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Background

The G protein-coupled receptor 55 (GPR55) is part of an expanded endocannabinoid system (ECS), and plays a pro-tumorigenic role in different cancer models, including pancreatic cancer. Next to cancer cells, various cells of the immune tumor microenvironment (TME) express receptors of the ECS that critically determine tumor growth. The role of GPR55 in cancer cells has been widely described, but its role in the immune TME is not well understood. 





Methods

We intended to uncover the role of GPR55 in tumor immunity in a model of pancreatic ductal adenocarcinoma (PDAC). To this end, a KPCY tumor cell line or a GPR55-overexpressing KPCY cell line (KPCY55) from murine PDAC were subcutaneously injected into wildtype (WT) and GPR55 knockout (KO) mice, and immune cell populations were evaluated by flow cytometry. 





Results

Deficiency of GPR55 in the TME led to reduced tumor weight and volume, and altered the immune cell composition of tumors, favoring an anti-tumorigenic environment by increasing the number of CD3+ T cells, particularly CD8+ T cells, and the expression of PDL1 on macrophages. RNA-seq pathway analysis revealed higher T cell activity in KPCY55 tumors of GPR55 KO vs. WT mice. In addition, tumors from GPR55 KO mice displayed increased levels of T cell chemokines Cxcl9 and Cxcl10. Migration of T cells from GPR55 KO mice towards CXCL9 was increased in comparison to T cells from WT mice, suggesting that a CXCR3/CXCL9 axis was involved in T cell influx into tumors of GPR55 KO mice. Notably, anti-PD-1 immunotherapy increased tumor burden in WT mice, while this effect was absent in the GPR55 KO mice. 





Conclusion

Our study indicates that GPR55 in TME cells may drive tumor growth by suppressing T cell functions, such as migration, in a model of PDAC, making it an interesting target for immunotherapies.
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1 Introduction

The tumor microenvironment (TME) is comprised of a variety of cell types, such as immune, stromal, and endothelial cells, which play a crucial role in cancer progression (1). For instance, patients with abundant presence of cytotoxic T and natural killer (NK) cells in the TME have a better prognosis across multiple cancer types (2, 3). However, this favorable response may be hampered by other, namely immunosuppressive cell types present in the TME, like regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) (4). Pancreatic ductal adenocarcinoma (PDAC) has a highly immune-suppressive TME, in part because the majority of infiltrating immune cells are myeloid in origin (5). Moreover, only a fraction of pancreatic cancer patients has infiltrating cytotoxic T cells, which are known to be correlated with improved survival (6). Lately, the endocannabinoid system (ECS) has attracted attention regarding its effects on the behavior of immune cells during inflammation and cancer (7, 8). Main members of the ECS are the cannabinoid receptors 1 and 2 (CB1 and CB2), their endogenous ligands (endocannabinoids), and enzymes for endocannabinoid metabolism, like monoacylglycerol lipase (MGL), the 2-arachidonoylglycerol (2-AG)-degrading enzyme (7). Other receptors show responsiveness to endocannabinoids, such as the G protein-coupled receptor 55 (GPR55), which is considered part of an ‘expanded’ ECS, or the ‘endocannabinoidome’ (9–11). Various immune cells in the TME possess cannabinoid receptors (7), which can be influenced by components of the ECS (9). We previously showed prominent expression of CB2 and MGL in TME immune cells of non-small cell lung cancer (NSCLC) models and human NSCLC tissue (12, 13). Like CB2 (14), GPR55 is present in immune cells, e.g., B cells (15), T cells (16) and neutrophils (17), and also in cancer cells of various origin, for instance, in colon and pancreatic cancer cells (18–20). In many types of cancer that have been studied, GPR55 primarily plays a pro-tumorigenic role (18, 20–25). As to pancreatic cancer, genetic ablation of GPR55 in a PDAC model clearly improved disease outcome (20).

Since involvement of GPR55 in cancerogenesis was mostly researched in the context of its role in cancer cells (18, 19, 26), we focused on the immune TME in this study using GPR55 KO mice, and explored whether the knockout of GPR55 could have an influence on the immune cell landscape and the tumor progression in a PDAC mouse model (27). To this end, we used KPCY tumor cells (from mouse PDAC), and - since GPR55 is highly expressed in human pancreatic cancer cells (20) and higher stage pancreatic intraepithelial neoplasia (28) - KPCY tumor cells that overexpressed GPR55 (termed KPCY55). KPCY and KPCY55 cell lines were subcutaneously (s.c.) injected into the flanks of immunocompetent wildtype (WT) or GPR55 knockout (KO) mice. By using GPR55 KO mice in this model, we created a situation where GPR55 was present in cancer cells, but not in cells of the TME. We can report that mice lacking GPR55 had smaller tumors and higher lymphoid cell infiltration than WT mice. The results may have importance for developing new immunotherapies against PDAC.




