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Introduction

Ovarian cancer is a lethal disease with low survival rates for women diagnosed in advanced stages. Current cancer immunotherapies are not efficient in ovarian cancer, and there is therefore a significant need for novel treatment options. The β-galactoside-binding lectin, Galectin-3, is involved in different immune processes and has been associated with poor outcome in various cancer diagnoses. Here, we investigated how Galectin-3 affects the interaction between natural killer (NK) cells and neutrophils in the tumor microenvironment of ovarian cancer.





Method

Ascites from the metastatic tumor microenvironment and cyst fluid from the primary tumor site were collected from patients with high-grade serous carcinoma (HGSC) together with peripheral blood samples. Galectin-3 concentration was measured in ascites, cyst fluid and serum or plasma. Neutrophils isolated from HGSC ascites and autologous blood were analyzed to evaluate priming status and production of reactive oxygen species. In vitro co-culture assays with NK cells, neutrophils and K562 target cells (cancer cell line) were conducted to evaluate NK cell viability, degranulation and cytotoxicity.





Results

High levels of Galectin-3 were observed in cyst fluid and ascites from patients with HGSC. Neutrophils present in HGSC ascites showed signs of priming; however, the priming status varied greatly among the patient samples. Galectin-3 induced production of reactive oxygen species in ascites neutrophils, but only from a fraction of the patient samples, which is in line with the heterogenous priming status of the ascites neutrophils. In co-cultures with NK cells and K562 target cells, we observed that Galectin-3-induced production of reactive oxygen species in neutrophils resulted in decreased NK cell viability and lowered anti-tumor responses.





Conclusion

Taken together, our results demonstrate high levels of Galectin-3 in the tumormicroenvironment of HGSC. High levels of Galectin-3 may induce production of reactiveoxygen species in ascites neutrophils in some patients. In turn, reactive oxygen species produced by neutrophils may modulate the NK cell anti-tumor immunity. Together, this study suggests further investigation to evaluate if a Galectin-3-targeting therapy may be used in ovarian cancer.
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1 Introduction

Ovarian carcinoma (OC) is the most lethal gynecologic malignancy among women, which can be attributed to late diagnosis of these patients and high recurrence frequency (1). The most common occurring epithelial ovarian carcinoma is high-grade serous carcinoma (HGSC), where many women are diagnosed at an advanced stage (Federation of Gynecology and Obstetrics [FIGO] stage III or IV) (2, 3). Current treatment strategy includes debulking surgery followed by platinum-based chemotherapy. However, as recurrence occurs in 70% of the patients, novel treatment options are of significant clinical need. Immunotherapy has emerged as a successful treatment option in several cancers but has not yet been proven as an efficient treatment for OC (4, 5). To improve or develop novel treatment options for OC patients, a better understanding of the immune microenvironment in OC is urgently needed. OC metastasis is commonly followed by the accumulation of fluid, or ascites, in the peritoneal cavity. The ascites contains both malignant cells, lymphocytes and granulocytes, and acellular components such as interleukin (IL)-6, IL-8, IL-10, transforming growth factor beta (TGF-ß) and vascular endothelial growth factor (VEGF) (6–8). The correlation between T cell infiltration to the OC tumor microenvironment and improved survival suggests that immunotherapy is a conceivable treatment option in the disease (9). However, despite a correlation between mutational burden and immune cell tumor infiltration, many OC tumors remain immunologically “cold” and do not evoke a specific T cell response (10). Thus, OC immunotherapy directed towards targets beyond cytotoxic T cells may present as a promising alternative.

Natural killer (NK) cells are innate lymphocytes that, in contrast to cytotoxic T cells, have the ability to detect and kill malignant cells without prior sensitization. Upon activation, NK cells exert their cytotoxic function through degranulation of lytic granules containing pore-forming proteins and proteases (11–13). We have recently demonstrated that a subset of tissue-resident NK cells in OC ascites display anti-tumor properties, suggesting that NK cells are a feasible immunotherapeutic target (7). However, the NK cell function in OC is impaired due to the immunosuppressive tumor microenvironment (4, 8, 14–17).

An immune-suppressor that has gained interest in cancer research is Galectin-3, a mammalian lectin with affinity for β-galactoside-containing glycoconjugates. Galectin-3 is involved in a number of different biological processes including inflammation, apoptosis, cell growth and angiogenesis (18–24). Blood levels of Galectin-3 are often increased during inflammatory conditions (18), however, high Galectin-3 blood levels have also been detected in several cancers including colon, head and neck, liver, gastric, endometrial, thyroid, skin, bladder and breast carcinomas (25, 26). Galectin-3 may promote tumorigenesis and metastasis through several mechanisms including induction of T cell apoptosis, inhibition of tumor cell apoptosis, promotion of angiogenesis, adhesion between tumor and endothelial cells, and promotion of tumor spread (25–27). Indeed, increased Galectin-3 blood levels have been associated with bad prognosis and/or relapse in breast, lung, and oral cancer (28–31). In OC, Galectin-3 can be detected on the cell surface of primary tumor cells and OC cell lines. Moreover, Mirandola et al. have demonstrated that inhibition of Galectin-3 reduces growth, invasion, migration, and drug resistance of OC cells in vitro, and interferes with the angiogenic potential of OC cells (27). Currently, Galectin-3 inhibition is being evaluated as potential treatment in both malignant and non-malignant conditions (25, 26).

Neutrophils are one type of immune cell present in OC ascites (32). Neutrophils are important effector cells in the first line of defense and eliminate pathogens through phagocytosis, degranulation of vesicles containing toxic and proteolytic factors, release of reactive oxygen species (ROS) and formation of neutrophil extracellular traps (NETs) (20, 33). While neutrophils circulating in peripheral blood are in a resting state, extravasation to tissue usually results in a switch to a pre-activated, primed, state. Priming of neutrophils commonly includes degranulation of intracellular granules and secretory vesicles, which can be characterized as cleavage of surface-bound L-selectin (CD62L) and upregulation of granule localized receptors on the cell surface, including CD11b and CD66 (34–36). Secretory vesicles are most easily mobilized to the plasma membrane followed by gelatinase and specific granules; the granules requiring the most stimuli for mobilization are the azurophilic granules. Depending on the extent of stimuli, granule membrane-localized receptors are thus exposed on the neutrophil cell surface and matrix localized soluble factors are released to the extracellular environment (37, 38). Interestingly, degranulation of the gelatinase and specific granules exposes Galectin-3 binding sites on the surface of neutrophils that allow stimulation of the NADPH oxidase, as Galectin-3 stimulates ROS release in neutrophils extravasated into tissue or in vitro treated with TNF-α, but not in resting neutrophils from the blood circulation (39, 40).

ROS released by myeloid cells has been correlated to decreased NK cell cytotoxicity against myeloid leukemia cells (41). We hypothesized that Galectin-3 mediated ROS released from extravasated neutrophils in the metastatic environment of OC ascites would affect NK cell anti-tumor responses. Thus, in this study, we investigated the impact of Galectin-3 on the interaction between neutrophils, NK cells and tumor cells. Our data demonstrated the presence of soluble Galectin-3 in the primary and ascitic HGSC tumor microenvironment, together with the presence of degranulated neutrophils. We observed that the extent of degranulation varied among patient samples, and Galectin-3-induced ROS production by ascites neutrophils was apparent in a fraction of patients with HGSC. Using functional NK cell anti-tumor assays, we investigated how Galectin-3-induced ROS release from neutrophils impacted on NK cell functionality. Our results demonstrated a Galectin-3 mediated decrease of NK cell viability via neutrophil ROS release, with anti-tumor responses impeded by ROS.




2 Materials and methods



2.1 Patients and sample collection

This study includes biosamples from two cohorts of patients with confirmed or suspected HGSC. Ascites, cyst fluid and blood samples were collected from Cohort 1 (sampled during 2016), and ascites and blood samples were collected from Cohort 2 (sampled during 2020-2024). Sampling was carried out during de-bulking surgery or paracentesis prior to surgery at Sahlgrenska University Hospital, Gothenburg, Sweden, after informed written consent from patients. Only chemo naïve patients were included in the study. All histopathology evaluation was performed by a board-certified pathologist specializing in gynecological malignancies. Patient and tumor data were recorded regarding age, body mass index (BMI), smoking and FIGO stage (summarized in Tables 1, 2). Ten patients with HGSC were enrolled in Cohort 1 and 18 patients with HGSC were enrolled in Cohort 2. The studies were approved by the regional ethics board in Gothenburg (Dnr. 201-15) and the Swedish Ethical Review Authority (Dnr. 510-13) and performed according to the Helsinki declaration. Buffy coats and blood from healthy donors were obtained from the blood bank at the Sahlgrenska University Hospital, Gothenburg, Sweden. As the buffy coats and blood were provided anonymously and thereby could not be traced back to a specific donor, no ethical approval was needed in accordance with the Swedish legislation section code 4§ 3p SFS 2003:460 (Law on Ethical Testing of Research Relating to People).


Table 1 | Patient characteristics in Cohort 1.




Table 2 | Patient characteristics in Cohort 2.






2.2 Biosample preparation

Cohort 1: Cyst fluid, taken from surgically excised ovarian cysts, and ascites, aspirated at the time of midline incision, were collected in silicon dioxide tubes and frozen at -80°C within 4 hours after collection. Venous blood was collected in silicon dioxide tubes and centrifuged, after which serum was transferred to new tubes and stored at -80°C.

Cohort 2: Venous blood was collected in EDTA tubes. For plasma collection, blood was centrifuged at 1000 x g (10 min, 4°C), after which plasma was transferred to new tubes and frozen at -80°C. Ascites was aspirated either at the time of midline incision, or through paracentesis, and collected in plastic collection bags. Cell-free ascites was obtained by centrifugation at 1000 x g (10 min, 4°C). Ascites was filtrated using 180 and 40 µm nylon net filters (Merck Millipore) to achieve a single cell suspension.

