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Reg3β modifies cell tumor function by impairing extracellular vesicle uptake

Extracellular vesicles (EV), including exosomes and microvesicles, are nano-sized membrane vesicles containing proteins and nucleic acids which act as intercellular messengers [START_REF] Valadi | Exosome-mediated transfer of mRNAs and microRNAs is a novel mechanism of genetic exchange between cells[END_REF] . These EV are released most probably by all cell types and are uptaken by target cells through different mechanisms, some of them dependent on glycoproteins present in the membrane [START_REF] Batista | Identification of a conserved glycan signature for microvesicles[END_REF][START_REF] Gerlach | Surface glycosylation profiles of urine extracellular vesicles[END_REF] . They play an important role in a variety of physiological processes as well as in pathological situations such as inflammation or cancer [START_REF] Tickner | Functions and therapeutic roles of exosomes in cancer[END_REF] . In the case of pancreatic ductal adenocarcinoma, one of the most lethal cancers, there is an increase in the concentration of circulating EV in plasma [START_REF] Melo | Glypican-1 identifies cancer exosomes and detects early pancreatic cancer[END_REF] that has been linked to the formation of liver metastases [START_REF] Costa-Silva | Pancreatic cancer exosomes initiate pre-metastatic niche formation in the liver[END_REF] . The origin of these EV is not well defined, but it is supposed to be caused by the increase in the synthesis by cancer cells and other cells of the tumor stroma. Here we show that the healthy pancreatic tissue surrounding the tumor releases Reg3β, a lectin 7 that binds to the glycoproteins present in the surface of EV, thus interfering with their uptake and internalization by target cells. Consequently, Reg3β prevents the changes induced by EV in the phenotype acquired by target cells and results in an increase of circulating Reg3β + EV in the plasma of pancreatic cancer patients. Our results indicate that a higher amount of circulating EV in pancreatic cancer is not only due to an increased production but also a lower uptake in the tumor microenvironment. This work also highlights the importance of the distant microenvironment, constituted by the healthy pancreatic tissue surrounding the tumor, in modulating the EV-mediated interactions between different cell types presents in the tumor.

Main

Extracellular vesicles (EV) play a major role in the interactions between tumor cells and extratumoral cells, including inflammatory cells. EV have been shown to regulate the tumor immune response by inducing immune tolerance to tumors [START_REF] Whiteside | Immune modulation of T-cell and NK (natural killer) cell activities by TEXs (tumour-derived exosomes)[END_REF][START_REF] Liu | Murine Mammary Carcinoma Exosomes Promote Tumor Growth by Suppression of NK Cell Function[END_REF] but also generating anti-tumor immune responses [START_REF] Gastpar | Heat Shock Protein 70 Surface-Positive Tumor Exosomes Stimulate Migratory and Cytolytic Activity of Natural Killer Cells[END_REF] .

Although the common explanation for these opposite results is differences in experimental designs, the interfering effect of soluble mediators must be also considered. Uptake of EV involves different protein interactions, having the lectin/glycoprotein interactions a prominent role [START_REF] Hao | Mature dendritic cells pulsed with exosomes stimulate efficient cytotoxic Tlymphocyte responses and antitumour immunity[END_REF] . This could be particularly important in pancreatic cancer since acinar cells are a well-known source of Reg3β, a soluble c-type lectin also known as PAP or HIP, released in situations of pancreatic inflammation and cell injury [START_REF] Dusetti | Pancreatitis-associated Protein I (PAP I), an Acute Phase Protein Induced by Cytokines: Identification of two functional interleukin-6 response elements in the rat PAP I promoter region[END_REF] .

