, and IL-8, which reinforce the inflammatory tumor microenvironment (Passacquale et al., 2011; Suzuki et al., 2013). Moreover, PLAs impair the differentiation of monocytes into functionally impaired dendritic cells, thereby hampering antigen uptake as well as impairing antigen cross-presentation and subsequent activation of T cells (Singh et al., 2021; Hilf et al., 2002). Similarly, platelet-T cell aggregates suppress T cell activation, proliferation, and cytokine secretion, thereby facilitating immune evasion by the tumor (Polasky et al., 2020). Through these multifaceted interactions, PLAs exacerbate inflammation and drive processes such as angiogenesis, EMT, and metastasis, all of which are critical hallmarks of cancer progression. PLA formation is not only limited to cancer, but is also observed in several conditions, like cardiovascular diseases, autoinflammatory diseases and infectious diseases (Finsterbusch et al., 2018; Pluta et al., 2022). Given their central role in connecting inflammation, immune modulation and cancer biology, targeting PLAs represents a promising therapeutic avenue to mitigate platelet-mediated inflammation and pro-tumorigenic functions and thus potentially improve cancer outcomes.
Given the critical role of PLAs in exacerbating inflammation and tumor progression, targeting these aggregates may offer therapeutic benefits. In this context, 1,8-cineole, a natural monoterpene found in essential oil extracted from various botanical sources, including Eucalyptus globulus Labill. [Myrtaceae], Rosmarinus officinalis L. [Lamiaceae], or Cinnamomum camphora (L.) J.Presl [Lauraceae], has emerged as a promising candidate (Hoch et al., 2023). Historically, various cultures—including Chinese, Indian, and Indigenous Australian traditions—have incorporated 1,8-cineole into their medicinal practices to address ailments like respiratory and digestive problems, pain, and fever (Chandorkar et al., 2021). 1,8-cineole has proven clinical efficacy on the respiratory tract and has shown therapeutic benefits in inflammatory airway diseases, such as asthma or chronic obstructive pulmonary disease (COPD) (Juergens et al., 2003; Juergens et al., 2020). Furthermore, in several in vitro and in vivo approaches, 1,8-cineole has demonstrated anti-inflammatory properties (Hoch et al., 2023; Juergens et al., 1998; Juergens et al., 2004). Thus, 1,8-cineole is used in several applications as the main metabolite in both liquid and solid formulations, typically prescribed for upper and lower airway diseases including common cold, asthma, bronchitis, COPD and sinusitis (Hoch et al., 2023). In addition, 1,8-cineole exhibits anti-tumor effects, including inhibition of proliferation, induction of apoptosis, and reduced cell migration in several tumor entities (Murata et al., 2013; Roettger et al., 2017; Rodenak-Kladniew et al., 2020a; Rodenak-Kladniew et al., 2020b). We and others have recently shown that, apart from its anti-inflammatory properties, 1,8-cineole harbors strong anti-platelet activation and aggregation properties (Alatawi et al., 2021; Petry et al., 2024). Specifically, 1,8-cineole induces its antiaggregatory effect via activation of the adenosine A2A receptor, inducing elevated cyclic adenosine monophosphate (cAMP) levels and a protein kinase A (PKA)-mediated anti-platelet effect (Petry et al., 2024). Given its strong anti-inflammatory, anti-tumorigenic, and anti-platelet properties, we hypothesized that 1,8-cineole might effectively suppress PLA formation, thereby mitigating platelet-driven cancer progression. Evaluating its impact on PLAs not only extends our understanding of its therapeutic potential in cancer but also suggests broader implications for inflammatory diseases where PLAs contribute to pathogenesis.
In the present study, we investigated the phenotype of platelets and PLAs in HNSCC patients and explored the impact of 1,8-cineole (CNL-1976®) on these aggregates. Specifically, we aimed to unravel the underlying mechanisms driving PLA formation and assess the potential of 1,8-cineole to mitigate this process compared to classical medications known to interfere with platelet function.
2 MATERIALS AND METHODS
2.1 Chemicals and drugs
1,8-cineole (CNL-1976®) was provided by Klosterfrau Healthcare Group, Cassella-med GmbH & Co. KG (Cologne, Germany) with a purity of 99.5% and stock solutions were prepared by solving native extract in ethanol (5 M) followed by a final dilution in Tyrode buffer (137 mM NaCl, 2 mM KCl, 12 mM NaHCO3, 0.3 mM NaH2PO4, 1 mM MgCl2, 5 mM HEPES, 5.5 mM glucose, 0.5% bovine serum albumin). The platelet agonist, arachidonic acid (AA, #23401) was obtained from Sigma-Aldrich, thrombin receptor activator peptide 6 (TRAP, #3497) from Tocris, convulxin (CVX, #119-02) from Pentapharm, U46619 (#16450) from Cayman Chemical, IV.3 was a kind gift from Ronald Taylor (University of Virginia) and goat-anti mouse F (ab’)2 fragment (Fab, #115-006-062) was purchased from Jackson ImmunoResearch. The platelet antagonists, prostaglandin I2 (PGI2, #P6188) were purchased from Sigma, tirofiban from Hexal, cangrelor (#S3727) from Selleckchem and acetylsalicylic acid (ASA) from Bayer AG.