Erythrocytes were removed from ascites, venous blood and buffy coats with dextran sedimentation. This was followed by density gradient centrifugation with lymphoprep (STEMCELL Technologies) to obtain mononuclear cells and neutrophils. NK cells were isolated from the mononuclear cells using a negative NK isolation kit (Miltenyi Biotec) according to manufacturer’s protocol. The neutrophils, obtained in the lymphoprep pellet, were treated with distilled H2O to remove remaining erythrocytes by hypotonic lysis and then stored in Krebs-Ringer Glucose phosphate buffer (KRG; pH 7.3, supplemented with Ca2+ [1 mM]) on ice prior to subsequent analysis on the same day as isolated. For cell morphology and phenotype after isolation, see Supplementary Figures S1A, C. For some experiments the neutrophils were pre-treated with recombinant human TNF-α (10 ng/ml; Sigma-Aldrich) for 20 min at 37°C; neutrophils used as controls to these cells were kept on ice. When specified, blood neutrophils were incubated in cell-free cyst fluid (Cohort 1) or autologous cell-free ascites (Cohort 2) for 20 min at 37°C; neutrophils used as controls were incubated in KRG for 20 min at 37°C. Serum from healthy donors was obtained from venous blood by centrifugation and stored at -80°C.




2.3 Measurement of soluble Galectin-3

Paired biosamples of ascites, cyst fluid and serum (Cohort 1), or ascites and plasma (Cohort 2), from patients with confirmed HGSC and serum from age-matched healthy donors were analyzed for content of Galectin-3 using an enzyme-linked immunosorbent assay (ELISA) from BG Medicine according to the protocol provided by the manufacturer. The total protein concentration in the biosamples was determined by Pierce BCA Protein Assay (Thermo Scientific) according to manufacturer’s instructions. Absorbance for Galectin-3 concentration was measured at 450 nm in a CLARIOstar plate reader (BMG Labtech), while absorbance for total protein concentration was measured at 562 nm in a FLUOstar Omega plate reader (BMG Labtech). Results were calculated in Microsoft Excel version 16.57 or later.




2.4 Detection of cell-bound Galectin-3

Cell-bound galectin-3 was analyzed on non-isolated leukocytes. Filtrated single cell ascites and blood from cohort 2 were treated with FACS lysing solution (BD FACS) according to manufacturer’s instructions on the day of biosample collection. Thereafter, the fixated leukocytes were washed with PBS and immunostained for one hour at 4°C in darkness. Antibodies were diluted in PBS supplemented with 10% human serum. Neutrophils were distinguished from other leukocytes with BV786 anti-CD45 monoclonal antibody (clone HI30; BD Horizon) and light scattering, see Supplementary Figure S1B for gating. Galectin-3 binding was detected using PE anti-Galectin-3 monoclonal antibody (clone M3/38) with a matching isotype control (PE rat IgG2A, κ antibody), both purchased from BioLegend. All flow cytometry analysis in this study was performed using LSRFortessa (BD) and data were analyzed using FlowJo version 10.8.2 or later (BD Biosciences). Results are shown as median fluorescence intensity (MFI) if not stated otherwise.




2.5 Phenotypic analysis of neutrophil priming status

The priming status of neutrophils were phenotypically examined by analyzing the expression of CD11b, CD66, CD66b and CD62L on the cell surface by flow cytometry. Neutrophils were either kept on ice or pre-treated with TNF-α or incubated with cell-free ascites/cyst fluid (as described above), and thereafter washed in KRG and immunostained for 30 min at 4°C in darkness. The following fluorochrome-conjugated monoclonal antibodies were used for detection of surface markers: APC anti-CD11b (clone ICRF44), PE anti-CD66a,c,d,e (clone B1.1/CD66), FITC anti-CD66b (clone G10F5) and APC anti-CD62L (clone DREG-56), all antibodies were purchased from BD Pharmingen.




2.6 Production of recombinant Galectin-3

Recombinant human Galectin-3 was produced in E. coli and purified as previously described (39, 42). For some experiments Detoxi-Gel Endotoxin Removing Columns (Thermo Scientific) were used for endotoxin removal of Galectin-3 according to protocol provided by the manufacturer.




2.7 Measurement of neutrophil ROS production

Production of ROS by the neutrophil NADPH oxidase was measured with an isoluminol-amplified chemiluminescence system in the presence of horse radish peroxidase as described by Dahlgren et al. (43). Resting and TNF-α treated neutrophils were diluted in KRG and equilibrated in polypropylene tubes (1 ml system with 1 x 105 cells) in a six-channel Biolumat LB 9505 (Berthold Technologies) or in white 96-well plates (0.2 ml system with 5 x 105 cells) CLARIOstar plate reader (BMG Labtech) for 5 min at 37°C, with or without lactose (10 mM, Sigma Aldrich). After equilibration, cells were stimulated with recombinant human Galectin-3 (20 µg/ml), formyl-methionyl-leucyl-phenylalanine (fMLF; 100 nM, Sigma Aldrich) or phorbol 12-myristate 13-acetate (PMA; 50 nM, Sigma Aldrich) and the light emission, which reflect the superoxide anion production (the pre-cursor of all ROS), was recorded over time. The ROS levels measured using the Biolumat LB 9505 are expressed as mega counts per minute (Mcpm) and the ROS levels measured using the CLARIOstar plate reader are expressed as relative light units (RLU). For analysis of peak ROS values, the background level, i.e., the value recorded prior to stimulation was subtracted from the observed peak value. The results were analyzed using GraphPad Prism software version 10.2.0 or later (GraphPad Software).




2.8 NK cell viability, degranulation and cytotoxicity

NK cells and neutrophils were isolated from buffy coats from healthy donors using negative beads as described above. The human myelogenous leukemia cell line, K562, was provided by the Department of Infectious Diseases at the University of Gothenburg, Sweden. Complete medium used in assays contained RPMI 1640 (Gibco) and 10% heat-inactivated fetal calf serum. Neutrophils were pre-treated with TNF-α as described above. NK cells and neutrophils were co-incubated in a low attachment 96 well plate (Corning) at 1:1 or 2:1 ratio (NK:neutrophils) in medium only or with endotoxin free Galectin-3 (5 or 25 µg/ml), with or without the addition of SOD (50 U/ml, Worthington Biochemical) and endotoxin free catalase (200 U/ml, Worthington Biochemical), or diphenyleneiodonium (DPI; 3 µM, Sigma Aldrich), for 4 hours at 37°C with 5% CO2. After 4 hours K562 cells, pre-labeled with CellTrace Violet (Invitrogen) according to manufacturer’s protocol, were added at a 5:1 ratio (NK:K562) followed by BUV395 anti-CD107a monoclonal antibody (clone H4A3, BD Horizon) to measure NK cell degranulation, and then incubated for 20 hours at 37°C with 5% CO2. Cells were labeled with BV711 anti-CD56 monoclonal antibody (clone NCAM 16.2, BD Horizon), for NK cell identification, and LIVE/DEAD Fixable Near-IR (1:1000, Invitrogen) to measure cell viability. Gating strategies are provided in Supplementary Figure S1D. The data was analyzed using flow cytometry as described above.




2.9 Statistical analysis

Statistical analysis was performed in GraphPad Prism version 10.2.0 or later. For comparison of two groups a Student’s t-test was used. For multiple group comparisons with paired data, repeated measures one-way ANOVA or mixed-effects model using restricted maximum likelihood (REML) estimation was used. The mixed-effects model using REML estimation was used instead of one-way ANOVA when there were missing values in the data sets. For multiple group comparisons with no pairing, ordinary one-way ANOVA was used. More detailed information about the statistical tests used in each experiment is stated in figure legends. Statistically significant differences were regarded as p-values < 0.05.





3 Results



3.1 Galectin-3 is present in the HGSC tumor microenvironment

Galectin-3 levels in ascites from 10 patients diagnosed with HGSC (Cohort 1, Table 1) were investigated using ELISA. The mean Galectin-3 concentration was significantly higher in ascites compared to paired serum samples from HGSC patients (Figure 1A; median 9.1 and 29.1 ng/ml in serum and ascites, respectively). Also, ovarian cyst fluid collected from the primary tumor site contained increased levels of Galectin-3 as compared to paired serum (median 92.1 ng/ml in cyst fluid). To verify that the higher level of Galectin-3 measured in ascites was not due to an increase in total protein concentration, the Galectin-3 level was normalized to total protein concentration. The relative Galectin-3 concentration (fraction of total protein concentration) was significantly higher in ascites compared to serum (Figure 1B; total protein concentration in ascites, serum and cyst fluid are displayed in Figure 1C). We repeated the analysis with samples from 18 patients with HGSC (Cohort 2, Table 2) and the results verified that the level of Galectin-3 was increased in HGSC ascites as compared to paired plasma (Figures 1D–F; median 16.9 and 32.6 ng/ml in plasma and ascites, respectively). To investigate if the increased levels of Galectin-3 were local or systemic, we measured the concentration of Galectin-3 and total protein concentration in serum from age-matched healthy donors (Supplementary Table S1, Figures 1G–I; median 9.1 ng/ml). Serum and plasma levels of Galectin-3 were similar between the two HGSC cohorts and healthy donors, suggesting that the increased levels of Galectin-3 are not systemic but localized to the tumor microenvironment.




Figure 1 | Galectin-3 is significantly higher in HGSC ascites and cyst fluid as compared to serum. (A) Galectin-3 concentration in ascites, cyst fluid and serum collected from patients with HGSC within Cohort 1. (B) Concentration of Galectin-3 in serum, ascites and cyst fluid normalized to total protein concentration, shown as parts per million (ppm; Cohort 1). (C) Total protein concentration in matched ascites, serum and cyst fluid (Cohort 1). (D) Galectin-3 concentration in ascites and plasma collected from patients with HGSC within Cohort 2. (E) Concentration of Galectin-3 in plasma and ascites when normalized to total protein concentration (ppm; Cohort 2). (F) Total protein concentration in matched ascites and plasma (Cohort 2). (G) Galectin-3 concentration in serum collected from healthy donors. (H) Concentration of Galectin-3 in serum when normalized to total protein concentration (ppm; healthy donors). (I) Total protein concentration in serum (healthy donors). Data is presented as mean ± SD, and statistically significant differences were evaluated by REML mixed-effects model followed by Šídák’s multiple comparisons test (A-C) or paired Student’s t-test (D-F), n=7-10 in Cohort 1, n=18 in Cohort 2, n=18 in healthy donor cohort.