We measured the uptake of EV and found that, in macrophage-differentiated THP-1 cells, Reg3β inhibited in a dose-dependent manner the uptake of EV purified from the pancreatic cancer cell line MIAPaCa-2 (Fig. 1a). A similar result was observed on the MIAPaCa-2 uptake of EV purified from THP-1 cells (Fig. 1b). In the case of macrophages, this inhibition prevented the induction of the inflammatory phenotype triggered by these EV (Fig. 1c). Electron microscopy analysis of these EV revealed a size ranging from 50 to 100 nm of diameter and the presence of a lipid bilayer (Fig. 1d).

The presence of exosome markers CD63, Alix and TSG101 evidenced by Western blot (Fig. 1e) indicated that this vesicular population contained exosomes.

On the basis of these results we hypothesized that Reg3β binds glycoproteins that are present on the membrane of EV. This was verified by immunoelectron microscopy using a specific anti-Reg3β antibody and a 12nm gold-conjugated secondary antibody. In the absence of Reg3β very little labelling was observed (Fig. 2a), similar to the samples from which the primary antibody had been omitted. By contrast, specific immunogold labelling was apparent on the surface of EV treated with Reg3β (Fig. 2b). This was corroborated using magnetic beads coated with anti-Reg3β antibody to purify EV stained with PKH26 dye (Fig. 2c). Notably, recovery of EV was dependent on the amount of Reg3β added to the system.

To further confirm the binding of Reg3β to EV, we designed an immunoassay experiment, coating a multiwell plate with rabbit anti-human Reg3β antibody. In a first experiment, we saturated the plate with Reg3β and increasing amounts of EV-PKH26 were added. After washing, fluorescence revealed a dose-dependent binding that achieved a maximum when the amount of EV corresponding to 1 ng µl -1 of EV protein was added (Fig. 2d). Thus, this concentration of EV was selected in the subsequent assays. In a second experiment, the amount of Reg3β added to the plate was increased from 0 to 500 ng ml -1 and fixed amounts (1 ng protein µl -1 ) of EV-PKH26 were added. After washing the unbound EV, fluorescence measurement showed a clear dose-response dependent on the amount of Reg3β added to the plate, indicating that the binding of EV was effectively mediated by its interaction with Reg3β (Fig. 2e). This binding was observed in EV purified from MIAPaCa-2 and THP-1, but also in EV from CAF, suggesting the unspecific nature of Reg3β-EV interaction.

The lectin nature of the interaction with Reg3β was verified by evaluating the interfering effect of different sugars on the EV-Reg3β binding. It has been reported that although Reg3β binds to complex sugars, as N-Acetyl-D-glucosamine (NAG) or mannan (a polysaccharide composed of polymerized mannose), it does not bind to monomeric mannose [START_REF] Cash | Refolding, purification, and characterization of human and murine RegIII proteins expressed in Escherichia coli[END_REF] . In this line, we found that binding of Reg3β to EV was significantly blocked by the presence of mannan and NAG, while mannose did not modify the binding activity (Fig. 2e).

The importance of the interfering effect on EV is not restricted to the blocking effect on the activation of inflammatory cells. Since tumor cells also respond to EV, we evaluated the effect of Reg3β on the EV-induced migration of MIAPaCa-2 cells. Using a scratch-wound healing assay, we found that Reg3β binding to EV purified from THP-1 cells prevented their stimulatory effect on the migration of tumor cells (Fig. 3).

Trafficking of EV in pancreatic cancer could be affected by the presence of Reg3β, but this effect can also be conditioned by changes in the production of this protein along the progression of the disease.

Although high levels of Reg3β are generated by pancreatic acinar cells, it is known that this synthesis is progressively inhibited during the progression of the pre-cancerous lesions along the PanIN stages, being completely absent in the tumor cells of pancreatic ductal adenocarcinoma [START_REF] Loncle | IL-17 functions through the novel REG3β-JAK2-STAT3 inflammatory pathway to promote the transition from chronic pancreatitis to pancreatic cancer[END_REF] . Nevertheless, high expression of Reg3β occurs in healthy pancreatic acinar cells surrounding the tumor, being this distant microenvironment the major source of Reg3β in pancreatic cancer (Fig. 4a). It would be important to take these changes into account when interpreting or extrapolating the role of EV in pancreatic cancer.