2.2 Whole blood staining
Venous blood was collected into sodium citrate 3.2% (Sarstedt, Germany) from HNSCC patients as well as healthy donors after given informed consent according to the declaration of Helsinki. The study has been approved by the local ethics committee of the Technical University Munich (2020-474_2-S-NP). Whole blood staining was performed immediately after blood draw to evaluate the PLA formation. Hence, 50 µL of blood was incubated with 50 µL of an antibody mixture, consisting of the following antibodies diluted 1:100: APC anti-CD41 (#303710; BioLegend), AF488 anti-CD45 (#304017; BioLegend), PerCP anti-CD3 (#300326; BioLegend), BV421 anti-CD14 (#325628; BioLegend) for 15 min. Subsequently, red blood cell lysis was performed by adding 1 mL of VersaLyse Solution (#A09777, Beckman Coulter), followed by 25 µL of IOTest 10X Concentrate (#A07800, Beckman Coulter) to fix samples. After 20 min of incubation, samples were immediately measured on a Cytoflex S (Beckman Coulter). The gating strategy used to identify the different leukocyte subpopulations is shown in Supplementary Figure S1.
2.3 Platelet isolation
Blood from healthy donors was taken in citrate tubes and platelet isolation was performed as previously described (Petry et al., 2024). In brief, platelet rich plasma (PRP) was obtained after centrifugation at 150 rcf for 20 min without brake. To prevent platelet activation, PRP was incubated with 400 nM PGI2 and centrifuged at 800 rcf for 10 min without brake. Platelet pellet was resuspended in Tyrode buffer, purity and cell number assessed by flow cytometry and platelet concentration adjusted to 5 × 105 platelets/µL in Tyrode buffer.
2.4 Leukocyte isolation
Leukocytes were isolated from remaining blood after platelet isolation using the custom whole blood PBMC isolation kit from Miltenyi (#130-126-359). Remaining blood was diluted 1:2 with PBS and isolation was performed as declared by the manufacturer’s protocol. Leukocyte concentration was assessed using a Neubauer chamber and the concentration adjusted to 1 × 106 cells/mL in RPMI 1640 medium (#72400, Thermo Fisher) supplemented with 10% FCS (#A5256801, Thermo Fisher) and 1% penicillin/streptomycin (#15140, Thermo Fisher).
2.5 Platelet-leukocyte aggregate formation
To artificially induce platelet-leukocyte aggregates (PLA) and in order to better understand and analyze the origin of these PLA formations, co-culture assays with leukocytes and platelets in a ratio of 1/50 were performed. To do so, 2 × 105 leukocytes in 200 µL were seeded into a 96-well U-bottom plate and allowed to rest 37°C. 1 × 108 platelets were stimulated with indicated agonists for 5 min. If not stated otherwise, TRAP (10 µM), IV.3 (200 ng/mL) followed by crosslinking with goat-anti-mouse F (ab’)2 fragment (7.5 μg/mL), CVX (62.5 ng/mL), U46619 (4.28 µM) and AA (125 µM) were used as platelet agonists. After activation, 1 × 107 platelets were transferred to the leukocytes and co-cultured for 15 min at 37°C. Next, co-culture was fixed with 0.5% paraformaldehyde (PFA) for 15 min at RT, washed with FACS buffer (PBS with 2.5 mM EDTA and 1% FCS). Subsequently, cells were incubated with APC anti-CD41 (1:100, #303710, BioLegend), BV510 anti-CD16 (1:100, #360730, BioLegend), BV421 anti-CD45 (1:100, #304031, BioLegend), PE/Cy7 anti-CD14 (1:100, #325617, BioLegend), PE anti-CD3 (1:100, #300307, BioLegend) and AF488 anti-CD56 (1:100, #318311, BioLegend) for further 15 min, washed twice in FACS buffer and measured via flow cytometry. The gating strategy used to identify the different leukocyte subpopulations is shown in Supplementary Figure S3.
To analyze the effect of 1,8-cineole and other anti-platelet drugs on PLA formation, platelets were pre-incubated with 5 × 103 μM 1,8-cineole or its vehicle control (0.1% v/v ethanol) for 60 min or 50 ng/mL tirofiban, 500 nM cangrelor, 25 mg/mL ASA for 5 min prior being activated with 10 µM TRAP and performing the co-culture assay as described above.
2.6 Blocking experiment in co-culture
In order to determine the surface protein responsible for the PLA formation, blocking experiments were performed by using blocking antibodies against known platelet activation markers and integrins. Platelets were activated with TRAP (5 µM) and immediately incubated with 25 μg/mL of the following blocking antibodies for 5 min: Isotype Ctrl (#400107, BioLegend), anti-CD41 (#303702, BioLegend), anti-CD42b (#303902, BioLegend), anti-CD62P (#304902, BioLegend), anti-CD40L (#310802, BioLegend). To block counter parts on leukocytes, cells were pretreated with 25 μg/mL anti-PSGL-1 (#328802, BioLegend) for 5 min. Subsequently, 1 × 107 platelets were transferred to 2 × 105 leukocytes and incubated for 15 min at 37°C. Next, co-culture was fixed with 0.5% PFA for 15 min at RT, washed with FACS buffer, centrifuged for 2 min at 450 rcf and stained with PE anti-CD61 (1:100, #336406, BioLegend), BV421 anti-CD14 (1:100, #325628, BioLegend), APC/Cy7 anti-CD16 (1:100, #360710, BioLegend) for 15 min. Then, cells were washed twice with FACS buffer and measured via flow cytometry. The gating strategy used to identify the different leukocyte subpopulations is shown in Supplementary Figure S4.