3.2 Neutrophils in ascites from HGSC patients show signs of priming

Neutrophil response to stimuli is dependent on their priming status; resting peripheral blood neutrophils will respond differently to activating agonists as compared to extravasated (primed) neutrophils at the site of inflammation (44). As previously shown by others, Galectin-3 stimulates ROS production in primed, but not resting, neutrophils (39). Priming is most often associated with degranulation and subsequent alterations of receptors on the neutrophil cell surface. Similarly, in vitro treatment with TNF-α results in primed neutrophils, with altered surface expression (increased CD11b and CD66 and decreased CD62L), as well as a responsiveness to Galectin-3-induced ROS-release (33, 40). Therefore we used flow cytometry to investigate the cell surface expression of CD62L (L-selectin), CD11b (integrin alpha M), CD66a,c,d,e (hereafter referred to as CD66) and CD66b, surface markers characteristic for primed neutrophils, on HGSC ascites neutrophils as compared to autologous peripheral blood neutrophils. As shown in Figures 2A, B, surface expression of CD11b, CD66 and CD66b was upregulated on HGSC ascites neutrophils, while CD62L was shed, in comparison to blood neutrophils, indicating that neutrophils present in HGSC ascites display a primed phenotype. However, treatment with TNF-α in vitro led to additionally increased expression of CD11b, CD66 and CD66b, as well as lower expression of CD62L, which suggests that HGSC ascites neutrophils can be further primed (Figure 2B). The surface expression of CD11b, CD66 and CD66b, and percentage of CD62L+ neutrophils, observed in blood neutrophils isolated from healthy donor buffy coats (Supplementary Figures S2A–D) was similar to blood neutrophils from OC patients, indicating priming of neutrophils in the tumor environment specifically.




Figure 2 | HGSC ascites neutrophils show signs of priming compared to autologous peripheral blood neutrophils. (A) Representative histograms of surface expression of CD11b, CD66, CD66b and CD62L. (B) Surface expression of CD11b, CD66, CD66b (MFI), and percentage of CD62L+ neutrophils, on HGSC peripheral blood neutrophils (red) and HGSC ascites neutrophils (green) on unstimulated and TNF-α treated cells. (C) Surface expression of CD11b, CD66, CD66b (MFI), and percentage of CD62L+ neutrophils, on HGSC peripheral blood neutrophils, after incubation in autologous cell-free HGSC ascites, buffer (KRG) or TNF-α at 37°C for 20 min, or kept in KRG on ice. (D) Surface expression of CD11b, CD66, CD66b (MFI), and percentage of CD62L+ neutrophils, on healthy donor peripheral blood neutrophils that were incubated in cell-free HGSC cyst fluid, buffer (KRG) or TNF-α at 37°C for 20 min, or kept in KRG on ice. Blood neutrophils from 3 healthy donors were incubated in cell-free cyst fluid from 7 patients with HGSC. Data is presented as mean ± SD, and statistically significant differences were evaluated with repeated measures one-way ANOVA followed by Šídák’s multiple comparisons test (B-C) and ordinary one-way ANOVA followed by Šídák’s multiple comparisons test (D), n=6-9 in (B), n=6 in (C), n=3/7 in (D).



We hypothesized that in addition to transmigration to the peritoneum, neutrophil priming may be induced by the tumor microenvironment in HGSC. Thus, we next tested whether cell-free ascites or cyst fluid from patients with HGSC could prime resting blood neutrophils. Peripheral blood neutrophils were incubated in autologous cell-free ascites or cyst fluid followed by measurement of cell surface expression of CD62L, CD11b, CD66 and CD66b. As shown in Figures 2C, D, peripheral blood neutrophils have higher expression of CD11b, CD66 and CD66b, and less expression of CD62L, on the cell surface after incubation in autologous HGSC cell-free ascites or cyst fluid. In relation to the priming induced by TNF-α treatment, neutrophils incubated in cell-free cyst fluid displayed a higher extent of priming compared to neutrophils incubated in cell-free ascites. Together, the results indicate that acellular components in the HGSC tumor microenvironment induces priming in neutrophils.

Upon priming, during the degranulation process, neutrophils expose additional Galectin-3-binding sites (39, 40). We thus investigated the level of Galectin-3 on the cell surface on HGSC ascites neutrophils. The amount of surface-bound Galectin-3 varied between samples, and we observed a trend of increased Galectin-3 bound to ascites neutrophils when compared to autologous peripheral blood neutrophils in two out of four patient samples, however the increase was not significant (Supplementary Figure S2E).




3.3 Galectin-3-induced ROS release in HGSC ascites neutrophils differ among patients

Earlier studies have shown that Galectin-3 induces ROS release in in vivo extravasated neutrophils and in neutrophils treated in vitro with ionomycin, fMLF, TNF-α or lipopolysaccharide (LPS) (39, 40, 45–47), while resting neutrophils, or neutrophils modestly stimulated in 22°C, did not respond to Galectin-3 with ROS release (39). The results from the study by Karlsson et al. imply that a certain amount of intracellular granules needs to be mobilized to the surface in order for a neutrophil to be able to respond with ROS release upon Galectin-3 stimulation. As OC ascites neutrophils displayed a primed phenotype, we next investigated whether Galectin-3 induces ROS release in these cells without prior TNF-α treatment in vitro. Figures 3A, B shows ROS release in ascites and peripheral blood neutrophils from three HGSC patients. While in vitro TNF-α treated neutrophils, from both HGSC ascites and peripheral blood, released ROS upon Galectin-3 stimulation (Figures 3C, D), only one patient sample of ascites neutrophils that were not pre-exposed to TNF-α in vitro responded to Galectin-3 with release of ROS with similar kinetics to Galectin-3-induced ROS release in TNF-α treated neutrophils (patient 30; Figures 3A–D). The ROS release curves from HGSC ascites neutrophils from the two other samples (patients 49 and 54) were similar to unstimulated peripheral blood neutrophils after Galectin-3 stimulation, with no or neglectable ROS release detected. When the Galectin-3 inhibitor lactose was added to the neutrophils, no Galectin-3 induced ROS was detected in any of the patient samples (Figures 3A–D). Both ascites and blood neutrophils produced ROS after stimulation with PMA, and neutrophils from patients 49 and 54 also produced ROS after stimulation with fMLF (Supplementary Figure S3; neutrophils from patient 30 were not stimulated with fMLF). To understand why the ascites neutrophils responded differently across the patient samples, we plotted the ROS response to Galectin-3 against the priming status of the ascites neutrophils. As demonstrated in Figure 3E, the HGSC ascites neutrophils that released the highest amount of Galectin-3-induced ROS were also the most primed neutrophils (as measured by surface expression of CD66 and percentage of CD62L+ neutrophils), however we had too few samples to statistically correlate the parameters to each other.




Figure 3 | ROS release in ascites and peripheral blood neutrophils from three HGSC patients. (A-D) ROS release upon exposure to Galectin-3 (20 µg/ml) in untreated ascites (A) and blood (B) neutrophils, and TNF-α treated ascites (C) and blood (D) neutrophils in the presence or absence of lactose (10 mM). (E) Correlation between ROS release as measured by ratio of ROS peak value between ascites neutrophils stimulated with Galectin-3 and unstimulated (buffer) ascites neutrophils, and priming status as measured by surface expression of CD66 and percentage of CD62L+ neutrophils, in HGSC ascites neutrophils from 3 patients with HGSC. ROS release in neutrophils from patient 30 was measured using CLARIOstar plate reader, while ROS release in neutrophils from patient 49 and 54 was measured using Biolumat LB 9505.






3.4 Galectin-3-induced ROS production decreases NK cell viability in vitro and impairs NK cell function against tumor cells

Exposure to ROS decreases the NK cell viability (41). We thus hypothesized that Galectin-3-induced ROS release in neutrophils may impact NK cell viability and hence their anti-tumor function. As shown in Figures 4A, B, co-incubation with NK cells and neutrophils resulted in decreased NK cell viability, which was further decreased when Galectin-3 was added to the setup. The addition of DPI, a known NADPH oxidase inhibitor, or SOD and catalase that acts as ROS scavengers, restored the NK cell viability, indicating that the observed NK cell death is mediated via a ROS-mediated mechanism.




Figure 4 | Galectin-3-induced ROS production in neutrophils decreases NK cell viability. (A, B) Impact of Galectin-3 on NK cell viability in presence or absence of neutrophils, measured as percentage of dead NK cells. NK cells and TNF-α treated neutrophils were co-incubated at a 2:1 (A) or 1:1 (B) ratio in medium only (no stimuli) or with Galectin-3 (25 or 5 µg/ml in A and B, respectively) overnight, with or without the addition of SOD and catalase (A) or DPI (B). (C, D) NK cell degranulation as measured by CD107a expression (C) and viability of K562 cells (D) after overnight co-culture with NK cells, K562 cells and TNF-α treated neutrophils. Galectin-3 (25 µg/ml) and SOD/catalase were added as indicated. Horizontal lines represent mean. Statistically significant differences were evaluated by repeated measures one-way ANOVA followed by Šídák’s multiple comparison test (A-D), n=6 in (A, B), n=4 in (C), n=3 in (D).



We next evaluated the NK cell anti-tumor effect in a co-culture assay with NK cells and target cells from the leukemic tumor cell line K562, an established model to measure NK cell reactivity towards tumor cells (48). Upon NK cell activation after interaction with ligands on target cells, NK cells release lytic granules containing Granzyme B and perforin that kill the target cell (49). In the presence, but not absence, of Galectin-3, addition of neutrophils to the co-culture decreased the NK cell degranulation significantly, as measured by percentage of NK cells expressing CD107a (Figure 4C). This was paralleled with a trend of increased viability of K562 cells, however the difference was not significant (Figure 4D; gating strategy in Supplementary Figure S1D). The addition of SOD and catalase to the assay restored NK cell degranulation, indicating that ROS-mediated NK cell death was responsible for their decreased anti-tumor activity (Figure 4C).





