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IL-33 stimulates the anticancer activities of eosinophils through extracellular vesicle-driven reprogramming of tumor cells
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Abstract
Immune cell-derived extracellular vesicles (EV) affect tumor progression and hold promise for therapeutic applications. Eosinophils are major effectors in Th2-related pathologies recently implied in cancer. Here, we evaluated the anti-tumor activities of eosinophil-derived EV following activation with the alarmin IL-33. We demonstrate that IL-33-activated mouse and human eosinophils produce higher quantities of EV with respect to eosinophils stimulated with IL-5. Following incorporation of EV from IL-33-activated eosinophils (Eo33-EV), but not EV from IL-5-treated eosinophils (Eo5-EV), mouse and human tumor cells increased the expression of cyclin-dependent kinase inhibitor (CDKI)-related genes resulting in cell cycle arrest in G0/G1, reduced proliferation and inhibited tumor spheroid formation. Moreover, tumor cells incorporating Eo33-EV acquired an epithelial-like phenotype characterized by E-Cadherin up-regulation, N-Cadherin downregulation, reduced cell elongation and migratory extent in vitro, and impaired capacity to metastasize to lungs when injected in syngeneic mice. RNA sequencing revealed distinct mRNA signatures in Eo33-EV and Eo5-EV with increased presence of tumor suppressor genes and enrichment in pathways related to epithelial phenotypes and negative regulation of cellular processes in Eo33-EV compared to Eo5-EV. Our studies underscore novel IL-33-stimulated anticancer activities of eosinophils through EV-mediated reprogramming of tumor cells opening perspectives on the use of eosinophil-derived EV in cancer therapy.
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	Cyclin-dependent kinase inhibitors

	
                              Eo33
                           
	IL-33-activated eosinophils

	
                              Eo5
                           
	IL-5-stimulated eosinophils

	
                              Eo33-EV
                           
	Extracellular vesicles derived from IL-33-activated eosinophils

	
                              Eo5-EV
                           
	Extracellular vesicles derived from IL-5-stimulated eosinophils

	
                              EMT
                           
	Epithelial-to-mesenchymal transition

	
                              EV
                           
	Extracellular vesicles

	
                              FGF-2
                           
	Fibroblast Growth Factor 2

	
                              GO
                           
	Gene Ontology

	
                              hEo33
                           
	Eosinophils purified from the peripheral blood of healthy donors and cultured overnight with IL-33

	
                              hEo5
                           
	Eosinophils purified from the peripheral blood of healthy donors and cultured overnight with IL-5

	
                              hEo33-EV
                           
	Extracellular vesicles derived from hEo33

	
                              hEo5-EV
                           
	Extracellular vesicles derived from hEo5

	
                              lncRNA
                           
	Long non-coding RNA

	
                              mRNA
                           
	Messenger RNA

	
                              MVB
                           
	Multivesicular bodies

	
                              NTA
                           
	Nanoparticle tracking analysis

	
                              PTPRJ
                           
	Protein Tyrosine Phosphatase Receptor J

	
                              qPCR
                           
	Quantitative real time polymerase chain reaction

	
                              RNA-
                              seq
                           
	RNA sequencing

	
                              TME
                           
	Tumor microenvironment




Introduction
Extracellular vesicles (EV), including exosomes, play a crucial role in cancer progression through the transfer of a broad spectrum of signaling molecules between tumor, immune infiltrating and stromal cells within the tumor microenvironment (TME) [1]. EV deliver a cargo of functional proteins, lipids and nucleic acids (mRNA, lncRNA and miRNA) that reflects the functional status of the producing cell [2] and induce downstream signaling cascades on receiving cells shaping their phenotype and functions [3]. The primary mechanism of EV entry into target cells is endocytosis that mediates the internalization and transfer of EV cargo for rapid translation and modulation of gene expression [3, 4]. In the TME, EV secreted by immune cells can inhibit or promote tumor progression, depending on the producing cell type and status, the carried molecules and the phenotypic modifications induced in cancer and other cells in the TME [5]. For example, EV derived from classically activated (M1) and alternatively activated (M2) macrophages respectively inhibit [6, 7] and promote [8–11] tumor proliferation, invasion and metastasis through delivery of distinct spectra of miRNAs and lncRNAs. EV secreted by NK cells carry cytotoxic proteins (granzymes, granulysin and perforin) and express surface molecules (FasL, DNAM-I) that trigger tumor cell apoptosis. Moreover, miRNAs (MiR-186 and MiR-3607-3p) in NK-derived EV inhibit cancer cell proliferation, migration and invasion [12]. EV released by T cells [13–15], B cells [16], dendritic cells [17] and mast cells [18] can also target cancer cells variably affecting tumor progression. The role of eosinophil EV in the TME is currently unknown.

Eosinophils are important components of the TME where they play diverse roles in regulating tumor progression [19]. Eosinophils secrete several soluble mediators, including cytokines, chemokines, angiogenic and growth factors that variably affect immune responses and tumor progression [19, 20]. Through degranulation, eosinophils release a plethora of cytotoxic mediators, such as cationic proteins and granzymes that induce the killing of mouse [21–24] and human [25–27] tumor cells. This effector function of eosinophils can be augmented by activation stimuli, such as IFN-γ [24] and IL-33 [21, 22]. In particular, IL-33 can stimulate eosinophil-dependent anti-tumor immunity in various tumor models [22, 23, 28]. Eosinophils secrete EV following activation with IFN-γ and the release of EV is higher in eosinophils from asthmatic subjects compared to healthy individuals [29]. Moreover, EV from eosinophils of asthmatics activate in an autocrine manner eosinophils [30] and participate in airway remodeling by affecting inflammation-related gene expression in structural lung cells [31]. These observations demonstrate the potential of eosinophil-derived EV to reprogram and shape target cells.
In the present study, we have investigated the impact of IL-33 activation on EV release by mouse and human eosinophils and the effects of eosinophil-derived EV in shaping the phenotype of tumor cells. We show that IL-33 both stimulates the secretion and qualitatively affects the molecular cargo of EV released by eosinophils. Following incorporation into target tumor cells, EV from IL-33-activated eosinophils transcriptionally reprogram tumor cells to inhibit cancer proliferation and malignant progression. Our results provide the first evidence of a role for eosinophil-secreted EV in cancer progression.

Results
IL-33 stimulates EV secretion by eosinophils
We previously reported that mouse bone marrow-derived eosinophils, obtained by culturing bone marrow progenitors in presence of IL-5, undergo phenotypic and functional activation following exposure to IL-33 [21, 22]. We asked whether IL-33 stimulation could also affect EV secretion by these eosinophils. To this end, we isolated and characterized EV from the culture medium of IL-33 activated (Eo33) and control IL-5 stimulated (Eo5) mouse bone marrow-derived eosinophils by serial ultracentrifugations. Nanoparticle tracking analysis (NTA) showed the size of the mainly represented vesicle population released by Eo5 (mode 73.9 nm) and Eo33 (mode 94.6 nm) (Fig. 1A) and excluded the presence of lytic granules (500–1000 nm) [32] in the population. Negative staining transmission electron microscopy showed typical ultrastructure and integrity of EV released by Eo5 and Eo33 (Fig. 1B). Western blotting analysis confirmed protein expression of EV markers Tsg101 and Alix, which were present at increased levels in Eo33-derived EV as compared to Eo5-EV (Fig. 1C) and absence of GM130 and Calnexin (Fig. 1D), indicating absence of contaminating organelles. To evaluate whether IL-33 stimulated the release of EV by eosinophils, we generated fluorescent EV by Bodipy FL C16 metabolic labelling of eosinophils and quantified them by flow cytometry [33, 34]. The results show that Eo33 secreted significantly higher numbers (~twofold) of fluorescent (C16+) EV with respect to Eo5 (Fig. 1E). Moreover, when FL C16-labelled eosinophils where co-cultured with B16.F10 melanoma cells we also observed a ~twofold higher EV secretion by Eo33 with respect to Eo5 (Fig. 1F). Transmission electron microscopy of IL-33 activated eosinophils co-cultured with B16.F10 melanoma cells revealed the presence of multivesicular bodies (MVB; Fig. 1G) and release of EV (Fig. 1H) in eosinophils upon contact with target tumor cells. These results indicate that activation with IL-33 stimulates the secretion of EV by eosinophils and that this process occurred also in proximity of tumor cells.[image: ]
Fig. 1IL-33 stimulates the release of EV by eosinophils. EV were isolated from Eo5 and Eo33 conditioned media by serial ultracentrifugations. A NTA analysis of vesicle size and (B) transmission electron microscopy of negative stained Eo5-EV and Eo33-EV. Western blotting for (C) EV markers Alix and Tsg101 in Eo5-EV and Eo33-EV and (D) GM130 and Calnexin in Eo5-EV, Eo33-EV and their producing cells. Flow cytometry quantification of fluorescent EV released by Bodipy FL-C16 labelled Eo5 and Eo33 (E) cultured alone or (F) in the presence of B16.F10 melanoma cells (20:1 ratio) for 24 h. Data are expressed as number of EV released per cell. Mean (SD) of four (E) and three (F) separate experiments is shown. G-H Transmission electron microscopy analysis of Eo33 co-cultured with B16.F10 melanoma cells (10:1 ratio) for 1 h, showing the presence of multivesicular bodies (MVB, G) and EV release (H) by an eosinophil in proximity of a tumor cell. Gr: granule. Nu: nucleus