2.7 Measurement of aggregation
Aggregation was measured with a light transmission aggregometer APACT 4S PLUS (DiaSys Diagnostic Systems GmbH). In brief, 1 × 108 platelets in 200 µL Tyrode buffer or 200 µL PRP (for ADP stimulation) were added to micro cuvettes, stimulated with 50 ng/mL tirofiban, 500 nM cangrelor, 25 mg/mL ASA for 5 min, 5 × 103 μM 1,8-cineole or vehicle control (ethanol 0.1% v/v) for 60 min and a baseline was recorded for 5 min. Platelet aggregation was either induced by adding 10 µM TRAP, 100 µM ADP or 300 ng/mL IV.3 + 15 μg/mL Fab.
2.8 Assessment of activation marker
Platelet activation was assessed by measuring the activation marker P-selectin and fibrinogen binding on the cell surface after non-stirring platelet activation. Briefly, 1 × 108 platelets were preincubated with 50 ng/mL tirofiban, 500 nM cangrelor, 25 mg/mL ASA for 5 min or with 5 × 103 μM 1,8-cineole for 60 min at 37°C. Subsequently platelets were activated with 10 µM TRAP for further 10 min at 37°C. Next, 1 × 107 platelets were fixed in 0.5% PFA for at least 15 min. After fixation, platelets were washed with 200 µL FACS buffer, centrifuged for 2 min at 1,200 rcf and stained with APC anti-CD41 (1:100, #303710, BioLegend) and BV510 anti-CD62P (1:100, #304936, BioLegend) for 15 min. Finally, platelets were washed twice with FACS buffer and measured via flow cytometry.
Fibrinogen binding to activated platelets was assessed using AF488-conjugated human fibrinogen (#F13191, Thermo Fisher). Platelets were pretreated with or without 5 × 103 μM 1,8-cineole for 60 min, followed by incubation with 50 μg/mL AF488-fibrinogen. Subsequently platelet activation was induced with 10 µM TRAP for 5 min at 37°C. After activation, platelets were washed with PBS/EDTA, centrifuged at 430 rcf for 5 min, resuspended in FACS buffer and measured via flow cytometry.
2.9 Statistical analysis
Each experiment was performed with at least three biological replicates and results are expressed as mean ± standard error of the mean (SEM). All statistical data analyses were conducted using GraphPad Prism 10.1.1. An unpaired two-tailed Student’s t-tests was used to assess the statistical significance between two groups of normally distributed values, while a Mann-Whitney test was used for comparison between healthy donors and HNSCC patients’ samples. Multiple groups were compared using One-way analysis of variance (ANOVA) with Tukey’s post hoc test or Dunnett’s post hoc test. Statistical significance was considered at P < 0.05.
3 RESULTS
3.1 HNSCC patients showed enhanced circulating platelet-leukocyte aggregate formation and P-selectin expression
To effectively modulate both innate and adaptive immune responses, platelets establish direct interactions with various leukocyte subtypes, thereby promoting cancer growth and metastasis. Thus, to explore whether these platelet-leukocyte interactions were also observed in HNSCC patients, we first measured circulating PLAs in the whole blood from healthy donors (HD) and HNSCC patients. Leukocyte subtypes were identified in whole blood using the gating strategy illustrated in Supplementary Figure S1. Our findings indicate a marked increase in PLAs across all leukocyte subsets in HNSCC patients. CD14 high monocytes displayed the highest levels of increased platelet aggregates (15.22% ± 10.85% in healthy donors vs. 31.72% ± 22.98% in HNSCC patients), followed by neutrophils (9.27% ± 5.54% vs. 17.42% ± 10.19%) and T cells (3.18% ± 0.84% vs. 4.53% ± 1.87%), whereas eosinophil-platelet aggregates were not significantly altered (14.38% ± 9.49% vs. 26.43% ± 24.42%) (Figures 1A–D). Notably, while platelet-lymphocyte aggregates were significantly increased in HNSCC patients, this subset exhibited the lowest overall percentage of platelet binding compared to other leukocyte subsets. These findings suggest that both healthy and HNSCC-derived platelets show a preference for binding to leukocytes of the innate immune system over those of the adaptive immune system. Given the observed age difference between HD and HNSCC patients (Figure 1E; Supplementary Table S1), we further performed linear regression analyses to evaluate whether age influenced PLA formation. However, monocyte-platelet aggregate formation did not correlate with age, neither within individual groups nor in the combined dataset (Figure 1F). Similar results were found for neutrophil-, eosinophil-, and T-cell-platelet aggregate formation, except for the combined T-cell-platelet aggregate formation, which showed a minor correlation with age (Supplementary Figure S2A–C). Additionally, PLA formation was not affected by the sex of the donor (Supplementary Figure S2D). These results suggest that the observed increase in PLA formation in HNSCC patients is likely attributed to disease-related mechanisms rather than demographic differences. Additionally, a comparison between the basal activation state of single platelets showed a significantly higher level of P-selectin expression on platelets of HNSCC patients than HDs (Figure 1G). A higher basal P-selectin expression often implies a systemic activation of platelets, rendering platelets “exhausted,” which is measured by impaired ex vivo reactivity (Baaten et al., 2017). By investigating the reactivity of isolated platelets from both populations upon stimulation with TRAP and ADP, no relevant differences were found (Figures 1H,I). In contrast, platelet activation after crosslinking the low affinity receptor for IgG (FcγRIIa) with the monoclonal antibody IV.3 and Fab fragment, showed slightly decreased reactivity for HNSCC platelets (Figure 1J). The observed unequal distribution of PLAs among leukocyte subsets, together with the slightly increased P-selectin expression suggests that the binding mechanism may depend on platelet activation and on subtype-specific ligands, which are differentially expressed across various leukocyte populations.