4 Discussion

In this study, we have investigated how the presence of Galectin-3 in high-grade serous carcinoma (HGSC) affects the immune-mediated anti-tumor response. Using samples from patients with HGSC we detected high levels of Galectin-3 in the ascites together with degranulated neutrophils. Furthermore, our in vitro functional assays with NK cells, neutrophils and tumor cells demonstrated a decreased NK cell response in the presence of Galectin-3. Taken together, the results from this study imply that Galectin-3 may decrease NK cell mediated tumor-killing via neutrophil ROS release.

Using patient samples from two cohorts of chemo naïve patients diagnosed with HGSC, we detected high levels of Galectin-3 in the tumor metastatic environment of ascites. We also detected high levels of Galectin-3 in HGSC cyst fluid, which is the fluid found surrounding the primary tumor in the ovary. These findings go in line with elevated levels of Galectin-3 reported in many other cancers including colon, head and neck, liver, gastric, endometrial, thyroid, skin and breast carcinomas (25). The Galectin-3 levels in serum or plasma measured in our cohorts were comparable to Galectin-3 serum and plasma levels in healthy subjects measured by us and others (46, 50, 51), indicating that Galectin-3 levels are specifically increased at the primary and metastatic tumor sites. In healthy conditions, Galectin-3 is found in most tissues, including the ovaries, but the expression is low compared to other tissues. Interestingly, Galectin-3 is not found in lymphoid tissues (52). The cellular source of Galectin-3 includes macrophages, neutrophils and epithelial cells (53). In malignant conditions, Galectin-3 can be produced by tumor cells, but also by stimulated lymphocytes. Thus, the increased Galectin-3 levels detected in OC ascites may be a result of increased production in tumor cells as well as increased inflammation in the peritoneum.

In addition to their essential role in host defense against pathogens, neutrophils regulate inflammation and activity of other leukocytes (54–56). In the malignant setting, the role of tumor-associated neutrophils is debated, where neutrophils may both inhibit and promote tumor growth and metastasis (57). High levels of neutrophils have been associated with worse outcome in several cancers including melanoma, renal and lung cancer (58–60), but the knowledge on neutrophils in OC is limited. A recent study suggested that neutrophils might promote OC metastasis, as ovarian tumor cells stimulate the release of NETs, and NETs bound to the tumor cells facilitate metastasis to the omentum (61). Activation of the NADPH oxidase, leading to production of ROS, is an important mechanism for neutrophil elimination of diverse microorganisms and regulation of inflammation (62–64). In addition, because ROS is toxic to tumor cells, the ROS-release by tumor-associated neutrophils may have an anti-tumor effect. However, also NK cells are sensitive to ROS, and addition of histamine dihydrochloride, which inhibits the formation of ROS, spares NK cells from undergoing ROS-induced apoptosis (41, 65). Indeed, immunotherapy with histamine dihydrochloride and low-dose IL-2 leads to improved clinical outcome in acute myeloid leukemia (66, 67).

Our data suggests that a fraction of HGSC patients harbor ascites neutrophils that respond to Galectin-3 with ROS release. It is well established that extracellular Galectin-3 mediates intracellular signaling, which impacts on cell function (24). Depending on the priming status of the neutrophil, different receptors may be ligated by Galectin-3, resulting in various intracellular signaling cascades. In vitro stimulation of neutrophils increases Galectin-3 binding proteins on the neutrophil surface, and only extravasated or in vitro stimulated neutrophils respond with ROS release upon Galectin-3 exposure (39). Earlier studies have suggested that Galectin-3 binding to CD66a and CD66b on in vitro stimulated neutrophils leads to activation of the NADPH oxidase complex (68). However, Galectin-3 binds to β-galactosides present at many different surface receptors, and induces respiratory burst in neutrophils in a carbohydrate- and dose-dependent manner, suggesting that several receptors may be involved in Galectin-3-induced ROS release (69). Generation of extracellular ROS is mediated by the assembly and activation of the NADPH oxidase, which via electron transport reduces O2 to O2-. As O2- is very unstable, it quickly reacts with protons to form ROS such as H2O2 and HOCl, by the help of enzymatic reactivity. The signaling cascades that lead to activation of the NADPH oxidase depends on the stimuli; while fMLF induces NADPH oxidase activation via G-protein coupled receptors on the cell surface, PMA stimulates the intracellular protein kinase C (PKC) (70). Both signaling pathways eventually leads to phosphorylation of the NADPH oxidase components, resulting in ROS release. Despite many attempts to understand these complex signaling cascades, not all signaling pathways leading to NADPH oxidase activation are completely identified, including Galectin-3-induced NADPH oxidase activation and ROS release (71).

The fact that only one out of three patients’ neutrophils responded with a low but clear ROS release upon Galectin-3 stimulation suggests that HGSC ascites neutrophils are primed to various extent. Analysis of surface markers demonstrated heterogeneity in degranulation between patients, and all ascites neutrophils could be further degranulated in vitro. Thus, the ascites neutrophil priming status varies between different donors as also observed for transmigrated neutrophils in inflamed joints of patients with inflammatory arthritis (72). As neutrophils from different patients varied in degree of degranulation, this may mean that also the level of Galectin-3 binding proteins varied on the neutrophil surface, resulting in differential Galectin-3-induced ROS-responses. The fact that the non-TNF-α treated ascites neutrophils that produced ROS upon Galectin-3 stimulation (patient 30) also were the most degranulated suggests that the extent of degranulation can be of importance for Galectin-3 responsiveness. On the other hand, degranulation is not always equivalent to priming status. In certain circumstances, neutrophils may respond with increased ROS production while they show no or little sign of degranulation (73, 74). For example, treatment with a G protein-coupled receptor (GPCR) internalization inhibitor (Barbadin) and endogenous hyaluronan acid increases GPCR-mediated ROS release without an increase of CD11b or cleavage of CD62L (73, 74). In the OC setting, it is plausible that the transmigration to the peritoneum leads to neutrophil activation. Moreover, ascites contains inflammatory reagents including TNF-α that can activate neutrophils (75). Indeed, we could demonstrate that resting neutrophils from autologous peripheral blood degranulate when exposed to cell-free ascites. In addition, neutrophil incubation in cyst fluid collected at the site of the primary tumor increased surface expression of granule markers and decreased the expression of CD62L. Thus, neutrophils present at the primary tumor site are likely also degranulated and primed.

Another possible explanation for the absence of ROS response to Galectin-3 in some HGSC ascites neutrophils is that they might express surface proteins that affect their response to Galectin-3. For example, Galectin-3C, a truncated version of Galectin-3 that lacks the N-domain but contains the carbohydrate recognition domain (CRD), inhibits Galectin-3-induced ROS release in neutrophils. The levels of Galectin-3C can be increased in situations where high amounts of primed neutrophils are present. Thus, even though additional binding of Galectin-3 to the cell surface of neutrophils is possible (neutrophils reach saturation at around 8 µM, as compared to a maximum of 4.4 nM measured in HGSC ascites in this study and 0.5 nM in healthy donor plasma), it will not induce more ROS production when high amounts of Galectin-3C is bound to the cell surface (40). Additionally, the binding of Galectin-3 in itself may affect the accessibility of surface proteins on the neutrophil as Galectins form lattices by crosslinking glycoproteins on the cell surface of neutrophils. The formation of lattices organizes cell surface-receptors, either by clustering certain receptors, or excluding receptors, thus regulating receptor signaling (76). Nevertheless, we did observe a Galectin-3-induced ROS release in ascites neutrophils from one out of three patients, and all ascites neutrophils responded to Galectin-3 when pre-treated with TNF-α. It is worth noting that the degree of ROS production observed in those experiments is lower when compared to the Galectin-3 response in blood neutrophils observed by others previously (39, 40). Though only observed in two patient samples, we noted a trend that ascites neutrophils responded with higher ROS production upon fMLF stimulation when compared to blood neutrophils. This may imply that ascites neutrophils have higher surface expression of formyl-peptide receptor 1 (FPR1), a receptor for fMLF. FPR1 is exposed on the neutrophil surface when neutrophils extravasate from the blood circulation, or after in vitro treatment with agents such as LPS or TNF-α  (77–79). Again, these results indicate that ascites neutrophils from some HGSC patients may be in a primed state.

Using a co-culture setup with NK cells and primed neutrophils, we demonstrated that Galectin-3 induces NK cell death in a ROS-dependent manner. Addition of K562 tumor cells to the co-culture evoked NK cell degranulation; however, this was diminished in the presence of ROS produced by neutrophils. These findings suggest that Galectin-3 can contribute to a tumor-promoting environment in which NK cell-mediated tumor eradication is dampened in a neutrophil – Galectin-3-dependent pathway. Due to highly impeded NK cell degranulation when neutrophils were added to the co-culture, we could not detect a further decrease in NK cell degranulation in the presence of Galectin-3. NK cells may also be suppressed by other factors in the complex tumor microenvironment of HGSC; OC ascites contains anti-inflammatory cytokines as well as myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs) (80). A number of studies have shown that MDSCs decrease immune responses leading to increased tumor growth, and using a xenograft tumor model with primary human OC cells, MDSCs were shown to decrease T cell proliferation and anti-tumorigenic properties (81). The presence of cytokines such as IL-10 and TGF-ß, secreted by MDSCs, TAMs and other immune cells, as well as tumor cells, further suppress NK cells (80, 82, 83). For example, TGF-β downregulates the activating receptors NKp30 and NKG2D on NK cells resulting in decreased cytotoxicity (84). Moreover, the presence of soluble B7-H6, a ligand to NKp30, in OC ascites induced downregulation of NKp30, which correlated with impaired anti-tumor function of NK cells (15). Thus, combinatory treatments targeting several immune-evasion pathways in OC should be further investigated.