2 Materials and methods



2.1 Cancer cell lines

The KPCY cell lines were generated from late-stage primary pancreatic tumors from C57BL/6 KPC mice expressing a YFP lineage tag (KPCY) (Trp53L/+) (27). One T-cell high clone (2838c3) was purchased from Kerafast (Boston, MA, USA). The KPCY cells were maintained in DMEM with 10% FBS (Life Technologies) and 1% penicillin/streptomycin (P/S, PAA Laboratories) at 37°C and 5% CO2 in a humidified atmosphere.

A GPR55-overexpressing KPCY cell line (KPCY55) was generated in our lab from the original KPCY parental cell line using a lentivirus for transduction that carried a GPR55 Puro cassette (or a control cassette) for stable overexpression of GPR55 (VectorBuilder). Puromycin (0.5 µg/ml, Thermo Fisher, A1113803) was used for positive selection of clones, and overexpression was confirmed with RT-qPCR.




2.2 Mice used in the study

C57BL6/J mice were purchased from Charles River (Germany) and bred in house. GPR55 KO mice (B6;129S-Gpr55tm1Lex/Mmnc) were obtained through MMRRC (Mutant Mouse Regional Resource Center; USA). The strain was backcrossed with C57BL6/J mice for ten generations, and was also bred in house (18). Experimental procedures were approved by the Austrian Federal Ministry of Science, Research and Economy (protocol # 2022-0.748.851) and performed in strict accordance with international guidelines. All experimental procedures were performed on 7-12-week male mice.




2.3 PDAC mouse model

KPCY and KPCY55 cells were dissociated into single cells, washed with PBS twice and counted before s.c. injection. Cells (5×105) were resuspended in 450 μL Dulbecco’s phosphate buffered saline (PBS, Gibco) and injected into the flanks of mice on day 0. Tumors were harvested at the experimental endpoint upon reaching the appropriate size, i.e., on day 21 for the KPCY tumors, and on day 28 or 29 for the KPCY55 tumors. Tumors were then subsequently weighed, measured with a digital caliper ex vivo, and submitted to analysis. Tumor volume was calculated based on the following formula: V = length x width x height x π/6 (29).




2.4 Anti-PD1 antibody treatment

KPCY55 tumor-bearing WT or GPR55 KO mice were injected i.p. with 200 µg rat monoclonal anti-mouse PD-1 antibody (clone 29F.1A12, BioXCell, Lebanon, NH) or rat IgG2a isotype control (clone 2A3, BioXCell, Lebanon, NH) 6 times (as shown in the treatment protocol scheme) over a period of two weeks.




2.5 Single-cell suspensions

Single cell suspensions of s.c. tumors were prepared as previously described (13). Briefly, tumors were cut into small pieces with scissors. The tumor pieces were afterwards digested with collagenase for 30 minutes at 37°C (CLS-1; 4.5 U/ml; Worthington) and DNase I (160 mU/ml; Worthington; LS002006), while rotating at 1000 rpm. After digestion, tissue was passed through a 40 μm-strainer, washed with staining buffer (SB; PBS + 2% FBS), followed by a wash in PBS only.




2.6 Flow cytometric phenotyping of immune cell populations

In order to exclude dead cells, single cell suspensions were incubated for 20 min in Fixable Viability Dye (FVD) (eFluor™ 780; eBioscience, #65-0865-18) in the dark at 4°C. The cells were initially incubated with 1 μg TruStain™ FcX (Biolegend, #101320), and afterwards stained in the dark at 4°C for 30 min with antibodies listed in Supplementary Table S1. From this point onwards, the staining protocol differed for intracellular immunofluorescent staining. For surface staining, samples were fixed with eBioscience™ IC Fixation Buffer (ThermoFisher Scientific, #00-8222-49) in the dark for 10 min at 4°C, resuspended in SB, and acquired within two weeks on a BD LSR Fortessa, running on FACSDiva software (BD Biosciences). Samples requiring intracellular staining were fixed with Fix/Perm solution from the BD Cytofix/Cytoperm™ Fixation/Permeabilization Kit (BD Biosciences, #554714) for 20 min in the dark at 4°C. Afterwards, they were washed twice with 1x Perm/Wash buffer and then incubated with the antibody in Perm/Wash buffer for 30 min at 4°C. The cells were washed twice in 1x Perm/Wash buffer and resuspended in SB prior to analysis. FlowJo software (v10.20, Treestar) was used for analysis and compensation. See Supplementary Figures S1 and S2 for gating strategies.




2.7 RNA extraction and RT-qPCR

RNA was extracted from tissue using Trizol (Life Technologies, #15596026). Samples were then treated either with a DNA-free™ DNA Removal Kit (Invitrogen, #10729525) or RNase-Free DNase set (Qiagen, #79254). Quality and concentration of RNA were determined using a NanoDrop ND-1000 spectrophotometer (Thermo Fisher Scientific). Reverse transcription of purified RNA (1 μg) was performed by High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, #4368814). Gene expression was assessed by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) using SsoAdvanced Universal SYBR Green Supermix (Bio-Rad, #1725271). Primers were acquired from Eurofins (Supplementary Table S2). Relative gene expression was calculated using 2-ΔCT methods (30). Hprt was used as a housekeeping gene.