[image: ]FIGURE 1 | Platelets from HNSCC patients exhibit a prothrombotic phenotype. (A-D) Whole blood was collected from healthy donors (n=13) and HNSCC patients (n=12). The samples were immediately stained to determine the prevalence of aggregates between platelets (CD41+) and (A) monocytes, (B) eosinophils, (C) neutrophils and (D) T-cells. (E) Age was compared between HD and HNSCC patients. (F) Correlation between CD41+ monocytes and age were identified. Data were fitted with a simple linear regression, with the corresponding R2 and p-value indicated. (G) Platelets isolated from healthy donors and HNSCC patients were stained for P-selectin expression on the cell surface. (H-J) HD and HNSCC platelets were stimulated ex vivo with ADP (H), TRAP (I) or IV.3+Fab (J) for 10 min and maximal aggregation was measured. Data is presented as box plot with mean and minimum to maximum values. *P < 0.05, ****P < 0.0001. Mann-Whitney test was used for comparison between healthy donors and HNSCC patients.3.2 Platelet activation is indispensable for PLA formation
To better understand the binding mechanism behind these PLAs and identify potential strategies for alleviating PLA formation, a co-culture system with platelets and leukocytes from HDs was established. To this end, resting or activated platelets were co-cultured with leukocytes in a physiological ratio of 50 platelets to 1 leukocyte for 15 min. Leukocyte subtypes were identified using the gating strategy illustrated in Supplementary Figure S3. Importantly, platelet activation with TRAP was essential for promoting PLA formation, with the highest levels observed between activated platelets and CD14 high monocytes, followed by eosinophils and neutrophils. Platelet-T cell and platelet-NK cell aggregates remained relatively low and were not significantly altered (Figure 2). These results align with PLA data from the whole blood of HDs and HNSCC patients (Figures 1A–D). Furthermore, the data indicate that platelet activation is required for PLA formation, suggesting the presence of activation markers as requirement for PLA formation.
[image: ]FIGURE 2 | Platelet activation enhances PLA formation. Platelets were either left unstimulated or stimulated with 5 µM TRAP for 5 min before being co-cultured with leukocytes at a ratio of 1:50 for 15 min. The presence of CD41+ leukocyte subpopulations was subsequently identified and analyzed via flow cytometry as outlined in Supplementary Figure S3. Data is presented as mean ± SEM. Statistical significance is denoted as *P < 0.05. Unpaired Students’ t-tests were used for comparison between untreated and treated groups.3.3 PLA formation is dependent on P-selectin expression
Next, to identify the ligand expressed on platelets responsible for the underlying PLA formation in our co-culture system, we used several blocking antibodies for common ligands described to play an essential role in PLA formation. Leukocyte subtypes were identified using the gating strategy shown in Supplementary Figure S4. We found that TRAP-mediated PLA formation could be prevented by an antibody targeting P-selectin, whereas inhibition of CD41, CD42b or CD40L did not affect the formation of platelet aggregates with monocytes, neutrophils or eosinophils significantly (Figure 3A). Mechanistically, P-selectin binding glycoprotein ligand 1 (PSGL-1) on leukocytes binds to P-selectin on platelets or endothelial cells. Thus, to confirm the data, we preincubated leukocytes with an anti-PSGL-1 antibody before co-culture. Indeed, by blocking PSGL-1, TRAP-mediated PLA formation was completely abolished (Figure 3A). We therefore concluded that P-selectin is one of the main molecules involved in the formation of PLAs with monocytes, neutrophils and eosinophils in our experimental setting, aligning with our observation that platelet activation is necessary for enhanced PLA formation. Next, to investigate the preferential binding of platelets to monocytes and granulocytes over lymphocytes, we evaluated the expression of PSGL-1 and CD11b, the latter known to bind to CD41 and CD42b, across different leukocyte subsets. Quantification showed that PSGL-1 expression was highest on CD14 high monocytes, followed by granulocytes and lymphocytes, with all differences being statistically significant (Figure 3B). In contrast, CD11b was equally distributed on CD14 high monocytes and granulocytes, while no expression was found on lymphocytes (Figure 3C). Remarkably, the differential expression patterns of PSGL-1 on leukocytes showed a strong and highly significant correlation with the percentages of PLA formation (R2 = 0.9183) (Figure 3D). In contrast, a weaker but still significant correlation was observed between CD11b expression and PLA formation (R2 = 0.6340) (Figure 3E). However, no correlation was found between CD11b expression and PLA formation in monocytes and granulocytes alone, in contrast to PSGL-1 (Supplementary Figure S5A–B). These results indicate that the P-selectin-PSGL-1 axis is likely the primary mediator of platelets binding to leukocytes, while CD41-or CD42b-CD11b axis may play a supportive role in vivo, but appears negligible in our in vitro experimental system. Overall, this data implies that targeting the P-selectin-PSGL-1 axis might be effective for modulating PLA formation in a therapeutic context.