Galectin-3 may affect NK cell function by causing reduced activation via inhibition of activating NK cell receptors. One study reported that Galectin-3 can bind to MICA, which is a ligand to the activating NK cell receptor NKG2D, and that this Galectin-3-MICA complex caused disturbed interaction with NKG2D and thereby reduced NK cell killing of bladder cancer cells (85). It has also been proposed that Galectin-3, by acting as a soluble inhibitory ligand to the activating NK cell receptor NKp30, results in reduced NK cell cytotoxicity towards cervical cancer cells (86). Moreover, Galectin-3 binding to Integrin beta-1 (IGB1; CD29) on NK cells may induce secretion of the anti-inflammatory cytokine IL-10 (87), and Galectin-3 localized intracellularly in NK cells can affect NK cell degranulation, as inhibition of Galectin-3 increased the release of cytotoxic granules (88). Altogether, these studies suggest that Galectin-3 inhibits NK cell mediated tumor killing. However, contrarily to what others have reported, we did not observe decreased NK cell mediated cytotoxicity or decreased degranulation towards K562 target cells in the presence of Galectin-3.

Galectin-3 may be targeted by small molecule inhibitors such as GB0139 or monoclonal antibodies (18). Thus far, targeting Galectin-3 has shown promise for antiviral therapy (18), and Galectin-3-targeting drugs are now being evaluated in both malignant (bladder and colorectal cancer, multiple myeloma, B cell lymphoma, melanoma, chronic lymphocytic leukemia, non-small cell lung cancer) and non-malignant (fibrosis, non-alcoholic steatohepatitis, psoriasis) conditions (25). We have recently reported that NK cells present at the ascitic metastatic site in HGSC demonstrate anti-tumor capacity (7); however, further interventions may be required to overcome the immunosuppressive environment in ascites. Indeed, Galectin-3 is suggested as an immunotherapeutic target improving the outcome of inhibitory checkpoint inhibition in cancer immunotherapy, were Galectin-3 inhibition for example was demonstrated to augment the PD-L1 response in a mouse model of lung adenocarcinoma (89, 90). The results from this study demonstrate a ROS mediated decrease of the NK cell anti-tumor response. Thus, another therapeutic approach may be to inhibit ROS formation through treatment with histamine dihydrochloride as proven efficient in acute myeloid leukemia (66). Even though our studies have focused on the metastatic site of HGSC ascites, we also show that Galectin-3 levels are high in HGSC cyst fluid at the primary tumor site, and that neutrophils are degranulated when incubated in HGSC cyst fluid. Ultimately, these results suggest that Galectin-3 may affect NK cell mediated anti-tumor response also at the primary tumor site.

Murine models that mimic human conditions, such as xenograft mouse models, can generate valuable information about human biology that is challenging to obtain otherwise. Using a murine model to study if Galectin-3 induces neutrophil-dependent ROS mediated NK cell death and reduced cytotoxicity towards OC tumor cells in vivo could therefore be of interest for future perspectives. However, there are substantial differences between human and murine neutrophils, including receptor signaling pathways, granule proteins and regulation of NADPH oxidase activity (91), which have to be taken into consideration.

A limitation with this study is the low number of samples in certain experiments, including measurement of ROS activity. Nevertheless, despite a low number of samples we believe that this study provides new insights into the interplay between NK cells, neutrophils and Galectin-3.

In conclusion, we report that the high levels of Galectin-3 detected in the tumor microenvironment of HGSC may decrease NK cell eradication of tumor cells in a ROS-dependent manner. This study sheds light on the intricate immune cell interactions within the tumor microenvironment in OC and suggests further investigation to evaluate Galectin-3 as a potential immunotherapeutic target in OC.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.





Ethics statement

The studies involving humans were approved by the regional ethics board in Gothenburg (Dnr. 201-15) and the Swedish Ethical Review Authority (Dnr. 510-13). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

VK: Data curation, Formal analysis, Investigation, Methodology, Project administration, Validation, Visualization, Writing – original draft, Writing – review & editing. EbS: Data curation, Formal analysis, Investigation, Visualization, Writing – review & editing. EmS: Data curation, Formal analysis, Investigation, Writing – review & editing. AI: Data curation, Formal analysis, Investigation, Writing – review & editing. HL: Supervision, Writing – review & editing. ML: Investigation, Supervision, Writing – review & editing. MS: Funding acquisition, Methodology, Supervision, Writing – review & editing. KS: Funding acquisition, Supervision, Writing – review & editing. KC: Conceptualization, Funding acquisition, Supervision, Writing – review & editing. EB: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.





Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This project was supported by the Swedish cancer foundation (20 0226 P 01 H; EB and CAN 2018/384; KS), the Swedish research council (2019-06328; EB), the Swedish Society for Medical Research (EB), the Swedish Society for Medicine (SLS-881711; EB), the Assar Gabrielsson foundation (BRG20-06, FB23-112; EB), Swedish state under the agreement between the Swedish government and the county councils, the ALF-agreement (965552; KS), Cancera and the Swedish Cancer Society (21-1848; KS), the Swedish state under the TUA-agreement (TUAGBG-916951 & TUAGBG-978190; KC), the Åke Wiberg Foundation (M21-0025 and M23-0193; MS), the Sahlgrenska International Starting Grant (GU2021/1070; MS), the King Gustaf the V 80-year foundation (FAI-2021-0804 and FAI-2022-0873; MS), the Rune and Ulla Almlövs Foundation (2023-418; MS), the Mary von Sydow foundation (4723; MS), the Magnus Bergwall foundation (2023-875; MS), the Swedish Rheumatism Association (R-995669; MS), the Wilhelm and Martina Lundgren Science Fund (2024-SA-4605; MS and 2022-4083; EB).




Acknowledgments

We acknowledge Birgitta Weijdegård for her assistance in measuring Galectin-3 in patient samples. We thank all patients who participated by donating biosamples to this study.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2024.1506236/full#supplementary-material




References

1. Siegel, RL, Miller, KD, Fuchs, HE, and Jemal, A. Cancer statistic. CA Cancer J Clin. (2022) 72:7–33. doi: 10.3322/caac.21708

2. De Leo, A, Santini, D, Ceccarelli, C, Santandrea, G, Palicelli, A, Acquaviva, G, et al. What is new on ovarian carcinoma: integrated morphologic and molecular analysis following the new 2020 world health organization classification of female genital tumors. Diagnostics (Basel). (2021) 11:697. doi: 10.3390/diagnosQcs11040697

3. Prat, J. Ovarian, fallopian tube and peritoneal cancer staging: rationale and explanation of new figo staging 2013. Best Pract Res Clin Obstet Gynaecol. (2015) 29:858–69. doi: 10.1016/j.bpobgyn.2015.03.006

4. Baci, D, Bosi, A, Gallazzi, M, Rizzi, M, Noonan, DM, Poggi, A, et al. The ovarian cancer tumor immune microenvironment (Time) as target for therapy: A focus on innate immunity cells as therapeutic effectors. Int J Mol Sci. (2020) 21:3125. doi: 10.3390/ijms21093125

5. Chardin, L, and Leary, A. Immunotherapy in ovarian cancer: thinking beyond pd-1/pd-L1. Front Oncol. (2021) 11:795547. doi: 10.3389/fonc.2021.795547

6. Lai, P, Rabinowich, H, Crowley-Nowick, PA, Bell, MC, Mantovani, G, and Whiteside, TL. Alterations in expression and function of signal-transducing proteins in tumor-associated T and natural killer cells in patients with ovarian carcinoma. Clin Cancer Res. (1996) 2:161–73.

7. Bernson, E, Huhn, O, Karlsson, V, Hawkes, D, Lycke, M, Cazzetta, V, et al. Identification of tissue-resident natural killer and T lymphocytes with anti-tumor properties in ascites of ovarian cancer patients. Cancers (Basel). (2023) 15:3363. doi: 10.3390/cancers15133362

8. Kim, S, Kim, B, and Song, YS. Ascites modulates cancer cell behavior, contributing to tumor heterogeneity in ovarian cancer. Cancer Sci. (2016) 107:1173–8. doi: 10.1111/cas.2016.107.issue-9

9. Wefers, C, Lambert, LJ, Torensma, R, and Hato, SV. Cellular immunotherapy in ovarian cancer: targeting the stem of recurrence. Gynecol Oncol. (2015) 137:335–42. doi: 10.1016/j.ygyno.2015.02.019

10. Fan, S, Gao, X, Qin, Q, Li, H, Yuan, Z, and Zhao, S. Association between tumor mutation burden and immune infiltration in ovarian cancer. Int Immunopharmacol. (2020) 89:107126. doi: 10.1016/j.intimp.2020.107126

11. Prager, I, and Watzl, C. Mechanisms of natural killer cell-mediated cellular cytotoxicity. J Leukoc Biol. (2019) 105:1319–29. doi: 10.1002/JLB.MR0718-269R

12. Trinchieri, G. Biology of natural killer cells. Adv Immunol. (1989) 47:187–376. doi: 10.1016/S0065-2776(08)60664-1

13. Wolf, NK, Kissiov, DU, and Raulet, DH. Roles of natural killer cells in immunity to cancer, and applications to immunotherapy. Nat Rev Immunol. (2023) 23:90–105. doi: 10.1038/s41577-022-00732-1

14. Gubbels, JA, Claussen, N, Kapur, AK, Connor, JP, and Patankar, MS. The detection, treatment, and biology of epithelial ovarian cancer. J Ovarian Res. (2010) 3:8. doi: 10.1186/1757-2215-3-8

15. Pesce, S, Tabellini, G, Cantoni, C, Patrizi, O, Coltrini, D, Rampinelli, F, et al. B7-H6-mediated downregulation of nkp30 in nk cells contributes to ovarian carcinoma immune escape. Oncoimmunology. (2015) 4:E1001224. doi: 10.1080/2162402X.2014.1001224