The release of Reg3β around the tumor suggests that the uptake of EV generated inside the tumor could be impaired due to the blocking effect of this secreted lectin. Consequently, it could be expected a relevant release of Reg3β + EV to bloodstream in pancreatic cancer. We checked the amount of circulating EV in a cohort of healthy donors and pancreatic cancer patients matched by sex and age and we effectively observed a significant increase in the number of EV released to the plasma (Fig. 4b) as expected. Then, when the same amount of EV was added to anti-Reg3β coated plates, we confirmed that the most part of Reg3β + EV were associated with pancreatic cancer (Fig. 4c). This observation was further supported by immunogold labelling and electron microscopy image acquisition of EV from healthy donors (Fig. 4d) or pancreatic cancer patients (Fig. 4e).

Altogether indicates that, in pancreatic cancer, the physiological importance of EV could be markedly conditioned by the presence of Reg3β. It also seems reasonable to suggest that in diseases in which EV have a significant role, their effects could be modulated by using Reg3β or antibodies against Reg3β.

Methods

Cells

Cell culture conditions for THP-1 and MIAPaCa-2 cells are described in Supplementary Methods.

Extracellular Vesicles isolation

The EV isolation was performed as previously described [START_REF] Théry | Isolation and characterization of exosomes from cell culture supernatants and biological fluids[END_REF] (see Supplementary Methods).

SDS-PAGE and Western blot

Protein extracts from EV and donor cells were run on 12% SDS-PGE gels, transferred to PVDF membranes and probed with antibodies against several EV specific markers (see Supplementary Methods for details).

Extracellular Vesicles staining

For internalization and binding assays, EV were labeled with PKH26 Red Fluorescent Cell Linker Dye (Sigma Aldrich). The staining reaction was stopped with 3% BSA for 1 min, and labeled EV (EV-PKH26) were washed three times with PBS in order to remove the unbound dye, using 300 KDa Nanosep centrifugal devices (Pall Corporation).

Extracellular Vesicles uptake

To monitor EV uptake, 3 µg ml -1 of EV-PKH26 from MIAPaCa-2 cells were added to THP-1 macrophages in the presence of different concentrations of Reg3β (0, 20, 100 and 500 ng ml -1 ) for 45 min. The same experiment was performed with MIAPaCa-2 cells, which were incubated with EV-PKH26 from THP-1 cells for 2 h. EV internalization was analyzed by reading the amount of fluorescence with a fluorometric plate reader (Spectramax Gemini XS) and by fluorescence microscopy.

In a second experiment, THP-1 macrophages were incubated with 3 µg ml -1 of MIAPaCa-2 EV with or without Reg3β (500 ng ml -1 ). After 24 h, RNA was extracted using TRizol reagent (Life Technologies).

RT-PCR and qPCR

RNA samples were quantified using a Nanodrop ND-1000 device. iScript cDNA synthesis kit (Bio Rad) and iTaq Universal SYBR Green Supermix (Bio Rad) were used for the cDNA synthesis and the qPCR reaction, respectively. Protocols and all primer sequences are included in Supplementary Methods.

Binding assay

96-well black FLUOTRAC-600 plates (Greiner Bio-One) were coated with a specific anti-human Reg3β antibody overnight at 4°C. The next day, plates were blocked with 3% BSA for 2 h at room temperature. Then, Reg3β was diluted in the blocking solution and added for 1 h, followed by three washing steps. After that, EV-PKH26 were added for 1 h in the presence of 1 mg ml -1 (5,5 mM) of mannose, 1 mg ml -1 of mannan or 5 mM of NAG, when needed. Finally, plates were washed to remove the unbound EV and read on a Spectramax Gemini XS fluorimeter. All the steps were performed with mild agitation. SureBeads™ Protein G Magnetic Beads (Bio-Rad) were used following the supplier's specifications.