[image: ]FIGURE 3 | P-selectin expression mediates PLA formation in an in vitro co-culture assay. (A) Platelets were pretreated with 5 μM TRAP for 2 min, followed by the addition of the indicated blocking antibodies (10 μg/mL) for additional 5 min. Subsequently, platelets were co-cultured with leukocytes at a ratio of 1:50 for 15 min. For PSGL-1 blockade, leukocytes were pretreated with anti-PSGL-1 (10 μg/mL) for 10 min. PLAs were analyzed via flow cytometry (n=3-7). (B, C) The expression levels of PSGL-1 (B) and CD11b (C) were measured on the surface of freshly isolated leukocytes using flow cytometry (n=3). (D, E) The percentages of CD61+ leukocytes were plotted against the expression levels of PSGL-1 (D) or CD11b (E). Data were fitted with a simple linear regression, with the corresponding R2 and p-value (P) indicated (n=3). Data are presented as mean ± SEM. Statistical significance is denoted as *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.0001. One-way ANOVA followed by Dunnett’s post-hoc test was used for analysis in (A) and Tukey’s post-hoc test for (B) and (C). 3.4 1,8-cineole inhibits TRAP-induced formation of PLA
PLA formation can aggravate inflammatory diseases, including various cancers, by promoting tumor growth. Since 1,8-cineole (Supplementary Figure S6A) is known not only for its anti-inflammatory and anti-cancer properties, but also for its modulation of platelet activation and aggregation induced by different platelet agonists, we were interested in exploring its influence on PLA formation ex vivo. Notably, in our previous work, we showed that 1,8-cineole significantly reduces platelet surface expression of key activation markers, including P-selectin, CD63, CD40L and CD107a (Petry et al., 2024), as well as fibrinogen binding (Supplementary Figure S6B). Given that P-selectin plays a pivotal role in PLA formation, we hypothesized that 1,8-cineole might effectively inhibit PLA formation by suppressing the P-selectin-PSGL-1 interaction. To test this hypothesis, we measured PLA formation with resting or activated platelets after pretreatment with 1,8-cineole. Titration of 1,8-cineole on TRAP-stimulated platelets revealed a concentration-dependent inhibition of platelet aggregation (Supplementary Figure S6C). To ensure complete inhibition in subsequent experiments, a concentration of 5,000 µM was used for all assays involving 1,8-cineole. We observed that TRAP-mediated increases in PLA formation of neutrophils and eosinophils were prevented by 1,8-cineole pretreatment, while 1,8-cineole appeared ineffective for CD14 high monocyte-platelet aggregates (Figure 4A). This is likely due to the substantial expression of PSGL-1 on monocytes compared to neutrophils and eosinophils. In line with previous data, TRAP-activated platelets did not enhance platelet interaction with T cells or NK cells, and thus 1,8-cineole did not affect these PLA formations (Figure 4A). However, platelet activation is not solely dependent on thrombin formation, as it can also be induced by a variety of agonists. Particularly in the tumor microenvironment, other platelet stimulants such as collagen, IgG, AA, and TXA2 are present. Hence, we further evaluated the effect of 1,8-cineole on PLA formation with stimulants present in the tumor microenvironment. We found no decrease in platelet-monocyte aggregates after treatment with 1,8-cineole (Supplementary Figure S6A), while platelet-neutrophil and platelet-eosinophil aggregates were significantly reduced in IV.3- and CVX-stimulated platelets (Supplementary Figure S6B–C). In line with previous results, T cell and NK cell aggregates were not significantly affected by 1,8-cineole, except for CVX-stimulated platelet-NK cell aggregates (Supplementary Figure S6D–E). These data suggest that 1,8-cineole effectively reduced platelet-leukocyte aggregates in response to a variety of platelet activation stimulants, likely through the reduction of P-selectin expression.
[image: ]FIGURE 4 | PLA formation is affected by 1,8-cineole. Platelets were pretreated with or without 1,8-cineole or the indicated antithrombotic drugs and subsequently activated with TRAP for 10 min. (A) PLA formation was measured with 1,8-cineole-treated platelets after 15 min co-incubation with leukocytes by flow cytometry (n=4). (B) PLA formation was determined with antithrombotic-treated platelets after 15 min of co-culture by flow cytometry (n=3). (C) Aggregation was determined with treated or untreated platelets for 10 min (n=3). Representative Graph (left panel) and area under the curve [AUC] (right panel) are shown (n=5). (D) P-selectin expression on the cell surface was measured. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.005, ****P < 0.0001. One-way ANOVA followed by Dunnett’s post-hoc test was used.To further assess the pharmacological effects of anti-platelet treatments on PLA formation, we compared 1,8-cineole with clinically used anti-platelet drugs, including tirofiban, cangrelor and acetylsalicylic acid (ASA). Unlike 1,8-cineole, none of the tested anti-platelet drugs significantly inhibited PLA formation in any of the leukocyte subsets, except for platelet-neutrophil aggregates pretreated with ASA (Figure 4B). However, all anti-platelet drugs, including 1,8-cineole, significantly inhibited platelet aggregation, confirming the appropriate concentrations used and demonstrating their effect in targeting thrombus formation (Figure 4C). In contrast, measurement of P-selectin expression after treatment revealed that while 1,8-cineole completely prevented P-selectin expression, tirofiban, cangrelor and ASA treatment did not inhibit its expression (Figure 4D). These findings indicate that 1,8-cineole may inhibit PLA formation through the reduction of P-selectin, whereas conventional anti-platelet drugs, such as tirofiban, cangrelor and ASA likely fail to prevent PLA formation due to their inability to markedly reduce P-selectin expression following platelet activation. Consequently, 1,8-cineole emerges as a promising metabolite for mitigating platelet-leukocyte interactions, and thus platelet-mediated inflammation and pro-tumorigenic functions.