Eosinophil-derived EV are incorporated by tumor cells
Next, we assessed the incorporation of eosinophil-derived EV into a selection of tumor cells, namely B16.F10 melanoma cells, MCA205 sarcoma cells and TC1 lung adenocarcinoma cells. To this end, we co-cultured Bodipy FL C16-labeled Eo5 and Eo33 with tumor cells separated by a 0.4 μm pore-sized transwell system to allow the transfer of fluorescent EV without passage of cells (Fig. 2A). Flow cytometry analysis showed that fluorescent C16+ EV from Eo5 (Eo5-EV) and Eo33 (Eo33-EV) were incorporated rapidly (within 2 h) into B16 and MCA205 cells (> 95% C16+; Fig. 2A). In contrast, TC1 cells showed slower rate of EV incorporation, which was 50% for Eo5-EV and 60% for Eo33-EV at 2 h but reached > 95% C16 positivity after 18 h of culture (Fig. 2A). We further visualized the transfer of eosinophil-derived fluorescent EV into tumor cells by culturing Bodipy FL C16-labeled eosinophils and tumor cells in a microfluidic chip [21, 35]. In this setting, C16+ eosinophils and B16 tumor cells were embedded in Matrigel and loaded in separate lateral chambers connected by two arrays of microchannels and a central fluidic chamber to allow the passage of EV (Fig. 2B). After 18 h of co-culture in the chip, B16 acquired green fluorescence from either C16+ Eo5-EV or C16+ Eo33-EV to a similar extent, as shown by fluorescence microscopy (Fig. 2B). Time-lapse fluorescence microscopy was carried out to monitor the acquisition of green fluorescence by B16 tumor cells confirming efficient incorporation of either C16+ Eo5 or C16+ Eo33 by 5 h in this setting (Movies S1 and S2). Staining with DAPI at the end of the co-culture followed by confocal analysis and z-stack image acquisition, showed incorporation of fluorescent EV in the cytoplasm of B16 cells incubated with C16+ Eo5 or C16+ Eo33 (Fig. 2C; Figure S1; Movies S3 and S4). Overall, these findings demonstrate that both Eo5-EV and Eo33-EV are efficiently integrated into tumor cells.[image: ]
Fig. 2Transfer of eosinophil-derived EV to tumor cells. A Eo5 and Eo33 were labelled with Bodipy FL-C16 and then co-cultured with tumor cells separated by a 0.4 μm pore sized insert. C16+ EV intake by tumor cells after the indicated culture times, revealed by flow cytometry analysis of green fluorescence acquisition. CTR: tumor cells cultured alone. Mean (SD) of three replicates is shown. (B) On chip assay for visualizing eosinophil-derived EV incorporation by B16.F10 tumor cells by fluorescence microscopy. C16-labelled Eo5 or Eo33 and B16.F10 cells were loaded in the chip as indicated and incubated for 18 h. Images depict C16+ fluorescence (green) in B16.F10 cells at the beginning of the culture (T = 0 h) and after 18 h incubation. Inserts represent separate visible and green fluorescence channels. Scalebar: 100 μm. C Microphotographs showing incorporation of C16+ EV (green) from Eo5 or Eo33 in the cytoplasm of B16.F10 cells after 18 h. Chips were fixed and stained with DAPI (blue) at the end of the co-culture. Scalebar: 5 μm



EV released by IL-33 activated eosinophils inhibit tumor proliferation by regulating cell cycle
We previously demonstrated that IL-33 promotes contact-dependent cytotoxic function of eosinophils against various cancer cell types [21, 22]. We asked whether the cytotoxic activity of IL-33 activated eosinophils could be mediated by EV. To this end, we co-cultured eosinophils with B16.F10 melanoma cells in the presence of GW4869 (GW), an inhibitor of EV biosynthesis [36], and analyzed apoptosis in tumor cells. Consistent with the different quantities of EV released by the two eosinophil populations, two μM GW were sufficient to inhibit EV secretion by Eo5 (66.4% inhibition; Figure S2), while efficient inhibition of EV release by Eo33 was achieved at doses of GW as high as 8 μM (69.5% inhibition; Figure S2). After 5 h, Eo33 induced the killing of significantly higher numbers of target tumor cells compared to Eo5 (Figure S3) confirming previous data [21, 22]. Pre-exposure of eosinophils to GW did not reduce the apoptosis rate induced by either Eo5 or Eo33 (Figure S3), ruling out an involvement of eosinophil-derived EV in eosinophil-mediated tumor cell killing.
We sought to investigate the effects of eosinophil-derived EV on tumor cells. Exposure to Eo33-EV, but not to Eo5-EV, significantly inhibited the proliferation of B16, MCA205 and TC1 cells as revealed by MTS assay (Fig. 3A) and by reduction of tumor cell covered area in a crystal violet assay (Figure S4). Treatment of tumor cells with a 1:2 dilution of Eo33-EV (half) was sufficient to inhibit the proliferation of B16, TC1 and MCA205 cells (Figure S4), thus excluding the possibility that the anti-proliferative effects of Eo33-EV were ascribable to their major quantity. Moreover, in 3D culture models of B16, MCA and TC1 cells, exposure to Eo33-EV, but not Eo5-EV, markedly contrasted the formation of tumor spheroids (Fig. 3B and C). Since our data indicated that Eo33-derived EVs did not induce tumor apoptosis (Figure S3), we asked whether Eo33-EV inhibition of tumor cell proliferation could occur through blocking of cell cycle progression. Exposure to Eo33-EV, but not to Eo5-EV, up-regulated cyclin-dependent kinase inhibitor (CDKI) protein-related genes in tumor cells, specifically Cdkn1b and Cdkn2b in B16 cells (Fig. 3D) and Cdkn2b and Cdkn1a in TC1 cells (Fig. 3E). Furthermore, cell cycle analysis revealed significant increase of tumor cells in the G0/G1 phase and concomitant decrease of the proportion of cells in G2/M phase after Eo33-EV exposure compared with untreated and Eo5-EV treated B16 (Fig. 3F) and TC1 (Fig. 3G) tumor cells, indicating cell cycle arrest in G0/G1 phase. These data indicate that EV from IL-33 activated eosinophils inhibit tumor growth by blocking cell cycle.[image: ]
Fig. 3Anti-proliferative effects of EV from IL-33 activated eosinophils. A MTS assay of cell viability/proliferation in the indicated tumor cell lines cultured for various times alone (CTR) or in the presence of Eo5-derived EV (Eo5-EV) or Eo33-derived EV (Eo33-EV). Mean (SD) of five replicates is shown. *P < 0.05; **P < 0.01; ****P < 0.0001. B-C Tumor spheroid formation of indicated tumor cell lines cultured in ultralow attachment plates in medium alone (CTR) or with added Eo5-EV or Eo33-EV. B Representative microphotographs of tumor spheroids at day 4. Scalebar:1000 μm. C Quantitative analysis of tumor spheroid growth. Data show the mean spheroid area (SD) at the depicted time (n = 3–12). *P < 0.05; **P < 0.01. Expression of indicated CDKI protein-related genes in (D) B16 and (E) TC1 tumor cells cultured for 24 h alone (CTR) or in the presence of Eo5-EV or Eo33-EV. Mean (SD) of three replicates is shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Flow cytometry analysis of cell cycle in (F) B16 and (G) TC1 cells 24 h after exposure to Eo5-EV or Eo33-EV. Mean (SD) of three replicates is shown. *P < 0.05; **P < 0.01; ***P < 0.001