16. Nersesian, S, Glazebrook, H, Toulany, J, Grantham, SR, and Boudreau, JE. Naturally killing the silent killer: nk cell-based immunotherapy for ovarian cancer. Front Immunol. (2019) 10:1782. doi: 10.3389/fimmu.2019.01782

17. Carlsten, M, Bjorkstrom, NK, Norell, H, Bryceson, Y, Van Hall, T, Baumann, BC, et al. Dnax accessory molecule-1 mediated recognition of freshly isolated ovarian carcinoma by resting natural killer cells. Cancer Res. (2007) 67:1317–25. doi: 10.1158/0008-5472.CAN-06-2264

18. Stojanovic, BS, Stojanovic, B, Milovanovic, J, Arsenijevic, A, Dimitrijevic Stojanovic, M, Arsenijevic, N, et al. The pivotal role of galectin-3 in viral infection: A multifaceted player in host-pathogen interactions. Int J Mol Sci. (2023) 24:9617. doi: 10.3390/ijms24119617

19. Almkvist, J, and Karlsson, A. Galectins as inflammatory mediators. Glycoconj J. (2002) 19:575–81. doi: 10.1023/B:GLYC.0000014088.21242.e0

20. Kolaczkowska, E, and Kubes, P. Neutrophil recruitment and function in health and inflammation. Nat Rev Immunol. (2013) 13:159–75. doi: 10.1038/nri3399

21. Karlsson, A, Christenson, K, Matlak, M, Bjorstad, A, Brown, KL, Telemo, E, et al. Galectin-3 functions as an opsonin and enhances the macrophage clearance of apoptotic neutrophils. Glycobiology. (2009) 19:16–20. doi: 10.1093/glycob/cwn104

22. Linden, JR, Kunkel, D, Laforce-Nesbitt, SS, and Bliss, JM. The role of galectin-3 in phagocytosis of candida albicans and candida parapsilosis by human neutrophils. Cell Microbiol. (2013) 15:1127–42. doi: 10.1111/cmi.2013.15.issue-7

23. Cockram, TOJ, Puigdellivol, M, and Brown, GC. Calreticulin and galectin-3 opsonise bacteria for phagocytosis by microglia. Front Immunol. (2019) 10:2647. doi: 10.3389/fimmu.2019.02647

24. Johannes, L, Jacob, R, and Leffler, H. Galectins at A glance. J Cell Sci. (2018) 131. doi: 10.1242/jcs.208884

25. Ahmed, R, Anam, K, and Ahmed, H. Development of galectin-3 targeting drugs for therapeutic applications in various diseases. Int J Mol Sci. (2023) 24:8116. doi: 10.3390/ijms24098116

26. Patwekar, M, Sehar, N, Patwekar, F, Medikeri, A, Ali, S, Aldossri, RM, et al. Novel immune checkpoint targets: A promising therapy for cancer treatments. Int Immunopharmacol. (2024) 126:111186. doi: 10.1016/j.intimp.2023.111186

27. Mirandola, L, Nguyen, DD, Rahman, RL, Grizzi, F, Yuefei, Y, Figueroa, JA, et al. Anti-galectin-3 therapy: A new chance for multiple myeloma and ovarian cancer? Int Rev Immunol. (2014) 33:417–27. doi: 10.3109/08830185.2014.911855

28. Weber, M, Buttner-Herold, M, Distel, L, Ries, J, Moebius, P, Preidl, R, et al. Galectin 3 expression in primary oral squamous cell carcinomas. BMC Cancer. (2017) 17:906. doi: 10.1186/s12885-017-3920-2

29. Capalbo, C, Scafetta, G, Filetti, M, Marchetti, P, and Bartolazzi, A. Predictive biomarkers for checkpoint inhibitor-based immunotherapy: the galectin-3 signature in nsclcs. Int J Mol Sci. (2019) 20:1607. doi: 10.3390/ijms20071607

30. Liu, XH, Deng, CX, Hu, PC, Wang, Y, and Dong, YH. Functional impact of galectin-3 and trail expression in breast cancer cells. Eur Rev Med Pharmacol Sci. (2017) 21:3626–33.

31. Wang, LP, Chen, SW, Zhuang, SM, Li, H, and Song, M. Galectin-3 accelerates the progression of oral tongue squamous cell carcinoma via A wnt/beta-catenin-dependent pathway. Pathol Oncol Res. (2013) 19:461–74. doi: 10.1007/s12253-013-9603-7

32. Sheid, B. Angiogenic effects of macrophages isolated from ascitic fluid aspirated from women with advanced ovarian cancer. Cancer Lett. (1992) 62:153–8. doi: 10.1016/0304-3835(92)90186-Y

33. Nauseef, WM, and Borregaard, N. Neutrophils at work. Nat Immunol. (2014) 15:602–11. doi: 10.1038/ni.2921

34. Kishimoto, TK, Jutila, MA, Berg, EL, and Butcher, EC. Neutrophil mac-1 and mel-14 adhesion proteins inversely regulated by chemotactic factors. Science. (1989) 245:1238–41. doi: 10.1126/science.2551036

35. Kuhns, DB, Long Priel, DA, and Gallin, JI. Loss of L-selectin (Cd62l) on human neutrophils following exudation in vivo. Cell Immunol. (1995) 164:306–10. doi: 10.1006/cimm.1995.1174

36. Cowland, JB, and Borregaard, N. Granulopoiesis and granules of human neutrophils. Immunol Rev. (2016) 273:11–28. doi: 10.1111/imr.2016.273.issue-1

37. Sengelov, H, Follin, P, Kjeldsen, L, Lollike, K, Dahlgren, C, and Borregaard, N. Mobilization of granules and secretory vesicles during in vivo exudation of human neutrophils. J Immunol. (1995) 154:4157–65. doi: 10.4049/jimmunol.154.8.4157

38. Follin, P, Briheim, G, and Dahlgren, C. Mechanisms in neutrophil priming: characterization of the oxidative response induced by formylmethionyl-leucyl-phenylalanine in human exudated cells. Scand J Immunol. (1991) 34:317–22. doi: 10.1111/j.1365-3083.1991.tb01552.x

39. Karlsson, A, Follin, P, Leffler, H, and Dahlgren, C. Galectin-3 activates the nadph-oxidase in exudated but not peripheral blood neutrophils. Blood. (1998) 91:3430–8. doi: 10.1182/blood.V91.9.3430

40. Sundqvist, M, Welin, A, Elmwall, J, Osla, V, Nilsson, UJ, Leffler, H, et al. Galectin-3 type-C self-association on neutrophil surfaces; the carbohydrate recognition domain regulates cell function. J Leukoc Biol. (2018) 103:341–53. doi: 10.1002/JLB.3A0317-110R

41. Mellqvist, UH, Hansson, M, Brune, M, Dahlgren, C, Hermodsson, S, and Hellstrand, K. Natural killer cell dysfunction and apoptosis induced by chronic myelogenous leukemia cells: role of reactive oxygen species and regulation by histamine. Blood. (2000) 96:1961–8. doi: 10.1182/blood.V96.5.1961

42. Massa, SM, Cooper, DN, Leffler, H, and Barondes, SH. L-29, an endogenous lectin, binds to glycoconjugate ligands with positive cooperativity. Biochemistry. (1993) 32:260–7. doi: 10.1021/bi00052a033

43. Dahlgren, C, Bjornsdottir, H, Sundqvist, M, Christenson, K, and Bylund, J. Measurement of respiratory burst products, released or retained, during activation of professional phagocytes. Methods Mol Biol. (2020) 2087:301–24. doi: 10.1007/978-1-62703-845-4_21

44. Miralda, I, Uriarte, SM, and Mcleish, KR. Multiple phenotypic changes define neutrophil priming. Front Cell Infect Microbiol. (2017) 7:217. doi: 10.3389/fcimb.2017.00217

45. Sundqvist, M, Wekell, P, Osla, V, Bylund, J, Christenson, K, Savman, K, et al. Increased intracellular oxygen radical production in neutrophils during febrile episodes of periodic fever, aphthous stomatitis, pharyngitis, and cervical adenitis syndrome. Arthritis Rheum. (2013) 65:2971–83. doi: 10.1002/art.v65.11

46. Sundqvist, M, Osla, V, Jacobsson, B, Rudin, A, Savman, K, and Karlsson, A. Cord blood neutrophils display A galectin-3 responsive phenotype accentuated by vaginal delivery. BMC Pediatr. (2013) 13:128. doi: 10.1186/1471-2431-13-128

47. Almkvist, J, Faldt, J, Dahlgren, C, Leffler, H, and Karlsson, A. Lipopolysaccharide-induced gelatinase granule mobilization primes neutrophils for activation by galectin-3 and formylmethionyl-leu-phe. Infect Immun. (2001) 69:832–7. doi: 10.1128/IAI.69.2.832-837.2001

48. Wong, WY, Wong, H, Cheung, SP, and Chan, E. Measuring natural killer cell cytotoxicity by flow cytometry. Pathology. (2019) 51:286–91. doi: 10.1016/j.pathol.2018.12.417

49. Long, EO, Kim, HS, Liu, D, Peterson, ME, and Rajagopalan, S. Controlling natural killer cell responses: integration of signals for activation and inhibition. Annu Rev Immunol. (2013) 31:227–58. doi: 10.1146/annurev-immunol-020711-075005

50. De Boer, RA, Van Veldhuisen, DJ, Gansevoort, RT, Muller Kobold, AC, Van Gilst, WH, Hillege, HL, et al. The fibrosis marker galectin-3 and outcome in the general population. J Intern Med. (2012) 272:55–64. doi: 10.1111/j.1365-2796.2011.02476.x

51. Sundqvist, M, Andelid, K, Ekberg-Jansson, A, Bylund, J, Karlsson-Bengtsson, A, and Linden, A. Systemic galectin-3 in smokers with chronic obstructive pulmonary disease and chronic bronchitis: the impact of exacerbations. Int J Chron Obstruct Pulmon Dis. (2021) 16:367–77. doi: 10.2147/COPD.S283372