4 DISCUSSION
This study highlights a significant elevation in P-selectin expression on platelets and increased circulating PLAs in patients with HNSCC compared to HDs. Our findings emphasize that platelet activation is a prerequisite for PLA formation, primarily driven by P-selectin binding to PSGL-1 on leukocytes. Notably, the anti-inflammatory metabolite 1,8-cineole (CNL-1976®) reduced PLA formation by suppressing P-selectin expression, demonstrating a superior pharmacological effect compared to classical anti-platelet drugs. This underscores 1,8-cineole’s potential as a targeted disruptor of the P-selectin-PSGL-1 axis, offering a novel approach to mitigate platelet-driven tumor-promoting interactions (Figure 5).
[image: ]FIGURE 5 | 1,8-cineole abrogated TRAP-induced platelet-leukocyte aggregate formation via P-selectin regulation in comparison to classical antithrombotics. PLA formation is induced by the activation of platelets via subsequent P-selectin expression on the cell surface, binding to PSGL-1 expressed on leukocytes. 1,8-cineole inhibits P-selectin expression, thereby reducing PLA formation. Tirofiban blocks the binding of fibrinogen to the GPIIb/IIIa receptor, fully inhibiting aggregation, whereas P-selectin expression and PLA formation remain fully active. Cangrelor antagonizes the ADP receptor, thus inhibiting the platelet activation enhancement, but not the first step of activation. ASA blocks COX-1 activity and subsequent TXA2 formation, leading to the inhibition of the platelet activation enhancement, while it does not interfere with the initial step of platelet activation. Created with https://BioRender.com.Although platelet-leukocyte interactions have been increasingly studied in various pathological conditions, including cardiovascular diseases and autoimmune disorders, their role in cancer, particularly HNSCC, remains underexplored (Finsterbusch et al., 2018; Joseph et al., 2001). To our knowledge, this study is the first to demonstrate elevated PLAs in HNSCC patients. Similar observations have been reported in a limited number of cancers, such as advanced non-small cell lung cancer (NSCLC) and myeloproliferative disorders (Zamora et al., 2021; Meikle et al., 2020; Jensen et al., 2001). The relatively low prevalence of PLAs in cancer, compared to systemic inflammatory diseases, could be attributed to the locally restricted encounter or infiltration of platelets to the tumor microenvironment, rendering platelet activation and interactions with leukocytes less frequent. In line with these findings, we observed that platelets from HNSCC patients showed marginally increased P-selectin expression, consistent with other reports showing higher P-selectin expression in glioblastoma or hepatocellular carcinoma (Marx et al., 2018; Wang et al., 2019). Of note, high P-selectin expression in the absence of external stimulation, coupled with a diminished response in platelet activation and aggregation following agonist stimulation, is a characteristic of exhausted platelets. This phenotype of circulating hyperactivated yet less reactive platelets has been frequently observed in individuals with various tumor types, as well as in conditions such as sepsis, stroke and COVID-19 (Baaten et al., 2017; Riedl et al., 2017; Tacquard et al., 2023). However, while we found increased P-selectin expression on platelets, indicating a chronic activation and exhausted phenotype, ex vivo stimulation of HNSCC platelets with TRAP and ADP preserved their aggregation potential compared to HD platelets. Even though FcγRIIa crosslinking-mediated platelet aggregation in HNSCC patients was marginally lower than in HDs, aggregation was still greater than 70%, suggesting that the platelets are not entirely exhausted. In fact, their increased P-selectin expression points to a primed phenotype that facilitates enhanced interactions with leukocytes. Remarkably, we found that PLA formation in HNSCC patients was lower than in artificial co-culture experiments, likely due to the variability in P-selectin expression levels between in vivo and ex vivo conditions. Nonetheless, the platelet-monocyte aggregate formation remains a highly sensitive marker of in vivo platelet activation, as evidenced by our data, highlighting its potential as a biomarker in cancer (Pluta et al., 2022; Michelson et al., 2001).