EV released by IL-33 activated eosinophils contrast malignant progression in target tumor cells
Eosinophil-derived EV have been shown to guide airway remodeling in asthma by altering lung epithelial cell gene expression [31]. The ability of eosinophil-derived EV to affect the transcriptional program of target cells prompted us to investigate the effects of Eo33-EV on tumor cell phenotype. Co-culture of mouse tumor cells with Eo33, compared to Eo5, induced more substantial up-regulation of the epithelial marker E-Cadherin/Cdh1 and down-modulation of the mesenchymal molecule N-Cadherin/Cdh2 (Fig. 4A). Flow cytometry analysis confirmed higher expression of E-Cadherin on the tumor cell membrane following co-culture with Eo33, with respect to Eo5 co-cultured or control tumor cells (Fig. 4B). Of note, Eo33-mediated up-regulation of membrane E-Cadherin was partially inhibited by GW (Fig. 4C) and was observed also in absence of direct contact between tumor cells and eosinophils (Fig. 4D), indicating that the modulatory effect could be mediated by EV. Consistently, exposure to Eo33-EV also induced up-regulation of Cdh1 and down-regulation of Cdh2 in tumor cells (Fig. 4E). To evaluate whether the transcriptional reprogramming following Eo33-EV incorporation resulted in a less invasive phenotype of tumor cells we conducted a scratch assay. As shown in Fig. 5A, B16 melanoma cells untreated or pre-exposed to Eo5-EV almost replenished the wound caused by the scratch as soon as after 24 h of culture. In contrast, tumor cells pre-exposed to Eo33-EV showed significant delay in closure rate up to 48 h (Fig. 5A-B). Of note, pre-exposure of tumor cells to Eo33-EV was sufficient to inhibit melanoma migration in the wounded area, since a second administration of Eo33-EV during the scratch assay did not enhance this effect further (Figure S5). We analyzed the effects of eosinophil-derived EV in shaping tumor cell morphology as possible predictor parameter for metastatic state [37]. Morphometric analysis of tumor cells showed increased elongation (Feret diameter) and perimeter in B16 (Fig. 5C) and TC1 cells (Fig. 5D) after 140 min of culture alone or in the presence of Eo5-EV, indicating changes towards an invasive phenotype. In contrast, B16 (Fig. 5C) and TC1 (Fig. 5D) tumor cells receiving Eo33-EV maintained their morphometric parameters virtually unchanged over this time. We further evaluated whether the phenotype acquired by tumor cells following Eo33-EV reprogramming affected their metastatic potential in vivo in a melanoma experimental pulmonary metastasis model. To this end, we intravenously injected B16.F10 melanoma cells, either untreated or treated with Eo33-EV or Eo5-EV, into syngeneic C57Bl/6 mice and analyzed metastatic colonization in lungs 14 days later (Fig. 5E). Remarkably, mice injected with Eo33-EV treated B16.F10 melanoma cells developed a significantly reduced number of pulmonary metastases with respect to mice injected with Eo5-EV reprogrammed or control cells (Fig. 5F). Overall, these results indicate that EV from IL-33 activated eosinophils affect epithelial to mesenchymal transition (EMT)-related gene program in target tumor cells shaping their phenotype towards a less metastatic potential.[image: ]
Fig. 4IL-33 activated eosinophils regulate EMT markers through EV. Tumor cells were cultured for 24 h alone (CTR) or in the presence of Eo5 or Eo33 (4:1 Eo:Tum ratio). A Expression of CDH1 (E-Cadherin) and CDH2 (N-Cadherin) genes in the indicated cell lines. Mean (SD) of three replicates is shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. B Flow cytometry analysis of the expression levels of E-Cadherin on tumor cells. Left, representative histograms. Right, mean fluorescence intensity (MFI) of three replicates, mean (SD). **P < 0.01; ****P < 0.0001. E-Cadherin expression on B16 melanoma cells (C) following 24 h co-culture with GW4869 pre-treated or untreated Eo33 or (D) cultured with Eo33 in a 0.4 μm Transwell system (24 h). Mean (SD) of three replicates is shown. *P < 0.05; **P < 0.01; ****P < 0.0001. E Expression of CDH1 and CDH2 in the indicated tumor cell lines cultured for 24 h alone (CTR) or in the presence of Eo5-EV or Eo33-EV. Mean (SD) of three replicates is shown. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001

[image: ]
Fig. 5Phenotypic changes in tumor cells following incorporation of Eo33-EV. A Wound-healing scratch assay. B16 melanoma cells were exposed to Eo5-EV, Eo33-EV or left untreated for 24 h and then scratched. Phase-contrast pictures were taken at the indicated times. Scalebar, 100 μm. B Quantification of cell-free area by ImageJ analysis at indicated times. Mean (SD) of several fields is shown. ***P<0.001; ****P < 0.0001. Morphologic changes in (C) B16 melanoma cells and (D) TC1 lung adenocarcinoma cells after exposure to Eo5-EV or Eo33-EV. Representative microphotographs at 140 min of culture (left); scalebar, 100 μm. Feret’s diameter and cell perimeter (right) were extrapolated from time lapse video (1440 min., frame interval 20 min). Histograms represent the mean values (SD) of several cells from several fields. Dots represent single cells. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. E Experimental melanoma pulmonary metastasis assay. B16 melanoma cells were exposed to Eo5-EV, Eo33-EV or left untreated for 24 h and then injected intravenously (2 × 105) in C57Bl/6 mice. Mice were sacrificed 14 days later to examine metastases formation in the lungs. F Representative images of metastatic lungs for each experimental group (left) and lung metastatic foci counts (right). Mean (SD) is shown (n = 6 mice/group). *P < 0.05



Comparative analysis of Eo5-EV and Eo33-EV molecular content by RNA-Seq
To discover the molecular content enclosed within eosinophil-derived EV accounting for the observed effects on cancer cells, we carried out bulk RNA-Seq on Eo5-EV and Eo33-EV and on their respective producing cells (Eo5 and Eo33). RNA-Seq identified 149,222 transcripts in our samples, which take into account for ~65% protein coding transcripts (mRNA) and for ~10% long non-coding RNAs (lncRNA) of Eo-EV raw read count, whereas only a small percentage (0.3%) of microRNAs was found (Fig. 6A). By multiple cross-filtering process [log2 (normalized counts) > 0], we obtained lncRNA and mRNA transcripts expressed in EV (either Eo5-EV or Eo33-EV) and simultaneously in their producing cells (Eo5 or Eo33, respectively). Among the lncRNA, we found 11 transcripts up-regulated in Eo5-EV corresponding to 11 Ensembl gene IDs and 23 lncRNA in Eo33-EV corresponding to 23 Ensembl gene IDs, albeit all of unknown function (Figure S6). Through the same procedure, we identified 88 mRNAs significantly up-regulated in Eo5-EV and 132 mRNAs significantly up-regulated in Eo33-EV whose expression was detected also in the producing cells, Eo5 and Eo33 (Fig. 6B; Figure S7). Hierarchical clustering analysis on heatmap (Fig. 6C) underscored a close similarity between the two experimental replicates (R1, R2) within each condition (Eo5-EV or Eo33-EV). Moreover, combined CancerMine plus TSGgene data mining underscored a significantly (P = 0.0244) higher number of tumor suppressor genes in the Eo33-EV signature (n = 27) accounting for 20.45% of total mRNA transcripts (Fig. 6C) with respect to those detected in the Eo5-EV signature (n = 9; 10.23%; Fig. 6C).[image: ]
Fig. 6RNA-Seq analysis of Eo-EV signatures. A RNA Transcript biotypes distribution into the two indicated EV signatures. Classification was performed according to the ENSEMBL official transcript definition (https://​www.​ensembl.​org/​info/​genome/​genebuild/​biotypes.​html). Values depict the percentages of the indicated biotypes, expressed as the mean read per each biotype versus the total number of reads. B Distribution of differentially expressed protein-coding mRNAs alongside the indicated Eo-EV signatures. Volcano plot shows the p values (Y axis, negative base 10 logarithm) distribution versus the mean Fold Change (X axis, base 2 logarithm). Colored dots represent significant (-log10(p value) > 1.3) mRNAs whose mean FC is upregulated (log2(Fold Change) > 1, Eo33-EV) or downregulated (log2(Fold Change) < 1, Eo5-EV). Grey lines represent the p value and Fold Change settings employed to select statistically significant upregulated/downregulated mRNAs (italic numbers). C Differential expression of the significant genes (as delineated in panel B) for the Eo-EV signatures compared to the two experimental conditions. Heatmap shows the base 2 logarithm of the 88 and 132 differentially expressed genes into the replicates (R1, R2) for each Eo-EV signature. Dendrograms show hierarchical clustering for experimental conditions (EXO5 for Eo5-EV, EXO33 for Eo33-EV) and mRNAs. Gene expression has been clustered by K-means method (n = 60). Tumor suppressor genes (provided by the CancerMine and TSGene databases) are indicated for each Eo-EV signature with their respective percentage (number of tumor suppressors versus total genes into the signature)


Based on the selected gene sets, we found Eo33-EV transcripts enriched in Gene Ontology (GO) pathways linked to general homeostatic cell functions, such as import into cell (GO:0098657), establishment of localization (GO:0051234), vesicle-mediated transport (GO:0016192), and intracellular signal transduction (GO:0035556), as summarized in Table 1 (cyan). We also found enrichment in negative regulation of cellular processes (GO:0048523) compatible with the inhibition or delay of cell proliferation and a general decrease of cell activity (Table 1, cyan). Moreover, Eo33-EV transcripts were enriched in pathways associated to epithelial phenotypes, such as cell junction organization (GO:0034330) and actin filament-based process (GO:0030029) (Table 1, cyan). In contrast, Eo5-EV transcripts were enriched in pathways associated to cell cycle activation (Table 1, red), such as positive regulation of cellular processes (GO:0048522), positive regulation of biological processes (GO:0048518) and positive regulation of metabolic processes (GO:0009893). Other GO terms found enriched in Eo5 transcripts included innate immune response (GO:0045087) regulation of gene expression (GO:0010468) and cellular response to chemical stimulus (GO:0070887).
Table 1GO pathway analysis of mRNAs enriched in Eo33-EV vs Eo5-EV