2.8 Bulk RNA-seq: sample preparation and analysis

RNA was extracted from tissue using Trizol (Life Technologies, #15596026). Samples were afterwards treated with the DNA-free™ DNA Removal Kit (Invitrogen, #10729525), and the concentration and quality of RNA was measured using Agilent Bioanalyzer 2100. After poly-A enrichment and library prep, RNA-seq was performed on Illumina NovaSeq (6000 and the X Plus), with 20 million reads per sample (GENEWIZ, Azenta Life Sciences). The raw data were aligned to GRCm39 using STAR 2.7.10b, after running FastQC 0.11.9. Differential gene expression was assessed by RStudio 4.4.1 using edgeR package (version 4.2.0) (31). For pathway enrichment analysis, pathfindR was used (version 2.4.1) (32). Heatmaps were generated after normalization to transcripts per million and subsequent z-scaling. All RNA-seq data are deposited at GEO database, accession number GSE280636.




2.9 Isolation of splenic pan-T cells and migration assays

Pan-T cells were isolated from WT and GPR55 KO mouse spleens using EasySep™ Mouse T Cell Isolation Kit (Stemcell, #19851), according to the manufacturer’s protocol. T cell migration assay was performed using a 96-well MultiScreen plate (Millipore, MAMIC5S10) with a 5-μm pore-size polycarbonate filter. A series of dilutions of the chemokine (C-X-C motif) ligand 9 (CXCL9 Biolegend, #578204) in assay buffer containing Ca2+ and Mg2+ was pipetted into the bottom well, after which T cells were added to the top well in the same buffer (1x105 per 75 μl). The cells were left to migrate in the plate for 90 min at 37°C. Migrated cells in the bottom wells were counted on a BD Accuri™ C6 Plus flow cytometer. Chemotactic index was defined as the number of cells migrating towards CXCL9 divided by the number of cells migrating towards negative control (17).




2.10 In situ hybridization and immunofluorescence

Tumors were fixed in acid-free phosphate-buffered 10% formaldehyde solution (Roti®-Histofix 10%, pH 7, Roth, P087.1) for 24-48 hrs at room temperature, and further processed for paraffin embedding, according to standard procedures. Tissue was cut in 5 μm-sections, baked at 60°C for 1 hr, dewaxed, and rehydrated. ISH was performed according to the manufacturer’s protocol, and as recently published by us (12). In brief, three ZZ probes for GPR55 (targeting bases 2-907 of NM_001033290.2) (RNAScope ™ RED kit; Advanced Cell Diagnostics [ACD], #322360) were used to detect the corresponding mRNAs in tumors. Sections with tumor tissue were treated with H2O2 for 10 min, which was followed by target retrieval, using the Brown FS3000 food steamer for 15 min. Each step was followed by washes in distilled water. The sections were digested with Protease IV at 40°C for 20 min, washed, incubated at 40°C for 2 hrs, and stained with FastRed. GPR55 KO and WT mice samples were put on one slide for comparison. GPR55 KO mice lacked expression of GPR55 outside of KPCY tumor cells (Supplementary Figure S3).

An antibody against GFP (1:500; Abcam #ab290) was used to label tumor cells (YFP-tagged). Antibodies against CD8+ (1:100; Abcam # ab203035), CD11b+ (1:100; Novus #NB11089474), F4/80+ (1:500, Cell Signaling #70076), and CD4+ (1:400, Abcam #ab183685) were used to stain cell types of the immune TME co-localizing with GPR55 mRNA. After ISH, tissue sections were first blocked with 5% goat serum (Sigma-Aldrich) in 0.1 M PBS containing 0.3% Triton X-100. Afterwards, primary antibodies were applied in 0.1 M PBS containing 0.3% Triton X-100 and 1% goat serum over night at 4°C. As second antibodies, Alexa Fluor® 488 goat anti-rabbit (1:500; Jackson Immuno Research; #111-5491144) or Cy5-labeled anti-rabbit IgGs (1:500; Jackson Immuno Research; #711-175-152) were used. Sections were then mounted with Vector® TrueVIEW® Autofluorescence Quenching Kit containing DAPI (Vector Laboratories, #SP-8500-15), and images were taken by an Olympus IX73 fluorescence microscope (Olympus) connected with a Hamamatsu ORCA-ER digital camera (Hamamatsu Photonics K.K.). Images were processed with Olympus CellSense® 1.17 imaging software (Olympus). Only contrast, brightness, and color balance of images were adjusted. ImageJ software and QuPath (version 0.4.3) were applied to quantify expression and colocalization with the ISH probe (29).