Strikingly, activated platelets appeared to exhibit a preference for interacting with leukocytes from the innate immunity (Ahn et al., 2005). This observation suggests that platelets may play a primary role in the rapid recognition and resolution of infections, rather than contributing to the slower processes associated with adaptive immunity. Supporting this hypothesis, our in vitro co-culture assays indicated that interactions between P-selectin and PSGL-1 were pivotal for PLA formation. Importantly, PSGL-1 is highly expressed on CD14 high monocytes and granulocytes, while it is only marginally expressed on lymphocytes, and its surface expression strongly correlates with PLA formation. Although we did not observe significant changes in platelet-lymphocyte interactions in our in vitro co-culture model, we found a significant increase in PLAs in HNSCC patients. This discrepancy is likely due to the differences between in vivo and in vitro conditions. In the in vivo setting, platelet-leukocyte interactions are likely influenced by the complex array of inflammatory mediators and other factors, which not only promote platelet activation but also facilitate T cell engagement. The critical importance of the P-selectin-PSGL-1 axis in mediating platelet-leukocyte interactions has also been corroborated by other studies (Bournazos et al., 2008; Zarbock et al., 2009). After the initial bond to PSGL-1, firm adhesion is facilitated by interactions between CD11b/CD18 and GPIbα or CD41 via fibrinogen (Wang et al., 2017; Ehlers et al., 2003). Additionally, platelet CD40L mediates physical interaction and signaling with immune cells expressing CD40 (Cognasse et al., 2022). However, these additional interactions were not found to be significantly regulated in our in vitro experimental setup.
Comparative analysis of 1,8-cineole with classical anti-platelet drugs revealed its unique ability to inhibit both platelet activation and PLA formation. Particular, we found that 1,8-cineole significantly blocks platelet-neutrophil and platelet-eosinophil interactions, independent of the platelet stimulation agent used. This inhibition of PLA formation likely results from 1,8-cineole´s suppression of P-selectin expression, thereby disrupting the P-selectin-PSGL-1 axis. Noteworthy, classical agents such as tirofiban, cangrelor, and ASA showed minimal impact on P-selectin expression, and consequently, had no effect on PLA formation. This aligns with existing reports, which suggest that anti-platelet drugs primarily target platelet aggregation rather than activation or degranulation. For instance, while tirofiban effectively inhibits platelet aggregation, it significantly enhances the surface expression of P-selectin and the release of CCL5 (Aguiar et al., 2022). Moreover, multiple studies have demonstrated that GPIIb/IIIa antagonists have little to no effect on P-selectin expression following platelet activation, with agents like tirofiban being recognized as weak inhibitors of platelet release reactions (Caron et al., 2002; Barlage et al., 2002; Dickfeld et al., 2001). Furthermore, the anti-platelet effect of ASA is primarily attributed to its inhibition of dense granule release (Rinder et al., 1993). In accordance, ASA has shown only a minor inhibitory effect on the surface expression of P-selectin and CD40L (Parker et al., 2020; Moshfegh et al., 2000), and several studies have concluded that ASA intake does not significantly alter P-selectin expression or PLA formations (Zhao et al., 2001; Storey et al., 2002; Li et al., 2003; Klinkhardt et al., 2003). Besides GPIIb/IIIa and COX-1 inhibitors, the P2Y12 antagonist ticagrelor has shown only a slight effect on P-selectin expression in a COVID-19 model (Schrottmaier et al., 2021), while clopidogrel was reported to only marginally reduce TRAP-induced P-selectin expression and PLA formations (Xiao and Théroux, 2004). These findings demonstrate that PLAs are partially and unspecifically targeted by current antithrombotic regimens. It is tempting to speculate that the clinical use of anti-platelet drugs may impact the hemostatic roles of platelets, but not the immunological and tumorigenic roles of platelets, as these processes often rely on P-selectin-PSGL-1 interactions (Semple et al., 2011). In contrast, the phosphodiesterase 3 inhibitor cilostazol effectively interfered with the interaction between platelets and leukocytes by reducing P-selectin expression on the platelet surface (Ito et al., 2004). Similarly, the prostacyclin analogue illoprost and the adenylyl cyclase (AC) agonist forskolin prevented P-selectin upregulation and abrogated platelet-neutrophil aggregate formations (Konstantopoulos et al., 1998; Libersan et al., 2003). Unlike tirofiban, cangrelor or ASA, these compounds are cAMP-elevating agents, similar to 1,8-cineole, and demonstrate broader anti-platelet effects by inhibiting both aggregation and activation (Petry et al., 2024). This dual-action mechanism positions 1,8-cineole as a promising candidate for targeting platelet-mediated inflammatory and tumor-promoting processes. While various other phytochemicals have been studied for their anti-platelet effects, their influence on PLA formation remains largely unexamined (Tamer et al., 2022). Most phytochemicals tested for anti-platelet activity are dietary metabolites rather than clinically applied agents. In contrast, 1,8-cineole, which is already used in medical practice, exhibits not only anti-platelet but also anti-inflammatory and anti-cancer properties, making it a promising candidate for targeting platelet-driven inflammation in cancer and other diseases (Hoch et al., 2023). Although the small, lipophilic nature of 1,8-cineole raises the possibility of assay interference, our previous work demonstrated a highly specific mode of action via the adenosine A2A receptor pathway (Petry et al., 2024). Using a broad panel of pharmacological inhibitors, only those targeting this pathway were able to reverse the inhibitory effects on platelet aggregation, strongly arguing against non-specific activity or pan-assay interference compound-like behavior.