[image: ]
Cyan: pathways enriched in Eo33-EV; Red: pathways enriched in Eo5-EV




EV from IL-33 activated human eosinophils reprogram human melanoma cells towards a less aggressive phenotype
In order to translate the findings with the murine model into the human system, we carried out studies with human eosinophils and human tumor cells. Eosinophils purified from the peripheral blood of healthy donors were stimulated for 18 h with IL-5 (hEo5) or IL-33 (hEo33). Co-culture of hEo33 with A375P melanoma cells markedly reduced tumor cell growth compared to cells cultured in the presence of hEo5 (Figure S8A and S8B). Following co-culture with hEo33, A375P cells exhibited increased levels of CDH1 while down-regulated CDH2, with respect to melanoma cells co-cultured with hEo5 or control (Figure S8C). Furthermore, co-culture with hEo33, but not with hEo5, increased the expression of CDKN1A and CDKN1B in A375P cells (Figure S8D). These observations indicate that also for human cells IL-33 activation of eosinophils produces phenotypic alterations in adjacent tumor cells. To evaluate the role of eosinophil-derived EV in these phenomena, we isolated and characterized EV from hEo5 (hEo5-EV) and hEo33 (hEo33-EV) culture media. The purity of hEo5-EV and hEo33-EV was confirmed by expression of the EV marker CD81 and lack of Calnexin, whose levels were found only in the producing eosinophils (Fig. 7A). Notably, the expression of CD81 was higher in hEo33-EV with respect to hEo5-EV (Fig. 7A). We enumerated hEo5-EV and hEo33-EV by Bodipy FL C16 labeling of human eosinophils. Flow cytometry analysis revealed that hEo33 released higher numbers of C16+ EV with respect to hEo5 (twofold; Fig. 7B). We analyzed the transfer of fluorescent eosinophil-derived EV into A375P melanoma cells and found, after 2 h, increased incorporation of C16+ hEo33-EV (80%; Fig. 7C) with respect to C16+ hEo5-EV (60%; Fig. 7C), both reaching 100% incorporation by 18 h (Fig. 7C). We next evaluated the ability of human eosinophil-derived EV to shape the phenotype of A375P cells. We found that exposure to hEo33-EV, but not to hEo5-EV, markedly contrasted the formation of A375P tumor 3D spheroids over time (Fig. 7D) and effectively blocked tumor proliferation even when diluted 1:2 (Figure S9). Consistently, hEo33-EV, but not to hEo5-EV, induced in A375P cells up-regulation of the CDKI genes CDKN1A, CDKN2A, CDKN1B and CDKN2B (Fig. 7E) and block of cell cycle in G0/G1 phase (Fig. 7F). Moreover, A375P melanoma cells significantly increased the expression of CDH1 with concomitant down-modulation of CDH2 in the presence of hEo33-EV, with respect to cells exposed to hEo5-EV or left untreated (Fig. 7G). Taken together, these data indicate that similarly to mouse eosinophils, activation of human eosinophils with IL-33 stimulates the secretion of EV that induce transcriptional reprogramming in receiving tumor cells towards a block of cell proliferation and of EMT-related markers.[image: ]
Fig. 7IL-33 stimulates EV secretion by human eosinophils that reprogram human melanoma cells. A Western blot analysis of CD81 and Calnexin expression in human eosinophils stimulated with IL-5 (hEo5) or IL-33 (hEo33) and their derived EV (hEo5-EV and hEo33-EV). B Flow cytometry quantification of fluorescent EV generated by Bodipy FL-C16 labelling of hEo5 and hEo33. Data are expressed as number of EV released per cell. Mean (SD) of three experiments is shown. C Incorporation of fluorescent eosinophil-derived EV into A375P melanoma cells following co-culture with C16-labelled hEo5 or hEo33 in 0.4 Transwell system for the indicated times. Mean (SD) of three replicates is shown. D Tumor spheroid formation of A375P human melanoma cells cultured alone (CTR), with hEo5-EV or hEo33-EV. Left, representative micrographs at the indicated times. Bars: 1000 μm. Right, quantitative analysis of tumor spheroid area. Mean (SD) of several spheroids is shown. ***P < 0.001. E Gene expression analysis of CDKI in A375P cells following 24 h exposure to hEo5-EV or hEo33-EV. Mean (SD) of three replicates is shown. **P < 0.01; ***P<0.001; ****P < 0.0001. E Cell cycle analysis in A375P cells after 24 h exposure to hEo5-EV or hEo33-EV. Mean (SD) of three replicates is shown. **P < 0.01; ***P < 0.001. (F) Expression of CDH1 and CDH2 genes in A375P cells exposed to hEo5-EV or hEo33-EV (24 h). Mean (SD) of three replicates is shown. *P < 0.05; ***P < 0.001. ****P < 0.0001