2.11 Statistical analysis

GraphPad Prism 10.0.3 (GraphPad® Software) was used to perform statistical analyses. Data are presented as means ± standard deviation (SD), or as medians with 25th and 75th percentiles, and min-max values. Statistically significant differences between two experimental groups were determined by unpaired Student’s t-test, two-way ANOVA with Šídák’s multiple comparisons or Tukey’s post-hoc test, and by ordinary one-way ANOVA with Dunnett’s multiple comparisons test. P values <0.05 were considered significant and denoted with 1, 2, 3 or 4 asterisks when lower than 0.05, 0.01, 0.001, or 0.0001, respectively. For RNA-seq data analysis, edgeR (version 2.4.0) was used to obtain differential gene expression according to the respective vignette.





3 Results



3.1 GPR55 deficiency reduces KPCY-induced tumor weight and volume

Tumors were induced by s.c. injection of KPCY cells and harvested after 21 days (Figure 1A). Ex vivo measurements revealed that the tumors of GPR55 KO mice were smaller in weight and volume than those of WT mice (Figure 1B). Although we measured more live cells in tumors from KO mice, percentages of CD45+ cells did not differ significantly between the two groups (Figure 1C). Percentages of CD3+ T cells, CD8+ T cells, and pan-dendritic cells were higher in tumors of GPR55 KO vs. WT mice (Figures 1D, E), while the number of neutrophils was lower (Figure 1E). We observed no changes in CD8+ and CD4+ T cell subtypes (Figure 1F). Expression of PD-1 was higher on CD8+ T cells in tumors of GPR55 KO vs. WT mice (Figure 1G, left), whereas PD-L1 expression was higher on CD45- cells (Figure 1H). GPR55 mRNA expression (which should only derive from GPR55-expressing tumor cells) was significantly lower in tumor samples of GPR55 KO vs. WT mice (Figure 1I).




Figure 1 | Deficiency of GPR55 reduces tumor weight and volume in KPCY-induced tumors. (A) GPR55 KO and WT mice were subcutaneously (s.c.) injected with 5x105 KPCY cells on day 0. On day 21, tumors were measured ex vivo and processed for analysis. (B) Tumor mass and volume are expressed by medians, 25th 75th percentiles, and min-max values from three pooled independent experiments. n= 25-27. (C–H) Flow cytometric analysis of lymphoid and myeloid populations in single cell suspensions from KPCY tumors. Data indicate medians, 25th and 75th percentiles, and min-max values from three pooled independent experiments. n=14-25. (I) Relative gene expression of GPR55 mRNA in KPCY tumors. n=12-14. Statistical differences were evaluated by using unpaired Student’s t-test (B, C, H, I) or two-way ANOVA with Šídák’s multiple comparisons test (D, E, G). *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001. WT, wildtype; KO, knockout; CD8+ T mem, CD8+ T memory cells; panDCs, pan-dendritic cells; cDCs1, dendritic cell type 1; mDCs, monocyte-derived dendritic cells; NK cells, natural killer cells; ns, not significant; γδ T cells; TME, tumor microenvironment.






3.2 GPR55 deficiency also reduces KPCY55-induced tumor weight and volume

Knowing that GPR55 is highly expressed in pancreatic cancer (20, 28), we generated a KPCY cell line (KPCY55) that stably overexpressed GPR55 (Figure 2A). KPCY55 cells were injected s.c. into the flanks of mice, and tumors were harvested after 29 days (Figure 2B). Similar to KPCY cell-induced tumors, KPCY55 tumors from GPR55 KO mice were smaller in both mass and volume than those from WT mice (Figure 2C). Percentages of CD45+ cells remained unchanged between the two groups (Figure 2D). The number of lymphoid cells was higher in tumors of GPR55 KO mice, with increases in CD3+, CD8+ T and NK cells (Figure 2E). There was no difference between the presence of myeloid cells between the two groups (Figure 2F). Among lymphoid subtypes, we measured increases in CD4+ T effector and CD8+ T memory cells (Figure 2G). PD-1 expression on CD8+ T cells remained unchanged, but it was lower in CD4+ T cells from tumors of GPR55 KO vs. WT mice (Figure 2H). On the other hand, expression of PD-L1 was higher on macrophages [known to be the main source of PD-L1 in the TME (33)] in KPCY55 tumors of GPR55 KO mice (Figure 2H, right). Total mRNA expression in KPCY55 tumor samples differs widely between GPR55 KO and WT mice, indicating the lack of GPR55 in cells of the TME, and the reduction of tumor cells in KO mice (Figure 2I). In Figure 2J, representative ISH images and colocalization of GPR55 mRNA with tumor cells are shown in KPCY55 tumors from GPR55 KO and WT mice, demonstrating similar colocalization (Figure 2J, right).