Particularly, P-selectin has emerged as a therapeutic target in various diseases, including cardiovascular conditions, systemic lupus erythematosus, and sickle cell anemia (Ataga et al., 2017; Scherlinger et al., 2021; Schmitt et al., 2015). In oncology, P-selectin inhibition has been associated with reduced tumor growth and improved survival in preclinical models of melanoma and glioblastoma (Muz et al., 2015; Yeini et al., 2021). Knockout studies of platelet molecules further refine the notion that platelets and particular P-selectin, play a crucial role in tumor metastasis (Kim et al., 1998). Our findings support the growing evidence that targeting P-selectin can disrupt platelet-promoting tumor progression, offering new avenues for therapeutic interventions in HNSCC and potentially other cancers. To fully establish the therapeutic potential of 1,8-cineole in cancer treatment, further studies are required to determine its optimal concentration and dosing regimen. Reported effective concentrations of 1,8-cineole in vitro vary widely, ranging from micromolar to millimolar levels, depending on the tumor cell type (Hoch et al., 2023). In vivo studies have demonstrated pharmacological effects at a dose of 50 mg/kg when administered subcutaneously in mice (Murata et al., 2013). Additionally, previous research utilizing 1,8-cineole in inflammatory murine models has employed oral doses ranging from 10 to 120 mg/kg (Zhao et al., 2014; Li et al., 2016). However, the most suitable route of administration for cancer treatment remains to be clarified. Given that 1,8-cineole is predominantly administered orally in existing formulations, this route may be the first choice for further evaluation. Regarding its toxicity profile, studies have reported an oral acute LD50 of 3,849 mg/kg body weight in mice, with repeated doses of up to 1,500 mg/kg over 50 days being well tolerated (Xu et al., 2014). Importantly, we have previously demonstrated that 1,8-cineole does not exhibit cytotoxic effects on platelets at concentrations up to 25 mM (Petry et al., 2024). These findings suggest a favorable safety profile, but further investigations are necessary to assess the metabolite’s long-term effects and therapeutic index in cancer models.
Despite the robust findings regarding 1,8-cineole and other anti-platelet drugs in inhibiting PLA formation and their potential use in tumor disease, the study has several limitations. First, the effects of 1,8-cineole on PLA formation were evaluated using ex vivo methods. While informative, these conditions may not fully replicate the complex dynamics of the tumor microenvironment in vivo. Validation in animal models and further clinical trials are necessary to confirm the translational relevance. Additionally, while we observed increased P-selectin expression, elevated PLAs in HNSCC patients, and a potent reduction of P-selectin expression and PLA formation following 1,8-cineole treatment, the study did not explore whether these reductions in PLA formation or P-selectin expression correlate with clinical outcomes, such as tumor progression, response to therapy, or survival. Establishing such clinical correlations would strengthen the significance of the findings. Moreover, although our study examined the association between PLA formation, age, and sex, we did not assess other potential biological factors such as body mass index, smoking status, or platelet counts, which could influence PLA formation. Nevertheless, several studies have reported no significant correlation between PLA formation and these factors, suggesting that their impact may be minimal in certain contexts (Meikle et al., 2020; Gilstad et al., 2009; Liu et al., 2019; Schulte et al., 2024). Additionally, the variability in platelet activation across different patients, potentially influenced by individual tumor characteristics, comorbidities, or medication usage, may introduce variability in the results. Nonetheless, future studies assessing a larger patient cohort could further elucidate whether demographic or biological characteristics modulate PLA formation in HNSCC. Second, this study focused exclusively on circulating PLAs without assessing their presence or functional role within the tumor microenvironment. Investigating PLAs and the impact of 1,8-cineole within tumor tissue could provide deeper insights into their contribution to tumor progression and immune modulation. Third, the potential for 1,8-cineole to synergize with existing treatments, such as chemotherapy or immunotherapy, also remains an open question and warrants further investigation. Nevertheless, we present compelling evidence regarding the activity of 1,8-cineole on PLA formation and we believe that our study provides valuable insights into the role of PLA in HNSCC, offering a promising foundation for future research and therapeutic strategies targeting platelet-mediated mechanisms in cancer.
Future investigations are needed to fully characterize the role of 1,8-cineole on platelets and their tumorigenic effects. It is of particular interest to not only elucidate whether 1,8-cineole inhibits PLA formation, but also whether it reduces platelet-driven tumor progression. In particular, determining whether the pharmacological effect of 1,8-cineole in inhibiting PLA formation in vitro are also applicable in vivo will be crucial. In this regard, future studies should involve cancer mouse models, particularly HNSCC, to assess the combined effects of 1,8-cineole on platelet activation, tumor cells, and platelet-induced inflammation and tumorigenesis. Expanding the research to include other cancer types, especially those with increased PLA formation, will help determine whether the observed effects are cancer-specific or more broadly applicable.
5 CONCLUSION
This study highlights the importance of innovative approaches to target platelet activation and PLAs in cancer treatment. 1,8-cineole might represent a novel anti-aggregatory metabolite with significant potential to disrupt PLA formation and thus to mitigate platelet-mediated tumor progression. Unlike classical anti-platelet drugs that primarily target platelet aggregation, 1,8-cineole specifically disrupts the P-selectin-PSGL-1 axis, addressing the inflammatory and immune-modulating aspects of cancer progression. While 1,8-cineole shows promise, further research is required to validate its clinical efficacy and safety in cancer therapy. Nonetheless, given its ability to modulate critical platelet-leukocyte interactions, 1,8-cineole could pave the way for novel therapeutic strategies aimed at reducing the pro-tumorigenic functions of platelets in HNSCC and other cancers.
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