Discussion
Despite the controversial role of IL-33 in cancer immunity, it is extensively demonstrated that this epithelial-derived alarmin may provide anticancer responses in a number of tumors due to its ability to stimulate a wide set of immune cells, such as CD8+ T cells, NK, DCs, eosinophils and basophils that infiltrate the TME [38]. Eosinophils have emerged as important components of the TME exerting several functions against cancer, ranging from the secretion of soluble mediators (i.e., chemokines) that facilitate the recruitment of CD8 + T cells at the tumor site to cytotoxic degranulation [19, 21, 22, 24, 39]. On the other hand, eosinophils can secrete several pro-angiogenic factors, such as VEGF-A, fibroblast growth factor 2 (FGF-2) and CXCL8/IL-8, which may favor tumor progression [19, 40]. In this scenario, EV as conveyors of molecular messages may intervene providing communication between tumor and immune cells, including eosinophils, affecting tumor fate [5]. In the present study, we provide the first evidence of a role for eosinophil-derived EV in controlling tumor proliferation and metastatic potential through transcriptional reprogramming of target tumor cells.
First, we demonstrate that stimulation with IL-33 increased the secretion of EV by both mouse and human eosinophils, as shown by flow cytometry-based enumeration of fluorescent Bodipy FL C16+ EV [33, 34] and by increased levels of EV associated proteins in Eo33-EV with respect to Eo5-EV. It has been described that under inflammatory conditions such as asthma, eosinophils release EV, which participate in asthmatic airway remodeling by affecting inflammation-related gene expression in target cells [29, 30]. Moreover, EV secretion by human eosinophils is enhanced following activation with IFN-γ [29], CCL11 or TNF-α [41]. These observations suggest that activation stimuli promote EV secretion by eosinophils, consistent with the notion that the quantity of secreted EV depends on the functional status of the producing cell [1].
Once incorporated into recipient cells, EV can activate downstream signaling cascades that result in transcriptional reprogramming and modifications of cellular physiology [3, 4]. We found that mouse and human IL-33 activated eosinophil-derived EV affect the transcriptional program of target tumor cells towards a block of cell cycle and malignant progression. Tumor progression represents a dense network of multiphasic proceedings that may result in the constitutive activation of genes involved in uncontrolled cell proliferation and redundant cell cycle events. We demonstrate that EV from Eo33 drive the expression of genes coding for CDKI proteins in mouse and human tumor cells that prevent cell cycle progression from G1 to S phase and act as tumor suppressor genes [42]. This transcriptional reprogramming corresponded to cell cycle block in G0/G1 phase and an effective decrease in the proliferative rate of cancer cells, revealed by MTS and crystal violet assays and by inhibition of tumor spheroid formation in 3D culture system. Of note, the anti-proliferative effects of Eo33-EV did not seem to involve tumor apoptosis, since blockade of EV generation by GW4869 did not prevent eosinophil-induced tumor cell death. This result is consistent with previous reports by our group [21] and others [26, 43] demonstrating that the cytotoxic activity of eosinophils is both contact-dependent and relies on degranulation and release of lytic proteins (i.e., ECP, EPX and granzyme B).
The analysis of the main molecules that regulate EMT, namely E-Cadherin and N-Cadherin [44] denoted a reversion of this process in mouse and human tumor cells following exposure to IL-33 activated eosinophil-derived EV. In fact, A375P melanoma cells up-regulated the expression of CDH1 while down-modulated CDH2 after exposure to hEo33-EV or co-culture with hEo33. Similarly, mouse tumor cells co-cultured with Eo33 or exposed to Eo33-EV expressed significantly higher levels of Cdh1 gene and surface E-Cadherin and with concomitant down-modulation of Cdh2. Loss of E-cadherin expression and acquisition of N-cadherin are critical steps in cancer dissemination [44]. E-cadherin, as a key component of adherens junctions, plays a major role in maintaining adherence between adjacent cells [45]. Transcriptional “switch” from E-Cadherin to N-cadherin expression in cancer cells results in acquisition of a mesenchymal phenotype characterized by loss of cell–cell junctions and acquisition of elongated shape, increased motility and invasive capacity [44, 46]. The transcriptional reprogramming of tumor cells following Eo33-EV incorporation correlated with a reduced migration/motility in a scratch assay and the failure to acquire an elongated shape in vitro and, of more relevance, with a lower metastatic propensity in vivo. The requirement of EMT for the formation of cancer metastases has been long debated [46, 47]. Previous studies showed that inactivation of EMT inducer-transcription factors promote metastatic colonization to distant sites [48–50]. On the other hand, recent reports demonstrated a positive association between EMT-related markers with increased potential for metastases formation in mouse models of melanoma [51–53], squamous cell carcinoma [54] and lung cancer [55, 56]. These contrasting observations may be attributed to the transient nature of EMT process, which may be reversed upon reception of specific signals at the metastatic site.
Although IL-33 activated eosinophils released higher quantities of EV, our on chip and transwell experiments with Bodipy FL C16-labelled mouse eosinophils indicate that both Eo5-EV and Eo33-EV were efficiently integrated into target tumor cells. These observations indicate that the transcriptional reprogramming of tumor cells induced by Eo33-EV was not attributable to increased quantities of EV incorporated but rather by the molecular cargo composition, as also indicated by the RNA-Seq analysis. We uncovered distinct transcript profiles in Eo5-EV and Eo33-EV that were compatible with the observed effects on tumor cell phenotype shaping. In fact, an increased number and percentage of tumor suppressor genes were found in the Eo33-EV signature with respect to Eo5-EV transcripts. Among mRNAs preferentially expressed in Eo33-EV, we retrieved a number of transcripts whose functions could counteract tumor transformation and progression. The metastasis suppressor cd82 is known to reverse EMT process in cancer cells by inhibiting the TGF-β1/Smad andWnt/β-catenin pathways [57]. The tumor suppressor gene Nisch drives transcriptional up-regulation of E-cadherin and, contextually, downregulation of several mesenchymal genes, including N-cadherin in cancer cells [58] and was shown to be delivered through EV conferring traits of reduced migration, adhesion, and spreading in target cancer cells [59]. Some of the mRNAs preferentially expressed in Eo33-EV are involved in negative regulation of cellular activities. In particular, Acin1, Ahrr, Basp1, Bclaf3, Dedd, Esrrb, Fhl2, Mapk10, Satb1, Taf3 can negatively regulate the transcriptional machinery of cells by acting at different levels, such as through a negative regulation of transcription by RNA polymerase II [60–62] or through a negative regulation of DNA-templated transcription [63, 64].
The mRNA signature of Eo33-EV corresponded to enrichment in GO biological processes such as actin filament-based process, cell junction organization and cell junction assembly that involve tight junction and adherens junction, the latter primarily composed of E-cadherin [45]. Defects in cell–cell junctions give rise to a wide range of tissue abnormalities and are common in cancers. This trait correlates with the observed activity of Eo33-EV in inducing an epithelial-like phenotype in tumor cells by affecting the expression of E-Cadherin and N-Cadherin. Through GO analysis, we also found Eo33-EV transcripts associated with “negative regulation of signaling” that may lead to a possible decrease of tumor cell activities, such as metabolism and proliferation. Among the mRNAs significantly more up-regulated in Eo33-EV, we also found transcripts involved in cell cycle regulation. These include Cdk2ap1, which negatively regulate CDK2 activity resulting in cell cycle arrest in the G1 phase [65]. The F-box protein FBXO34 is a substrate-recognition component of the SCF (SKP1-CUL1-F-box protein)-type E3 ubiquitin ligase complex involved in cell cycle regulation [66] that has been reported to regulate both the G2/M transition and anaphase entry [67]. The protein tyrosine phosphatase receptor type J (PTPRJ) exerts a negative regulatory effect on cell proliferation, migration, differentiation, and cell adhesion, and is therefore considered a tumor suppressor [68]. In contrast, Eo5-EV signature showed enrichment in pathways generally associated to cell activation, cell proliferation and metabolic functions. In particular, we found the presence of transcripts, such as Cux1 and Arpc2, which variably regulate DNA replication, cell proliferation and motility [69, 70] and Csnk1e, which is implicated in the Wnt/β-catenin pathway, a key determinant in cancer proliferation [71].
Besides mRNAs, other molecular determinants present in the Eo33-EV cargo may account for the transcriptional reprogramming of tumor cells. Several studies have demonstrated the effects of various immune cell-derived EV on tumor cells through specific miRNAs, lncRNAs or proteins contained in the EV cargo [5]. Our RNA-seq analysis returned only a small portion of miRNA (0.3%) in the eosinophil-derived EV cargo, with no significant miRNA differentially expressed in the two Eo5-EV and Eo33-EV populations. With regard to lncRNA, we could not find documented function for any of the transcripts up-regulated in either Eo5-EV or Eo33-EV. Therefore, it is possible that lncRNAs and/or proteins, which were not analyzed in this study, also contribute to the Eo33-EV induced effects on tumor cells.
Of relevance, we could translate to the human system the findings that EV from IL-33-activated human eosinophils induced transcriptional reprogramming of cell cycle and EMT-related genes resulting in anti-proliferative effects on A375P melanoma cells in standard and 3D cultures. We observed a more rapid incorporation of hEo33-EV at 2 h, with respect to hEo5-EV. However, both hEo5-EV and hEo33-EV were efficiently incorporated by 18 h. Given that our analyses on gene expression and tumor phenotype changes were performed at times > 24 h, it is unlikely that the differential effects of hEo33-EV as opposed to hEo5-EV could be attributable to different amounts of incorporated vesicles by the tumor cells. Moreover, the observation that half of hEo33-EV adjusted to the same amount as hEo5-EV were as efficient as undiluted hEo33-EV in blocking the proliferation of A375 cells (as observed also in the mouse system) supports the concept that the differential effects of hEo33-EV and hEo5-EV are qualitative rather than quantitative. In this respect, a molecular profiling of hEo33-EV and hEo5-EV cargos would clarify the homology of the determinants with the murine system.
Our findings provide novel mechanistic insights on the function of eosinophils in the tumor microenvironment that may underlie the diverse prognostic role of these cells in human cancers [19]. Recent evidences suggest that the TME comprise a heterogeneous population of eosinophils of different origin (i.e., resident vs inflammatory) and with plastic functions in response to environmental factors that may induce different transcriptional programs in these cells [24, 72]. It has been reported that activation of eosinophils with certain stimuli, such as IFN-γ, associates both with enhanced anti-tumor functions [24] and with increased EV secretion [29]. In this context, our study provides the first demonstration of a link between anti-tumor activities of eosinophils mediated by EV release following activation with IL-33. The intrinsic properties of EV in regulating intracellular pathways have advanced their potential utility in the therapeutic control of many diseases and particularly in cancer. The future of EV-based therapy includes engineered immune-derived EV and combinations of targeted EV with anticancer drugs for in vivo tracking, prognosis monitoring and cancer therapy [73]. In this respect, the GO enrichment in Eo33-EV transcripts in pathways involving import into cell (GO:0098657) and vesicle-mediated transport processes (GO:0016192) may suggest a greater potential of Eo33-EV for drug transport. In conclusion, our study provides a possible mechanism by which IL-33 stimulates the anticancer activities of eosinophils through EV-mediated reprogramming of tumor cells and opens new perspectives on the use of eosinophil-derived EV in cancer therapy.

Materials and methods
Tumor cell lines
Murine B16.F10 metastatic melanoma cells (ATCC, CRL-6475), TC1 lung adenocarcinoma cells (provided by Dr. Guido Kroemer, Gustave Roussy Cancer Institute, France), MCA205 fibrosarcoma cells (Merk Millipore, SCC173) and human metastatic melanoma A375P cells (ATCC, CRL-3224) were used in this study. B16.F10 and A375P were cultured in DMEM High Glucose supplemented with 10% FBS, 1% glutamine, 1% Antibiotic–Antimycotic (all from Euroclone). MCA205 were maintained in RPMI 1640 (EuroClone) supplemented with 10% FBS, 1% glutamine, 1% Antibiotic–Antimycotic. TC1 were cultured in RPMI 1640 supplemented with 10% FBS, 1% glutamine, 1% Antibiotic–Antimycotic plus 1 mM sodium pyruvate, 10 mM Hepes and 1X non-essential aminoacids (NEAA). All cell lines were constantly tested for morphology, absence of mycoplasma and passaged for no more than 3–4 times from thawing.

Generation of bone marrow-derived eosinophils
Bone marrow (BM) -derived murine eosinophils were obtained following a differentiation protocol already described [21] starting from BM cells from naïve C57Bl/6 mice. BM cells were extracted from both tibia and femur and treated with ACK lysis buffer (140 mM NH4Cl, 17 mM Tris HCl, pH 7.2) to discard erytrocites. Cells were plated at 2 × 106/mL in RPMI 1640 containing 20% FBS, 1% glutamine, 1% Antibiotic–Antimycotic, 10 mM Hepes, 1X NEAA, 1 mM sodium pyruvate, supplemented with 100 ng/mL rmSCF (Cell Guidance Systems) and 100 ng/mL rmFLT3-L (Cell Guidance Systems) and cultured at 37 °C in 5% CO2. On day 4, 10 ng/mL rmIL-5 (PeproTech) were added directly to the culture media. On day 8, cells were harvested, counted and splitted (2 × 106/mL) in two new T75 flasks containing fresh medium supplemented with 10 ng/mL rmIL-5. At days 10 and 12, 5 mL of fresh medium containing 10 ng/mL rmIL-5 were added. On day 14, cells were harvested, counted and replated 2 × 106/mL in a new flask containing fresh medium and supplemented with 10 ng/ml rmIL-5 to generate a population of IL-5 eosinophils (Eo5) or with 100 ng/ml rmIL-33 (Biolegend) to generate a population of IL-33 eosinophils (Eo33). Cells are used on day 15 or 16, after overnight incubation with 10 ng/ml rmGM-CSF (Miltenyi Biotec), directly added in the culture media. At the end of differentiation, eosinophil purity (> 80%) was tested as already described [21].