Figure 2 | GPR55 deficiency reduces tumor weight and volume in tumors with a GPR55-overexpressing clone (KPCY55). (A) Relative gene expression of GPR55 in KPCY and KPCY55 cell lines. n=3. (B) GPR55 KO and WT mice were subcutaneously (s.c.) injected on day 0 with 5x105 KPCY55 cells. On day 29, tumors were measured ex vivo and used for analysis. (C) Tumor mass and tumor volume from ex vivo measurements of KPCY55 tumors. Data indicate medians, 25th and 75th percentiles, and min-max values from three experiments. n=21-24. (D–H) Flow cytometric analysis of single cell suspensions from KPCY55 tumors showing changes in the lymphoid and myeloid cell populations. (I) RT-qPCR of KPCY55 whole tumor samples from WT and GPR55 KO mice. n=4. (J, left) GPR55 ISH signals (red; representatively indicated by arrows) in tumor cells (YFP tagged) of KPCY55 tumors labeled with anti-GFP antibody (green). Nuclei are stained with DAPI (blue). Calibration bars: 20µm. (J, right) Percentage (%) colocalization of GPR55 mRNA ISH signals with KPCY55 tumor cells. Sections from 3 animals were evaluated. Data indicate medians, 25th and 75th percentiles, and min-max values from one (G), two (H), or three experiments (D–F). n=4-24. Statistical differences were assessed by using two-way ANOVA with Šídák’s multiple comparisons test (E–G) or unpaired Student’s-t test (A, C, D, I, J right). *p<0.05; **p<0.01, ***p<0.001,****p<0.0001; **p<0.01; ****p<0.0001. WT, wildtype; KO, knockout; CD8+ T mem, CD8+ T memory cells; panDCs, pan-dendritic cells; cDCs1, dendritic cell type 1; mDCs, monocyte-derived dendritic cells; NK cells, natural killer cells; ns, not significant γδ T cells, gamma delta T cells; TME, tumor microenvironment.






3.3 GPR55 is present in immune and cancer cells of tumors

We performed ISH combined with immunofluorescence and localized GPR55 mRNA expression in sections of KPCY and KPCY55 tumors from WT mice (Figure 3). GPR55 largely colocalized with CD11b+ cells (66.8% ± 7.9%), CD8+ T cells (31.6% ± 5.7%), CD4+ T cells (43.5% ± 4.9%), but only little with F4/80+ macrophages (12.6% ± 4.3%) in KPCY tumors. GPR55 mRNA colocalized with KPCY55 tumor cells by 43.4% ± 13.4%, and with KPCY tumor cells by 31.9% ± 11% (all data are means ± SD).




Figure 3 | Presence of GPR55 in KPCY and KPCY55 tumors. ISH/immunofluorescence for immune and tumor cells in sections of KPCY and KPCY55 tumors from WT mice. Representative arrows point at cells expressing GPR55 mRNA signals (red). Antibodies against immune cell markers CD8+, CD4+, CD11b+, and F4/80+ were used (all in green). Tumor cells (YFP+) of KPCY and KPCY55 tumors were labeled with anti-GFP antibody (green). Nuclei were stained with DAPI (blue). Calibration bars=20 µm. 30-900 cells were counted per section; sections from 3 animals used. ISH, In situ hybridization; WT, wildtype; TME, tumor microenvironment.






3.4 GPR55 deficiency leads to upregulation of genes involved in immune cell functions in KPCY55-induced tumors

Since changes in the immune TME of GPR55 KO mice were more pronounced in KPCY55 than KPCY tumors, and high expression of GPR55 was reported in human pancreatic cancer (28), we used KPCY55 tumors for RNA-seq evaluation and for further in vivo experiments.

Gene expression analysis revealed 768 differentially expressed genes (DEGs) in KPCY55 tumors (see volcano plot in Figure 4A) of GPR55 KO vs. WT mice, of which 569 were up- and 199 downregulated (|log FC|≥1 and FDR<0.05) (see also Supplementary Table S3). PCA analysis of the top 500 genes with greatest significant differences between KPCY55 tumors of GPR55 KO and WT mice revealed clear separation of gene expression profiles (Figure 4B). In Figure 4C (and Supplementary Figure S4), pathway enrichment analysis of RNA-seq data showed that the DEGs particularly correspond, among others, to pathways related to immune cell functions, such as antigen processing/presentation, signaling and differentiation of T cells, NK cell cytotoxicity, and checkpoint protein expression, indicating strong anti-tumor immune responses in KPCY55-induced tumors of GPR55 KO vs. WT mice. Normalized read counts of the top fifty differentially expressed genes from individual mice of each group further highlight the differences in gene expression between the two groups (wt1-wt6 vs. ko1-ko6; Figure 4D).