Beads were coated with 50 µg ml -1 of anti-human Reg3β antibody. Then, different concentrations of Reg3β were added and the beads were placed in a rotator for 1 h. After washing, they were resuspended with EV-PKH26 and further incubated for 1 h in the same conditions. The EV were dissociated from the complex with an elution buffer (glycine 20 mM pH 2.0), and the amount of fluorescence of each condition was read on a fluorimeter.
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Migration assay

The scratch-wound healing assay was performed as described in Supplementary Methods.

Electron microscopy

Isolated EV were fixed in 2% paraformaldehyde, adsorbed in formvar-coated nickel grids and negative stained with uranyl oxalate.

For the immunogold labeling, see Supplementary Methods.

Plasma from pancreatic ductal adenocarcinoma patients and healthy donors

Plasma samples obtained from patients diagnosed of pancreatic ductal adenocarcinoma (n=15) or healthy volunteers without personal history of any cancer (n=15) were used to separate exosomes.

Patients were recruited from Hospital Clinic of Barcelona (Catalonia, Spain) and blood samples were obtained before any treatment was applied to the patients. The study was approved by the Institutional Ethics Committee of this Institution, and written informed consent was obtained from all participants in accordance with the Declaration of Helsinki. 10 ml of whole blood from each participant were collected in EDTA tubes. Blood samples were placed at 4°C until plasma separation, and plasma was frozen within 6 h of the blood draw. Briefly, samples were centrifuged at 1,600 xg for 10 min at 4°C to spin down blood cells, and plasma was transferred into new tubes, followed by further centrifugation at 16,000 x g for 10 minutes at 4°C to completely remove cellular components. Plasma was then aliquoted and stored at -80°C until use.

Immunolocalization of Reg3β in human pancreatic ductal adenocarcinoma

Pancreatic sections were fixed in 4% paraformaldehyde and embedded in paraffin. Sections were probed with the primary antibody against Reg3β and revealed by goat anti-rabbit IgG secondary antibody horseradish peroxidase (HRP)-conjugate. Samples were examined with a Nikon Eclipse 90i microscope.

Statistics

Statistical analysis was performed with Graphpad Prism software. Data are presented as mean ± s.e.m. Differences between groups were analysed by One-way analysis of variance (ANOVA) followed by Tukey's post-test, and were considered statistically significant when p<0.05. For experiments performed with human plasma samples, the two-tailed Mann-Whitney U test was used. EV were quantified by Bradford assay, and increasing concentrations were added to the plate (0.008, 0.04, 0.2, 1 and 5 µg µl -1 ). Non-specific binding was assessed without Reg3β saturation. The dose corresponding to 1 ng µl -1 of EV protein was selected in the subsequent assays (e, f). One site binding fitting values of R² = 0,826 (Non-specific) and R² = 0,918 (Reg3β binding). Data are depicted as relative expression to saturation (500 ng ml -1 of Reg3β), mean ± s.e.m of four independent assays. e, f, EV-PKH26 binding to 96-well FLUOTRAC 600 plates coated with anti-Reg3β antibody and incubated with increasing concentrations of Reg3β (4, 20, 100 and 500 ng ml -1 ). A competitive assay with different sugars (1 mg ml -1 Mannose, 1 mg ml -1 Mannan or 5 mM of NAG) was also performed with THP-1 EV-PKH26 (f). Data are depicted as relative expression to saturation (500 ng ml -1 of Reg3β), mean ± s.e.m of four independent assays. One site binding fitting values of R² = 0,941 (THP-1), R² = 0,898 (MIA PaCa-2), R² = 0,923 (CAF), R² = 0,698 (THP-1 + Mannose), R² = 0,795 (THP-1 + Mannan), R² = 0,692 (THP-1 + NAG). *** P < 0.001 compared to non-sugar binding (F test). 
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