52. Farhad, M, Rolig, AS, and Redmond, WL. The role of galectin-3 in modulating tumor growth and immunosuppression within the tumor microenvironment. Oncoimmunology. (2018) 7:E1434467. doi: 10.1080/2162402X.2018.1434467

53. Diaz-Alvarez, L, and Ortega, E. The many roles of galectin-3, A multifaceted molecule, in innate immune responses against pathogens. Mediators Inflammation. (2017) 2017:9247574. doi: 10.1155/2017/9247574

54. Rosales, C. Neutrophil: A cell with many roles in inflammation or several cell types? Front Physiol. (2018) 9:113. doi: 10.3389/fphys.2018.00113

55. Mantovani, A, Cassatella, MA, Costantini, C, and Jaillon, S. Neutrophils in the activation and regulation of innate and adaptive immunity. Nat Rev Immunol. (2011) 11:519–31. doi: 10.1038/nri3024

56. Riise, RE, Bernson, E, Aurelius, J, Martner, A, Pesce, S, Della Chiesa, M, et al. Tlr-stimulated neutrophils instruct nk cells to trigger dendritic cell maturation and promote adaptive T cell responses. J Immunol. (2015) 195:1121–8. doi: 10.4049/jimmunol.1500709

57. Masucci, MT, Minopoli, M, and Carriero, MV. Tumor associated neutrophils. Their role in tumorigenesis, metastasis, prognosis and therapy. Front Oncol. (2019) 9:1146. doi: 10.3389/fonc.2019.01146

58. Schmidt, H, Bastholt, L, Geertsen, P, Christensen, IJ, Larsen, S, Gehl, J, et al. Elevated neutrophil and monocyte counts in peripheral blood are associated with poor survival in patients with metastatic melanoma: A prognostic model. Br J Cancer. (2005) 93:273–8. doi: 10.1038/sj.bjc.6602702

59. Tessier-Cloutier, B, Twa, DD, Marzban, M, Kalina, J, Chun, HE, Pavey, N, et al. The presence of tumour-infiltrating neutrophils is an independent adverse prognostic feature in clear cell renal cell carcinoma. J Pathol Clin Res. (2021) 7:385–96. doi: 10.1002/cjp2.204

60. Bellocq, A, Antoine, M, Flahault, A, Philippe, C, Crestani, B, Bernaudin, JF, et al. Neutrophil alveolitis in bronchioloalveolar carcinoma: induction by tumor-derived interleukin-8 and relation to clinical outcome. Am J Pathol. (1998) 152:83–92.

61. Lee, W, Ko, SY, Mohamed, MS, Kenny, HA, Lengyel, E, and Naora, H. Neutrophils facilitate ovarian cancer premetastatic niche formation in the omentum. J Exp Med. (2019) 216:176–94. doi: 10.1084/jem.20181170

62. Forsman, H, Dahlgren, C, Martensson, J, Bjorkman, L, and Sundqvist, M. Function and regulation of gpr84 in human neutrophils. Br J Pharmacol. (2024) 181:1536–49. doi: 10.1111/bph.v181.10

63. Nguyen, GT, Green, ER, and Mecsas, J. Neutrophils to the roscue: mechanisms of nadph oxidase activation and bacterial resistance. Front Cell Infect Microbiol. (2017) 7:373. doi: 10.3389/fcimb.2017.00373

64. Dahlgren, C, Forsman, H, Sundqvist, M, Bjorkman, L, and Martensson, J. Signaling by neutrophil G protein-coupled receptors that regulate the release of superoxide anions. J Leukoc Biol. (2024) 116:1334–51. doi: 10.1093/jleuko/qiae165

65. Brune, M, Hansson, M, Mellqvist, UH, Hermodsson, S, and Hellstrand, K. Nk cell-mediated killing of aml blasts: role of histamine, monocytes and reactive oxygen metabolites. Eur J Haematol. (1996) 57:312–9. doi: 10.1111/j.1600-0609.1996.tb01383.x

66. Brune, M, Castaigne, S, Catalano, J, Gehlsen, K, Ho, AD, Hofmann, WK, et al. Improved leukemia-free survival after postconsolidation immunotherapy with histamine dihydrochloride and interleukin-2 in acute myeloid leukemia: results of A randomized phase 3 trial. Blood. (2006) 108:88–96. doi: 10.1182/blood-2005-10-4073

67. Martner, A, Thoren, FB, Aurelius, J, and Hellstrand, K. Immunotherapeutic strategies for relapse control in acute myeloid leukemia. Blood Rev. (2013) 27:209–16. doi: 10.1016/j.blre.2013.06.006

68. Feuk-Lagerstedt, E, Jordan, ET, Leffler, H, Dahlgren, C, and Karlsson, A. Identification of cd66a and cd66b as the major galectin-3 receptor candidates in human neutrophils. J Immunol. (1999) 163:5592–8. doi: 10.4049/jimmunol.163.10.5592

69. Robinson, BS, Arthur, CM, Evavold, B, Roback, E, Kamili, NA, Stowell, CS, et al. The sweet-side of leukocytes: galectins as master regulators of neutrophil function. Front Immunol. (2019) 10:1762. doi: 10.3389/fimmu.2019.01762

70. Karlsson, A, Nixon, JB, and Mcphail, LC. Phorbol myristate acetate induces neutrophil nadph-oxidase activity by two separate signal transduction pathways: dependent or independent of phosphatidylinositol 3-kinase. J Leukoc Biol. (2000) 67:396–404. doi: 10.1002/jlb.67.3.396

71. Dahlgren, C, Lind, S, Martensson, J, Bjorkman, L, Wu, Y, Sundqvist, M, et al. G protein coupled pattern recognition receptors expressed in neutrophils: recognition, activation/modulation, signaling and receptor regulated functions. Immunol Rev. (2023) 314:69–92. doi: 10.1111/imr.v314.1

72. Bjorkman, L, Christenson, K, Davidsson, L, Martensson, J, Amirbeagi, F, Welin, A, et al. Neutrophil recruitment to inflamed joints can occur without cellular priming. J Leukoc Biol. (2019) 105:1123–30. doi: 10.1002/JLB.3AB0918-369R

73. Niemietz, I, Moraes, AT, Sundqvist, M, and Brown, KL. Hyaluronan primes the oxidative burst in human neutrophils. J Leukoc Biol. (2020) 108:705–13. doi: 10.1002/JLB.3MA0220-216RR

74. Sundqvist, M, Holdfeldt, A, Wright, SC, Moller, TC, Siaw, E, Jennbacken, K, et al. Barbadin selectively modulates fpr2-mediated neutrophil functions independent of receptor endocytosis. Biochim Biophys Acta Mol Cell Res. (2020) 1867:118849. doi: 10.1016/j.bbamcr.2020.118849

75. Browning, L, Patel, MR, Horvath, EB, Tawara, K, and Jorcyk, CL. Il-6 and ovarian cancer: inflammatory cytokines in promotion of metastasis. Cancer Manag Res. (2018) 10:6685–93. doi: 10.2147/CMAR.S179189

76. Brewer, CF, Miceli, MC, and Baum, LG. Clusters, bundles, arrays and lattices: novel mechanisms for lectin-saccharide-mediated cellular interactions. Curr Opin Struct Biol. (2002) 12:616–23. doi: 10.1016/S0959-440X(02)00364-0

77. Dahlgren, C, Christophe, T, Boulay, F, Madianos, PN, Rabiet, MJ, and Karlsson, A. The synthetic chemoattractant trp-lys-tyr-met-val-dmet activates neutrophils preferentially through the lipoxin A(4) receptor. Blood. (2000) 95:1810–8. doi: 10.1182/blood.V95.5.1810.005k06_1810_1818

78. Sengelov, H, Kjeldsen, L, and Borregaard, N. Control of exocytosis in early neutrophil activation. J Immunol. (1993) 150:1535–43. doi: 10.4049/jimmunol.150.4.1535

79. Bylund, J, Karlsson, A, Boulay, F, and Dahlgren, C. Lipopolysaccharide-induced granule mobilization and priming of the neutrophil response to helicobacter pylori peptide hp(2-20), which activates formyl peptide receptor-like 1. Infect Immun. (2002) 70:2908–14. doi: 10.1128/IAI.70.6.2908-2914.2002

80. Almeida-Nunes, DL, Mendes-Frias, A, Silvestre, R, Dinis-Oliveira, RJ, and Ricardo, S. Immune tumor microenvironment in ovarian cancer ascites. Int J Mol Sci. (2022) 23:10692. doi: 10.3390/ijms231810692

81. Cui, TX, Kryczek, I, Zhao, L, Zhao, E, Kuick, R, Roh, MH, et al. Myeloid-derived suppressor cells enhance stemness of cancer cells by inducing microrna101 and suppressing the corepressor ctbp2. Immunity. (2013) 39:611–21. doi: 10.1016/j.immuni.2013.08.025

82. Sinha, P, Clements, VK, Bunt, SK, Albelda, SM, and Ostrand-Rosenberg, S. Cross-talk between myeloid-derived suppressor cells and macrophages subverts tumor immunity toward A type 2 response. J Immunol. (2007) 179:977–83. doi: 10.4049/jimmunol.179.2.977

83. Trinchieri, G. Interleukin-12 and the regulation of innate resistance and adaptive immunity. Nat Rev Immunol. (2003) 3:133–46. doi: 10.1038/nri1001

84. Castriconi, R, Cantoni, C, Della Chiesa, M, Vitale, M, Marcenaro, E, Conte, R, et al. Transforming growth factor beta 1 inhibits expression of nkp30 and nkg2d receptors: consequences for the nk-mediated killing of dendritic cells. Proc Natl Acad Sci U.S.A. (2003) 100:4120–5. doi: 10.1073/pnas.0730640100

85. Tsuboi, S, Sutoh, M, Hatakeyama, S, Hiraoka, N, Habuchi, T, Horikawa, Y, et al. A novel strategy for evasion of nk cell immunity by tumours expressing core2 O-glycans. EMBO J. (2011) 30:3173–85. doi: 10.1038/emboj.2011.215