Figure 4 | RNA-seq reveals that GPR55 deficiency leads to upregulation of genes involved in enhanced immune cell functions in KPCY55-induced tumors. (A) Volcano plot showing the log of fold-change (logFC) on the x axis and the −log10 false discovery rate (−log10FDR) on the y axis of RNA-seq data. The cut-off values were 1 for fold-change, and 0.05 for FDR, respectively. (B) PCA plot of log gene expression data showing the first and second principal components. (C) Pathway analysis of RNA-seq data, showing enrichment in processes linked to immunity. The number of genes enriched in a pathway is represented by the size of the dot. The color of the dot represents the −log10 (lowest-p) value of the pathway. (D) Heatmap of the top 50 differentially expressed genes in KPCY55 tumors from WT and GPR55 KO mice. The resulting Z-score scaling indicates that genes exhibiting high expression relative to the mean have positive Z-scores (dark red), while low-expression genes exhibit negative Z-scores (white). Ko (ko), knockout; WT (wt), wildtype; TME, tumor microenvironment.






3.5 Cell cycle genes and Ki-67 are changed in KPCY55-induced tumors of GPR55 KO vs. WT mice

Our RNA-seq dataset additionally revealed decreased expression of stratifin (Sfn; a protein involved in cell cycle control and used as a biomarker of poor prognosis in PDAC) (34), and cyclin D2 (Ccnd2; involved in cell cycle regulation and malignancy (35)) in KPCY55 tumors of GPR55 KO vs. WT mice (Supplementary Figure S5A). Interestingly, there were no changes in the expression of proliferation marker Ki-67 in our bulk RNA-seq data from whole tumor samples (Supplementary Figure S5A). However, by measuring Ki-67 mRNA in KPCY55 tumor cells of ISH sections, we observed lower expression in GPR55 KO vs. WT mice (Supplementary Figure S5B). GPR55 overexpression did not influence the viability and proliferation of KPCY55 cells in culture (Supplementary Figures S6A, B).




3.6 Migration of T cells from GPR55 KO mice towards CXCL9 is enhanced

Since we observed increased T cell activity in RNA-seq pathway analysis, as well as increased numbers of lymphoid cells in KPCY55 tumors of GPR55 KO mice, we set out to investigate a possible mechanism behind the higher T cell counts, focusing on cytokines/chemokines involved in T cell migration. In our RNA-seq data, significant increases in normalized RNA counts for the T cell-attracting and interferon (IFN)-γ-inducible ligands Cxcl9 and Cxcl10, and for their receptor Cxcr3 (36) were detected (although levels for Cxcr3 and INF-γ were quite low) (Figure 5A). We subsequently validated these targets using RT-qPCR (Figure 5B) and investigated a potential migratory effect of CXCL9 on T cells involving GPR55. To this end, we assessed the migration of splenic pan-T cells from GPR55 KO and WT mice in response to CXCL9. We counted more T cells from KO than from WT mice migrating towards increasing concentrations of CXCL9 (Figure 5C).




Figure 5 | Role of the CXCR3/CXCL9 axis in the migration of T cells. (A) Differential expression of Cxcl9, Cxcl10, Cxcr3, and Ifnγ in the TME of KPCY55 tumors from WT and GPR55 KO mice, presented by normalized counts (transcripts per million) with p-adjusted values (p.adj) from bulk RNA-seq. n=6. (B) Relative gene expression (2^-dCT) of Cxcl9, Cxcl10, and Ifnγ normalized to Hprt. Statistical differences were evaluated by unpaired Student’s t-test, **p<0.01, *p<0.05. n=6. (C) Chemotaxis assay of pan-T cells isolated from healthy spleens of GPR55 KO and WT mice, migrating towards different concentrations of CXCL9 in the bottom wells. Statistical differences were evaluated using two-way ANOVA and Tukey’s post hoc test. *p<0.05. n=4-5 (D) Geometric means of CXCR3 expression on lymphocytes in KPCY55 tumors from WT and GPR55 KO mice. Statistical differences were evaluated using two-way ANOVA with Šídák’s multiple comparisons test. ***p<0.001, ****p<0.0001. n=4-5. In all datasets, data indicate medians, 25th and 75th percentiles, and min-max values. (E) Schematic showing the comparison between the GPR55 WT and KO TME. p.adj, adjusted p-value; ns, not significant; WT, wildtype; KO, knockout; TME, tumor microenvironment. Created in BioRender. Ristic, (D) (2024) https://BioRender.com/j25e259.



Presence of CXCR3 on T cells in KPCY55 tumors was then evaluated using flow cytometry (Figure 5D). There was a decrease of CXCR3 on CD3+ and CD8+ T cells in KPCY55 tumors of GPR55 KO vs. WT mice. Expression of CXCR3 was not different between splenic T cells of healthy WT and GPR55 KO mice (Supplementary Figure S7). A schematic summarizing the migration assays is shown in Figure 5E.