Isolation and stimulation of human eosinophils
The Ethics Committee of the Istituto Superiore di Sanità (Rome, Italy) approved the study protocol involving the use of human blood cells (Prot. n. OO-ISS 02/10/2019 0029604). Buffy coats from healthy donors (hepatitis B surface antigen, hepatitis C virus and HIV virus negative) were used to isolate human eosinophils. Leukocytes were separated from erythrocytes by dextran sedimentation (Dextran 70 BioChemica A1847, PanReac Applichem). Granulocytes were obtained by density gradient centrifugation of leukocytes in Lymphosep, Lymphocyte Separation Media (Aurogene). Eosinophils were then isolated by negative immunomagnetic selection by using Human Eosinophil Isolation Kit (Miltenyi Biotec). Eosinophils were seeded 2 × 106/mL in RPMI 1640 containing 1% glutamine, 1% Antibiotic–Antimycotic, 20% FBS, 25 mM Hepes, 1X NEAA, 1 mM sodium pyruvate in the presence of either 10 ng/mL rhIL-5 (Cell Guidance Systems) or with 50 ng/mL rhIL-33 (Prospec-Tany Technogene Ltd.) and incubated at 37°C in 5% CO2 for 24 h.

Isolation of EV from mouse and human eosinophils
For isolation of EV from mouse eosinophils, conditioned medium of Eo5 and of Eo33 at day 16 were subjected to centrifugations (1400 rpm 10 min at 4 °C, then 3500 rpm 20 min 4 °C) to remove intact cells and debris. Subsequently, conditioned media were subjected to serial ultracentrifugations in a SW41 Ti swinging bucket rotor (BeckmanCoulter): 10,000 × g (20 min at 4 °C) to remove granules and larger EV followed by 100,000 × g (2 h at 4 °C) to collect the resulting pellet of Eo5- and Eo33-derived small EV (Eo5-EV and Eo33-EV, respectively) [33]. The EV pellets were washed with PBS 100,000 × g 2 h at 4 °C before use.
For isolation of EV from human eosinophils, conditioned media from human eosinophils stimulated with IL-5 (hEo5) or with IL-33 (hEo33) were harvested and centrifuged 1400 rpm for 10 min at 4 °C to remove cells and debris. Intact EV with a size ranging from 40–200 nm were purified by employing the Cell Culture Media Exosome Purification Kit (Norgen Bioteck Corp.). EV were then resuspended in PBS or fresh medium depending on specific experimental requirements.

Generation and quantification of Bodipy FL C16 labeled fluorescent EV
We generated fluorescent EV by labeling eosinophils with Bodipy FL C16 (4,4-difluoro5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-hexadecanoic acid, C16; Thermo Fisher Scientific), a fatty acid analogue that enters the cellular lipid metabolic pathway without affecting the natural lipid metabolism and homeostasis inside the cell. Bodipy FL C16 rapidly integrates into major phospholipid classes producing green fluorescent EV as a direct result of biogenesis [33, 34]. Mouse and human Eo5 and Eo33 were seeded 1 × 106/mL in a 0,3% FBS RPMI 1640 cell-labeling medium containing 7 μM Bodipy FL C16 and were incubated for 4 h at 37 °C in 5% CO2. For human eosinophils, medium was harvested and stored at 4 °C. For murine eosinophils, cells were washed and seeded at 1 × 106 cell/mL in complete RPMI medium in the presence or absence of 0.05 × 106/mL B16.F10 melanoma cells were added to the culture (Eo:Tumor cells ratio 20:1). Following 24 h incubation, C16+ EV-containing conditioned medium were harvested and ultracentrifuged at 10,000 × g, 4 °C to remove granules and larger EV. Aliquots of appropriately diluted fluorescent mouse and human C16+ Eo5 or C16+ Eo33 EV-containing conditioned medium were analyzed and enumerated through flow cytometry, by employing CytoFlex (Beckman Coulter) and analyzed with the CytExpert Analysis Software (Beckman Coulter). Inhibition of EV secretion was evaluated by treatment of eosinophils with GW4869 (N,N’-Bis[4-(4,5-dihydro-1H-imidazol-2-yl)phenyl]-3,3’-p-phenylene-bis-acrylamide dihydrochloride) (Sigma), an inhibitor of extracellular vesicle biogenesis and release [36]. Eosinophils were incubated for 4 h with 7 μM Bodipy FL C16 in labelling medium containing or not increasing concentrations of GW4869. Cells were washed and further incubated with GW4869 for 4 h before conditioned medium collection. C16+ EV were isolated and enumerated by flow cytometry.

Uptake of eosinophil-derived EV by target tumor cells
The incorporation of secreted C16+ Eo5-EV and C16+ Eo33-EV within tumor cells was evaluated using 0.4 µm pore-sized cell culture inserts (Corning Costar Corporation) that allows the transit of EV but not of cells. Mouse and human Eo5 and Eo33 were labeled with C16, as described above. Mouse tumor cells (B16.F10, TC1, MCA205) were seeded (2 × 105 in 600 µL) in the bottom compartment of the 24-well plate while C16+ Eo5 and C16+ Eo33 were plated (2 × 106 cells in 100 µl) in the upper insert (Eo:Tumor cells ratio, 10:1). For human experiments, A375P cells were seeded (1 × 105 in 600 µl) in the bottom compartment whereas C16+ Eo5 and C16+ Eo33 (1 × 106 in 100 µl) were placed in the upper transwell insert (Eo:Tumor cells ratio, 10:1). Controls consisted of tumor cells cultured in the absence of eosinophils. The incorporation of secreted C16+ Eo5-EV and C16+ Eo33-EV into tumor cells was evaluated at various times of culture by fluorescence microscopy and/or flow cytometry through analysis of acquisition of green fluorescence by tumor cells.
Microfluidic devices were used to evaluate EV incorporation in time lapse. Briefly, ad hoc fabricated chips [21, 35] composed of a central chamber connected to two minor side chambers by a set of micro-size channels were loaded with B16.F10 cells (2 × 104 in 5 ul Matrigel 2,5 mg/ml) and C16+Eo5 or C16+Eo33 (1 × 105 cells) as depicted in Fig. 2B. Lateral chambers were filled with medium to stabilize the microfluidic chip system. Time-lapse video recording was carried out (24 h, with a 20 min interval between frames) by using a confocal laser scanner microscope Zeiss LSM 900 (Carl Zeiss, Germany) equipped with an Ibidi incubation system (Ibidi, Germany) to monitor acquisition of green fluorescence by tumor cells as indicative of C16+ EV incorporation. For further evaluation of the uptake of the fluorescence within tumor cells, at the end of the experiment cells in the devices were fixed and stained with DAPI. Briefly, lateral chambers were washed with PBS 1X and then loaded with a fixation solution (Paraformaldehyde 2%, glutaraldehyde 1% in a 500 µL volume of PBS 1X, 50 µL/channel) with a 20 min incubation at room temperature in the dark. Chambers then were rinsed with PBS and stained with DAPI solution (20 µg/ml in 40 µL) by a 45 min incubation at room temperature in the dark. After wash with PBS, images were acquired on a confocal microscope Zeiss LSM 900 (Carl Zeiss GmbH, Jena, Germany) in Airyscan mode. Excitation light was obtained by diode lasers: 405 nm and 488 nm. Optical thickness according to objective used is 0.50 um with 63 × objective. Images have been treated and analyzed by the Zen Blue (3.2) software (Carl Zeiss GmbH, Jena Germany) and ImageJ (1.53) software (NIH, USA—http://​imagej.​nih.​gov/​ij).

Exposure of tumor cells to eosinophils and eosinophil -derived EV
For co-culture of eosinophils with tumor cells, mouse B16.F10, TC1 or MCA205 and human A375P were cultured alone or with mouse and human Eo5 or Eo33 (respectively) at an Eo:Tumor cells ratio of 4:1. After 24 h incubation, eosinophils were removed by extensive washes with PBS and adherent tumor cells were collected for further analyses. To evaluate the eosinophil -derived EV-mediated activities on tumor cells, human or mouse Eo5-EV and Eo33-EV were directly administered to the culture medium of tumor cells. Approximately 20–40 × 106 mouse Eo5-EV or Eo33-EV and 40–80 × 106 hEo5-EV or hEo33-EV, corresponding to the amount of EV isolated from each mL of conditioned medium from 2 × 106 eosinophils, were administered per well. Tumor cells were cultured 24 h at 37 °C in 5% CO2 and subsequently harvested and employed for analyses.