86. Wang, W, Guo, H, Geng, J, Zheng, X, Wei, H, Sun, R, et al. Tumor-released galectin-3, A soluble inhibitory ligand of human nkp30, plays an important role in tumor escape from nk cell attack. J Biol Chem. (2014) 289:33311–9. doi: 10.1074/jbc.M114.603464

87. Chen, Y, Zhang, W, Cheng, M, Hao, X, Wei, H, Sun, R, et al. Galectin-3-itgb1 signaling mediates interleukin 10 production of hepatic conventional natural killer cells in hepatitis B virus transgenic mice and correlates with hepatocellular carcinoma progression in patients. Viruses. (2024) 16:737. doi: 10.3390/v16050737

88. Brittoli, A, Fallarini, S, Zhang, H, Pieters, RJ, and Lombardi, G. In vitro” Studies on galectin-3 in human natural killer cells. Immunol Lett. (2018) 194:4–12. doi: 10.1016/j.imlet.2017.12.004

89. Scafetta, G, D’alessandria, C, and Bartolazzi, A. Galectin-3 and cancer immunotherapy: A glycobiological rationale to overcome tumor immune escape. J Exp Clin Cancer Res. (2024) 43:41. doi: 10.1186/s13046-024-02968-2

90. Vuong, L, Kouverianou, E, Rooney, CM, Mchugh, BJ, Howie, SEM, Gregory, CD, et al. An orally active galectin-3 antagonist inhibits lung adenocarcinoma growth and augments response to pd-L1 blockade. Cancer Res. (2019) 79:1480–92. doi: 10.1158/0008-5472.CAN-18-2244

91. Nauseef, WM. Human neutrophils not equal murine neutrophils: does it matter? Immunol Rev. (2023) 314:442–56. doi: 10.1111/imr.13154




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2024 Karlsson, Stål, Stoopendahl, Ivarsson, Leffler, Lycke, Sundqvist, Sundfeldt, Christenson and Bernson. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fimmu-15-1506236-g004.jpg
p=0.02 p=0.001
| I
0 1% A YN
3 : :
o °
s | T .
R 50 A o
4+ (o}
[ ey
- -
R o oo
0L &% s e
Neutrophils - + o+ - + o+
SOD/Catalase - - + - - +
C p=0.3 p=0.05
10
n 15— p=0.1 p=0.05
© °
[¥]
°
§ 10 < — A
o o B
5 RN
- o A 2
o D — 0 ©
O\o 0 8_0 C@ Ay A :
K562 - - - + + + - + + +
Neutrophils - - + - + + P
SOD/Catalase - + - - - + e

No stimuli
[ Galectin-3

- 100 p=0.04 p=0.002
% 80 A
N :
=z 60 4 A
E] ab Ap
© 40
a : s
20
R A
L8 ® ® B
Neutrophils - + + -+ o+
DPI - - + - -+
p=0.5 p=0.
1T
D p=0.1
w1007 o ooaa =}
- [m} A g
@ - —_
[§] (o)
N o]
u‘g -
¥ 504 .
()
2
5 J
=X
0
NKcells + + + + +
Neutrophils - + o+ - +
SOD/Catalase - = + = =






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Elevated Galectin-3 levels in the tumor microenvironment of ovarian cancer – implication of ROS mediated suppression of NK cell antitumor response via tumor-associated neutrophils

      

        		

          Introduction

        



        		

          Method

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Patients and sample collection

          



          		

            2.2 Biosample preparation

          



          		

            2.3 Measurement of soluble Galectin-3

          



          		

            2.4 Detection of cell-bound Galectin-3

          



          		

            2.5 Phenotypic analysis of neutrophil priming status

          



          		

            2.6 Production of recombinant Galectin-3

          



          		

            2.7 Measurement of neutrophil ROS production

          



          		

            2.8 NK cell viability, degranulation and cytotoxicity

          



          		

            2.9 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Galectin-3 is present in the HGSC tumor microenvironment

          



          		

            3.2 Neutrophils in ascites from HGSC patients show signs of priming

          



          		

            3.3 Galectin-3-induced ROS release in HGSC ascites neutrophils differ among patients

          



          		

            3.4 Galectin-3-induced ROS production decreases NK cell viability in vitro and impairs NK cell function against tumor cells

          



        



        



        		

          4 Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1506236-g001.jpg
COHORT 1

B Serum
m Ascites
o Cyst fluid
B Plasma
m Ascites
B Serum

p < 0.0001
;]
L[]

[ T T 1
S S = = =) S (=} o o
> * * e X * * e e
0 S S 6] (=] (=]
- -~ [0} ~ -~ w0
(JwyBu) uonesussUOD UIB}oId (JwyBu) uonesusoUOD UIB}0Id (JwyBu) uonesusoUd UIB0Id
(&) T8 —_—
N
3
3 8 ﬁ . :
iy P
& o
uonje.juaosuod uisjoud uonesjuaduod uisjold uonje.juaouod uisjoud
|e10} ul g-unosjes) wdd |e1o} ul g-unosjes) wdd [e10} ul g-unosjes) wdd
m w I
72}
(14
@)
pa
o)
I~ (]
= > .
x =
(@) _ T T _
T I 3 8 8 °
@) w (uy/Bu) g-unosien
< (&] T O






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu.2024.1506236_cover.jpg
& frontiers | Frontiers in Immunology

Elevated Galectin-3 levels in the tumor
microenvironment of ovarian cancer —
implication of ROS mediated suppression of
NK cell antitumor response via tumor-
associated neutrophils





OEBPS/Images/fimmu-15-1506236-g003.jpg
A Patient 30 Patient 49 Patient 54

1500 8 8
ASCITES _ £ £ — FEuter
3 S 6 86 --- Galectin-3
& 1000 ) 2 J
= = = Galectin-3
= <4 —4 + Lact
8 =00 8 8 actose
74 x 2 x 2
0 0 0
0 1 2 3 4
Time (min) Time (min)
1500 8 8
BLOOD =~ T T
=)
= S 6 S 6
¢ 1000 %) o
L = =
P a4 gy
o
& 500 8 5 - 8 2
OI O
Time (min) Time (min)
1500 8 8
ASCITES = £, £,
TNF-a Z 1000 ) )
treated b g, =N
O 500 8 8
14 x 2 A 2
0 0 0
Time (min)
1500 8 8
= £ £
BLOOD 3 1000 e g5
TNF-a o s, s,
treated 8 S50 » »
A o o
x 2 x 2
0 0 0
Time (min) Time (min) Time (min)
™ 1100+ %ROS

(ratio Galectin-3/buffer)

= Patient 30
T 1000 ®
=
[le) .
8 200 o Patient 49 “ 4 6 8 10
(@)

800

o Patient 54
700

100 80 60 40 20 O
%CD62L"* cells






OEBPS/Images/table2.jpg
Patient ID® Smoking® = Ascites volume (L) Ascites Galectin-3 Plasma Galectin-3

conc. (ng/mL) conc. (hg/mL)

4 e 41 258 No 13 102 14.2
10 nic 1 73 27.1 No g 5. [ 329 10.7
12 v 66 311 No =22 358 16.5
13 1AL 64 19.8 No 22 149 13.6
16 B 51 289 No 22 647 183
24 VB 58 323 No >2 205 385
26 iite 46 339 No 22 168 124
28 Ic 77 312 No e2 255 244
29 nic 65 204 No 0.2 64.2 17.7
30 nIc 70 285 No 0.65 248 93

33 iite 55 394 Yes 22 55.1 188
35 VB 60 413 No 0.57 442 286
36 iite 58 323 No 085 322 9.1

40 c 60 188 No 15 83 16.4
45 VB 50 234 No 0.4 1458 14.4
48 IVB 52 19.9 No 19 345 20.5
49 VA 65 247 No =2 406 19.4
54 ‘ nIc 61 20.5 No 22 159 17.4

“Patients within this cohort were included in one earlier publication (7). *FIGO stage. “Age in years. “Body mass index. “Yes or no.





OEBPS/Images/logo.jpg
, frontiers | Frontiers in Immunology





OEBPS/Images/fimmu-15-1506236-g002.jpg
= Blood
neutrophils

Cell count—p >

m Ascites

‘ . neutrophils
3

w

~ 20000 3000 w 150
T = &
= 15000 E 3 m Blood
Py < 2000 +, 100 neutrophils
2 10000 © N P
= b © )
Q 5000 0 1000 A 50 m Ascites
O O Q neutrophils
0 0 X,
TNF-a TNF-a TNF-a
20000 15000 @
T = = Buffer (ice)
L TR (5] |
S = 10000 b o Buffer (37°C)
o 10000 o =~ m Cell-free
- 8 5000 © ascites
O 5000 8 a
o &) Q m TNF-a
0 0 X
D p=1
6000 3000 15000 P=0.OT‘ 150 p=0.7
L . ol T @ p=0.0006 m Buffer (ice)
S 4000 = 2000 S 100001 + 7190 = o Buffer (37°C)
= 8 8 d = Cell-free
5 2000 8 1000 © 5000 g so - cyst fluid
o O O Q = TNF-a
0 0 0 X 9 R






OEBPS/Images/table1.jpg
Patient ID Smoking® = Ascites Galectin-3 Cyst fluid Galectin-3 Serum Galectin-3

conc. (ng/mL) conc. (ng/mL) conc. (ng/mL)
1 1Ic 52 a8 No 319 1123 6.2
2 1c 40 21 No 1104 1119 7a
6 jiice] 57 19.5 No 155 - 10.9
7 1Ic 64 206 | No 158 1153 9.8
10 1o 69 25 | No 354 o 280
13 IVB 68 21 No 19.8 60.0 4.9
14 VB 58 25 No 70.4 - 74
15 1Ic 48 239 No 264 82.6 8.4
18 1Ic 71 2.1 No 123 = 10.7
20 B 60 185  No 874 204 274

FIGO stage ®Age in years “Body mass index “Yes or no.