3.7 Deficiency of GPR55 influences anti-PD-1 antibody treatment in mice with KPCY55-induced tumors

In Figure 2H, we showed an increase of PD-L1 on macrophages by flow cytometry in KPCY55 tumors of GPR55 KO vs. WT mice. By use of RNA-seq and RT-qPCR, we also detected higher mRNA expression of immune checkpoint and co-stimulatory molecules, e.g., CD27, CD86, ICOS and CD40 (Figures 6A, B). Since PD-L1 is one of the most reliable biomarkers for responding to PD-1 blockade (37), we injected KPCY55 cells s.c. into GPR55 KO and WT mice, and after 14 days, treated the mice with 6 rounds of anti-PD-1 antibodies (or isotype control) (Figure 6C). We confirmed the results on tumor weight and volume from Figure 2C in this set of experiments (see Supplementary Figures S8A, B). Notably, when comparing isotype control and anti-PD-1 antibody treatment, we observed that tumor volume and mass increased in WT (Figure 6D), but not in GPR55 KO mice (Figure 6E). The treatment, however, did not further reduce tumor burden in GPR55 KO mice (Figure 6E). To elucidate whether PD-1 inhibition was more effective in GPR55 KO than WT mice, we evaluated the % differences (Δ) in tumor weights/volumes between isotype control and anti-PD-1 antibody treatment in both groups. As a result, we noticed differences in changes of tumor weight/volume that were greater between anti-PD-1-antibody-treated than isotype control-treated mice (p=0.07), suggesting that anti-PD-1 antibodies are more effective in KPCY55 tumors of GPR55 KO than WT mice (Supplementary Figure S8C).




Figure 6 | GPR55 deficiency in the TME of KPCY55 tumors influences anti-PD-1 treatment. (A) RNA-seq-derived normalized counts (transcripts per million with p-adjusted values (p.adj)) and (B) RT-qPCR data (normalized to Hprt) for a select number of immune checkpoint and costimulatory molecules. n=6. (C) GPR55 KO and WT mice were subcutaneously (s.c.) injected on day 0 with 5x105 KPCY55 cells. Starting on day 14, six rounds of anti-PD1 antibodies or isotype control were injected i.p. into mice. On day 28, tumors were measured ex vivo and used for analysis. (D, E) Ex vivo measurement of tumor mass and volume in isotype control (Isotype) and anti-PD1 antibody (PD-1) treated mice. n=8-10 per group. Statistical differences were evaluated using unpaired Student’s t-test. (F) Flow cytometric analysis of monocytes and macrophages positive for CXCL9 expression in KPCY55 tumors from WT or GPR55KO mice. Statistical differences were evaluated using two-way ANOVA with Šídák’s multiple comparisons test. In all datasets, data indicate medians, 25th and 75th percentiles, and min-max values. *p<0.05, **p<0.01, ***p<0.001. n=7-10. WT, wildtype; KO, knockout; p.adj, adjusted p-value; PD-1, anti-PD-1 antibody; Isotype, isotype control; TME, tumor microenvironment.



With regard to a potential effect of PD-1 blockade on the CXCR3/CXCL9 axis, we found that macrophages from tumors of GPR55 KO mice expressed significantly more CXCL9 than those from tumors of their WT counterparts, while noticing a strong trend in the same direction for monocytes (Figure 6F). However, CXCL9 expression did not differ between isotype control and anti-PD-1 antibody treatment (Figure 6F) (nor was there a difference in CXCR3 expression on CD3+ and CD8+ T cells between the groups; see Supplementary Figure S8D), indicating that the CXCR3/CXCL9 axis was unaffected by anti-PD1 antibody treatment.





4 Discussion

Even though pancreatic cancer is the eleventh most common cancer in the world, it is the seventh leading cause of cancer-related deaths (38). Since involvement of the immune system is low in this type of cancer, new therapeutic approaches are hard to implement, and often do not prolong long-term survival of the patient (39). Recent research suggests that stratification of patients according to immune infiltration could be of benefit (40). As such, a higher number of infiltrating CD8+ T cells can predict a better response to immunotherapy (40).



4.1 GPR55 in cancer cells

Studies have shown that GPR55 plays a pro-tumorigenic role in many types of cancer (20, 21, 25, 41–43). As to pancreatic cancer, inhibition of GPR55 revealed antitumor effects in a human pancreatic cancer cell line (44). In addition, genetic ablation of GPR55 in a PDAC mouse model significantly prolonged the survival of mice (20). In our experiments, we also saw less Ki-67 expression in tumor cells of GPR55 KO mice, suggesting reduced proliferation through deficiency of GPR55. Its influence on the metabolism of pancreatic cancer cells has been also demonstrated through the actions of (R, R’)-4’-methoxy-1-naphthylfenoterol, which, by modulating GPR55 signaling, altered L-lactose metabolism in PANC-1 cells and mice xenografts (45).