Cell proliferation assays
The anti-proliferative capacity of eosinophil-derived EV was assessed by CellTiter 96 AQueous One Solution Cell Proliferation Assay (MTS assay; Promega) and by crystal violet staining. For MTS assay, one thousand tumor cells in 200 µL were let to adhere in flat 96-well plates. Eo5-EV or Eo33-EV (20–40 × 106 per well) were added to the culture. Controls consisted in tumor cells cultured alone, without added EV. Each experimental condition was performed in triplicate. After various times, 20 µL of MTS reagent [3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] were added to each well. Plates were incubated for 1 h at 37°C in the dark. Absorbance at 490 nm was then determined in a spectrophotometer. For crystal violet assay, 1 × 105 A375P and 7 × 104 B16.F10, TC1, MCA205 were seeded in 6-well plates (Corning Inc.). Human or mouse Eo5-EV, Eo33-EV or half amount of Eo33-EV (diluted 1:2 to titrate Eo33-EV to the same amount as Eo5-EV) were directly administered to the culture medium of tumor cells. Tumor cells cultured alone, without added EV were used as control conditions. After incubation at 37 °C in 5% CO2 for 48 h (A375P, B16.F10) or 72 h (TC1, MCA205), adherent tumor cells were stained in 0,1% crystal violet (dissolved in 20% ethanol). For direct anti-proliferative capacity of human eosinophils against melanoma cells, A375P (1 × 105) were co-cultured with 3 × 105 hEo5 or hEo33 in 6-well plates (Corning Inc.) for 24 h (Eo:Tumor cells ratio, 3:1). At the end of the incubation, eosinophils were washed away and adherent tumor cells were stained in 0,1% crystal violet. Crystal violet-stained tumor cell images were captured in phase contrast light (20–40, 4X objective) and quantitative analysis of tumor cell covered area was performed with ImageJ Software (Particle analysis plugin). Each image was subjected to manual thresholding and particle analysis was performed on each thresholded image. This process allow to detect each tumor cell as a Region of Interest object (ROI). The sum of all ROIs of each image constitutes the total covered area (µm2) of proliferating tumor cells. The percentage of covered area is referred to the ratio between the detected area of cells in an image and the maximum theoretical area the cells can occupy in that image. The latter is expressed in µm2 and is calculated by multiplicating the X axis size (in µm) to Y axis size of the image (in µm).

Annexin V apoptosis assay
Eosinophil-mediated cytotoxicity against tumor cells was evaluated as previously described [21].
Briefly, B16.F10 melanoma cells were labeled with the PKH26 Red fluorescent Cell Linker (Sigma) and then seeded in 96 wells U-bottomed plates (5 × 104/well in 100 µL) in the presence of Eo5 or Eo33 (2.5 × 106 in 100 µL; 50:1 E:T ratio). Were indicated, Eo5 and Eo33 were pre-incubated for 4 h with, respectively, 2 µM and 8 µM GW4869, which was further added during the co-culture with tumor cells. After 5 h incubation, tumor cells were stained with Annexin-V (e-Bioscience, Thermo Fisher Scientific) and analyzed by flow cytometry. Apoptosis of target tumor cells was calculated as the percentage of Annexin-V+ cells among gated PKH26+ population.

Tumor spheroid formation
Multicellular tumor spheroids from murine B16.F10 melanoma, MCA205 fibrosarcoma, TC1 adenocarcinoma and human A375P melanoma cells were generated in flat ultralow-attachment surface 96-well plates (Corning Inc.). Five hundred tumor cells were cultured in 200 µL of medium alone or with added eosinophil-derived EV (20–40 × 106 mouse Eo5-EV or Eo33-EV per well or 40–80 × 106 hEo5-EV or hEo33-EV per well). Visible channel microphotographs were generated at different time points by using an EVOS-FL microscope (Life Technologies). Up to four regions were acquired per each spheroid well. The acquired replicate images were then subjected to particle analysis quantification by using the homonym ImageJ plugin. An optimal thresholding algorithm was chosen for each region, depending on visible light dispersion and distribution. Spheroid area was calculated and used as representative morphometric parameter.

Cell cycle assay
Mouse and human tumor cells were plated (5 × 104/well) in 6-well plates and incubated for 24 h with the corresponding mouse and human Eo5-EV or Eo33-EV (30–60 × 106 mouse Eo5-EV or Eo33-EV per well or 40–80 × 106 hEo5-EV or hEo33-EV per well). At the end of incubation, tumor cells were harvested, washed with PBS and resuspended in PBS supplemented with 0,1% Glucose. Tumor cells were permeabilized in 1 mL of ice-cold 70% ethanol and kept at + 4 °C. After 24 h, samples were washed and resuspended in 0.5 mL FxCycle™ PI/RNase Staining Solution (Thermo Fisher Scientific). Cells were incubated for 30 min at room temperature in the dark and then analyzed by flow cytometry for DNA content.

Wound healing scratch assay
B16.F10 melanoma cells were seeded in 6-well plates and grown until 90–95% confluence, after which they were serum-starved in medium containing no FBS for 18 h in the absence (CTR) or presence of Eo5-EV or Eo33-EV (70–140 × 106 per well). The following day, cells were scratched using a 200 μL sterile tip, washed with 1 mL of serum free DMEM to eliminate detached cells and cultured in fresh complete DMEM at 37 °C in 5% CO2. Images were acquired at various time points by using EVOS-FL fluorescence microscope and analyzed using ImageJ software to quantify the cell free area. Where indicated, EV were administered also after scratching the tumor cell monolayer.

Morphometric analysis of tumor cells
To test the capacity of eosinophil-derived EV to affect tumor cell morphology, TC1 and B16.F10 cells (3 × 105 cells in 2 mL) were let to adhere in 6 well glass bottom plates (Cellvis) then exposed to purified Eo5-EV, Eo33-EV (70–140 × 106 mouse Eo5-EV or Eo33-EV per well) or cultured alone. Time lapse was performed by using the confocal laser scanner microscope Zeiss LSM 900 (Carl Zeiss, Germany) equipped with an Ibidi incubation system (Ibidi, Germany) for CO2 and temperature control. Frames were captured every 20 min (for a total of 140 min.) by employing an Axiocam 702 camera (Carl Zeiss, Germany), using a 10X objective. Excitation light was obtained by diode lasers: 405, 488, 561 and 640 nm. Optical thickness vary according to objective used from 0.50 mm with 20 × objective to 0.20 mm with 63 × objective. Acquired images were analyzed by the Zen Blue (3.2) software (Carl Zeiss, Germany) and morphological parameters (perimeter and Feret’s diameter) of tumor cells were evaluated by ImageJ software at representative time points extracted from the time lapse recording.

E-Cadherin expression by flow cytometry
For the evaluation of E-Cadherin expression on cancer cell surface, mouse tumor cells (B16.F10 and TC1) were labeled with PKH26 Red fluorescent Cell Linker (Sigma) prior to co-culture with Eo5 or Eo33 and then stained with fluorescent anti-mouse/human CD324 (clone DECMA-1; Biolegend). E-Cadherin expression on tumor cells was evaluated by gating on PKH26+ cells.

In vivo pulmonary metastasis assay
                        
Five- to 7-week-old female C57BL/6 mice were purchased from ENVIGO Laboratories (Italy) and housed in the Istituto Superiore di Sanità animal facilities. For evaluation of lung metastasis formation, adherent sub-confluent B16.F10 melanoma cells were exposed to Eo5-EV, Eo33-EV (200–400 × 106 EV), or cultured alone. After 24 h, untreated, Eo5-EV treated and Eo33-EV treated melanoma cells were harvested and injected in the tail vein (2 × 105 in 200 µl PBS). At day 14, mice were sacrificed and lungs were inspected for metastatic foci count.

Transmission electron microscopy
For transmission electron microscopy, Eo5 and Eo33 were fixed in 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4. Following washes in cacodylate buffer, cells were post-fixed in 1% OsO4 in the same buffer and further washed with 0.1 M cacodylate. Cells were then dehydrated in ethanol gradient from 50 to 100% (v/v) and embedded in Agar 100 resin (Agar Scientific) at 65°C for 48 h. Ultrathin sections were obtained by an ultra-microtome and collected on 200-mesh grids, counterstained with uranyl acetate for 10 min and lead citrate for further 10 min. Samples were observed in a Philips 208 s transmission electron microscope at 100 kW (Philips). For negative staining electron microscopy, a drop of each sample of EV, prepared as described above, was placed onto carbon-coated 400 mesh grids for 1 min and allow to adsorb. After blotting off excess of sample, 10 μL drop of 2% aqueous solution of sodium phosphotungstate were placed onto the grid for 20 s. Excess of staining were blotted off with filter paper, grids were allowed to air dry and observed at a Philips 208 electron microscope.

Western blot
Western blot analysis was performed according to standard procedures. Mouse and human Eo5 and Eo33 -derived EV, and the respective producing cells, were resuspended in sample buffer with freshly added 50 μM DTT. Monoclonal antibodies (mAb) listed below were: mouse anti-Alix mAb (3A9 #MA183977, Thermo Fisher Scientific); mouse anti-TSG101 mAb (4A10 #GTX70255, GeneTex); human anti-CD81 mAb (1D6 #BTMC a-184 7 T, Clinisciences); mouse and human anti-Calnexin policlonal antibody (pAb) (#NB100-1974, NovusBio); mouse anti-GM130 mAb (35/GM130 #610,822, BD). Protein concentrations were measured with BCA Protein Assay (Thermo Fisher Scientific). Eight μg of each sample were loaded in 10% gel (SureCast Acrylamide Solution (40%), Invitrogen), and transferred to nitrocellulose membrane (Amersham). Images were acquired by using FluorChem (Protein Simple) and bands were quantified by densitometry using ImageJ software.

Real time qPCR
Total RNA was extracted from tumor cells by using TRIsure reagent (Bioline). mRNA was reverse transcribed by means of Tetro cDNA Synthesis Kit (Bioline). Quantitative real time PCR (qPCR) with forward and reverse primers (Eurofins Genomics) was performed using Sensimix Plus SYBR Kit containing the fluorescent dye SYBR Green (Bioline) and by means of an ABI 7500 Real-time PCR system (Applied Biosystems, Thermo Fisher Scientific). The conditions of real time qPCR reaction were given as follows: 15 s at 95 °C, 30 s at 60 °C and 45 s at 72° for 40 cycles. Triplicates were performed for each experimental point. Quality and specificity of amplicons in each sample were detected by dissociation curve analysis. For mRNA expression quantitation, threshold cycle (Ct) values were determined by the sequence detection system software (Applied Biosystems). Data were normalized to HPRT housekeeping gene (2-∆Ct method). Reverse and forward primers used are listed in Table S1.

RNA sequencing of eosinophils and derived EV
RNA Sequencing (RNA-Seq) was performed in collaboration with the Immunology Unit of University of Palermo. RNA was extracted from Eo5 and Eo33 and from Eo5-EV and Eo33-EV. Two experimental replicates for each sample (Eo5, Eo33, Eo5-EV and Eo33-EV) were prepared. Quality and quantity of extracted RNA from each sample were measured by the use of the spectrophotometer NanoDrop 1000 (Myco Instumentation). For library preparation, a low PCR barcode kit (cod. SQK-PBK004, Nanopore Technologies) was employed. To amplify all types of RNA molecules present in the samples, 280 to 1000 ng of total RNA extracted from eosinophils or their corresponding EV, respectively, were reverse transcribed into cDNA using the LunaScript RT SuperMix Master Mix (New England Biolabs, USA), following the manufacturer's protocol. This master mix contains random hexamer and poly-dT primers, ensuring even coverage across the length of the RNA targets. Reverse transcribed samples were then purified using AmpureXP beads (Beckman Coulter, USA), following the manufacturer’s instructions, and eluted in 49 μL of nuclease-free water. To determine the amount of cDNA present in each sample, Bioanalyzer 2100 (Agilent, USA) was used with the Agilent High Sensitivity DNA Kit (Agilent, USA). The library for sequencing was prepared according to the low PCR barcode (SQK-PBK004) protocol version PBK_9073_v1_revR_14August2019, starting from the End-prep step. Since the samples did not reach the suggested 100 femto-moles by the Nanopore protocol for library preparation, the entire volume (48 μL) was mixed with 3.5 μL of Ultra II End-prep reaction buffer and 3 μL of Ultra II End-prep enzyme mix (New England Biolabs, USA), resulting in a final volume of 54.5 μL. Next, to increase the concentration and to add a unique barcode sequence to each sample, an adapter ligation step was followed by an amplification step using barcoded primers and the enzymes as well as Thermal Profile recommended in the protocol. After amplification, each library was purified using AmpureXP beads. To determine the library molarity, the samples were analyzed on the Bioanalyzer 2100 using the DNA 12000 kit, following the manufacturer’s instructions. The libraries were then pooled into a total of 50 femto-moles in 10 μL of 10 mM Tris–HCl pH 8.0 with 50 mM NaCl. This pooled library was loaded onto the MinION flow cell version R9.4.1 FLO-MIN106 and sequenced through MinION Mk1B nanopores platform (Nanopore, product code MIN-101B), after the adapter ligation step. The MinION sequencer was connected to a PC, and MinKNOW software version 22.12.7 was used to sequence the libraries and perform base-calling of the generated reads, resulting in fast5 and fastq files, respectively.

Bionformatic analysis of bulk RNA-Seq data
The produced fastq files were sent to IFOM/Cogentech SRL company service for Bioinformatic analysis. Fastq files were processed by nfcore/nanoseq pipeline (https://​nf-co.​re/​nanoseq) by using the Ensemble version 109 for both fasta (ftp://​ftp.​ensembl.​org/​pub/​release-109/​fasta/​mus_​musculus/​dna/​Mus_​musculus.​GRCm39.​dna.​primary_​assembly.​fa) and gft (ftp://​ftp.​ensembl.​org/​pub/​release109/​gtf/​mus_​musculus/​Mus_​musculus.​GRCm39.​109.​gtf) files. The following parameters were employed: input sample_sheet, protocol cDNA, skip_demultiplexing, skip_fusion_analysis, skip_differential_analysis. Pipeline was used for quality control, alignment, quality control of alignment, reconstruction and quantification of genes and transcripts. FeatureCount and StringTie tools were used for transcript quantification. DexSeq (|log2FC|> 0.58) was employed for the differential analysis. For normalization, Upper Quartile Normalization was employed. These experimental data are publicly available in the NCBI SRA Public Database (Bioproject accession no. PRJNA1041844). RNA sequencing process identified 149,223 transcripts in our samples (provided as an Excel file dataset), including protein coding RNAs (mRNAs), miRNAs, long noncoding RNAs (lncRNAs), ribosomal RNAs (rRNAs), pseudogenes, mitochondrial RNAs (mtRNAs) and other unprocessed transcripts. To exclusively select mRNAs from our dataset, we selected the protein coding transcripts in the “Transcript-biotype” field, resulting in 58,811 selected mRNAs. The base-2 logarithmic expression values of the two replicates in each experimental condition (Eo5, Eo33, Eo5-EV and Eo33-EV) were converted into exponential values. These values were used to extrapolate mRNAs differentially expressed in Eo33-EV and Eo5-EV. To this end, we cross-filtered transcripts by selecting values > 0 in each Eo5-EV and Eo33-EV replicate as well as in their producing cell (Eo5 or Eo33, respectively). We computed the mean fold change (FC) values between Eo33-EV with respect to Eo5-EV and significance by t test. Up-regulated mRNAs in Eo33-EV were computed by selecting > 2 FC-values and < 0.05 P-values, while up-regulated mRNAs in Eo5-EV were calculated by selecting < 0.5 FC-values and < 0.05 P-values. This cross-filtering process yielded 132 transcripts whose expression is significantly higher in Eo33-EV with respect to Eo5-EV and 88 transcripts whose expression is significantly higher in Eo5-EV compared to Eo33-EV. The differential expression of the clustered genes was visually plotted as heatmaps by using Orange Data Mining software (https://​orangedatamining​.​com). Tumor suppressor genes in the two Eo5-EV and Eo33-EV mRNA signatures were revealed by data mining employing the Candidate Cancer Gene Database (CCGD; http://​ccgd-starrlab.​oit.​umn.​edu/​search.​html) and Tumor Suppressor Gene Database (TSGene; https://​bioinfo.​uth.​edu/​TSGene/​). To represent the differential expression of Eo5-EV and Eo33-EV genes in Volcano plot, we generated an Excel dataset grouping the two cluster of genes. The graph was obtained by exploiting the VolcaNoseR2 R tool, an R script web-based tool (https://​huygens.​science.​uva.​nl/​VolcaNoseR2/​). Specifically, negative base-10 logarithm from Eo-EV P-values and base-2 logarithm from Eo-EV mean FC values (n = 15,630 mRNAs) were used to obtain a Volcano plot displaying Eo5-EV and Eo33-EV transcripts. FC value threshold was set up between -1 and + 1, while the significance threshold was configured on 1.1 (namely, around the 0.05 p raw value). Finally, Gene Ontology (GO) analysis of biological processes enriched in the two Eo5-EV and Eo33-EV signatures was carried out through the GProfiler database webtool (https://​biit.​cs.​ut.​ee/​gprofiler/​gost). The significance threshold was calculated as False Discovery Rate (FDR) upon a < 0.05 P-value cut off.

Statistical analysis
Statistical analyses were performed using GraphPad Prism Software (GraphPad, La Jolla, CA). One-way ANOVA analysis was performed to compare means among multiple groups, followed by an appropriate post-hoc test. Values were considered significant when the probability was below the 5% confidence level (p < 0.05).
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