We did not see differences in proliferation and viability between KPCY and GPR55-overexpressing KPCY cells in culture. However, our ISH findings indicated that KPCY tumor cells, although hardly expressing GPR55 mRNA in culture (Figure 2A), upregulated GPR55 mRNA in situ (Figure 3). Importantly, we observed that GPR55 was present in several types of immune cells of the TME, suggesting that GPR55 may influence tumor growth via actions of these cells. In line with this hypothesis, we previously reported smaller tumors and higher infiltration of CD3+, CD4+, and CD8+ T cells, but lower infiltration of myeloid suppressor cells into tumors of GPR55 KO vs. WT mice with colorectal cancer, indicating a possible T cell- suppressive role of GPR55 (18). A pronounced immune response could also be the reason why KPCY55-induced tumors grew slower (appropriate tumor size for harvesting after 29 days) than KPCY-induced tumors in GPR55 KO mice (harvested after 21 days).




4.2 GPR55-deficiency favors an anti-tumorigenic immune cell profile

Next to KPCY and KPCY55 tumor cells, we identified GPR55 in numerous immune cells of the TME (CD4+ and CD8+ T cells, macrophages, and CD11b+ myeloid cells) indicating a role for GPR55 in immune cell functions, such as migration and cytokine release (16, 46). Although similar changes in tumor weight and volume were measured for KPCY and KPCY55 tumor-bearing GPR55 KO mice, we observed differences in the composition of their immune TME. Lack of GPR55 in the TME of KPCY55 tumors from KO mice caused a shift in the immune cell profile towards increased numbers of CD8+ T and NK cells, which are known for their cytotoxicity against cancer cells (3, 47). Among T cell subtypes, CD4+ effector T cells and CD8+ memory T cells were increased, indicating enhanced adaptive immune response (48). In KPCY tumors of GPR55 KO mice, we also detected a decrease of neutrophils vs. WT tumors, which fits with the mostly pro-tumorigenic role of neutrophils in pancreatic cancer (49). In addition, KPCY tumors from GPR55 KO mice had a higher number of pan-dendritic cells than tumors from WT mice. Dendritic cells are known to cross-present antigens to CD8+ T cells (50), and to enhance T cell priming (51). Spleen from healthy GPR55 KO mice do not show increased levels of CD3+ T cells as compared to healthy WT mice (Supplementary Figure S9) indicating that the regulation of the immune cell profiles were tumor specific.




4.3 RNA-seq data indicate enhanced immune cell functions in KPCY55 tumors of GPR55 KO mice

By employing pathway analysis of differentially-expressed genes, we noticed strong shifts, in particular, towards pathways related to immune cell functions, such as antigen processing/presentation and T cell signaling in KPCY55 tumors of GPR55 KO mice. We further observed upregulation of the immunoproteasome genes Psmb8, 9 and 10, which are known to be involved in enhanced immunogenicity in PDAC (52). These findings may be of importance, as restoring immunity, such as the expression of MHC I on the pancreatic tumor cell surface (53), is of prime interest for new immunotherapies against PDAC. It therefore seems that GPR55 deficiency in the TME favors an anti-tumorigenic environment by overriding T cell suppression.




4.4 GPR55 is involved in the migration of T cells towards CXCL9

Although macrophages, neutrophils, mast cells, and tumor cells treated with a GPR55 antagonist decrease their migratory behavior (17, 19, 46, 54), we observed increased migration of pan-T cells, isolated from healthy GPR55 KO mice. This is well in line with a previous study that showed enhanced migration of γδ T cells in GPR55 KO mice, indicating that GPR55 can also function as a migration-inhibitory receptor (16). Our RNA-seq data revealed upregulation of the T cell chemokines Cxcl9/Cxcl10 and their receptor, Cxcr3, in KPCY55 tumors of GPR55 KO mice. CXCL9, CXCL10 and CXCL11 have been previously shown to be effective in supporting an adequate antitumoral response in various cancers (55), although results in pancreatic cancer have been conflicting (56, 57). CXCR3 is almost exclusively expressed in immune cells (36), and together with its ligands, it has been demonstrated to play an important role in anti-tumor T cell development in the spleen (57). Our RNA-seq data showed significantly upregulated Cxcr3 transcripts in KPCY55 tumors of GPR55 KO vs. WT mice, despite the decrease of CXCR3 protein on CD3+ and CD8+ T cells in the TME. This observation may be explained by a study showing that expression of CXCR3 on T lymphocytes decreases as a consequence of internalization and degradation in the presence of its ligands (58). With regard to the source of CXCL9, we identified monocytes and macrophages as main producers (59), which is in line with a report demonstrating that depletion of CXCL9-expressing tumor-associated macrophages hamper anti-tumor responses (60).




4.5 GPR55 influences anti-PD-1 antibody treatment

Pancreatic cancer has one of the lowest response rates to immunotherapy, recently demonstrated in a clinical trial, where 3.1% of patients with metastatic PDAC responded to dual immunotherapy with durvalumab (PD-L1 blocking antibody) and tremelimumab (CTLA-4 blocking antibody), and 0% to durvalumab monotherapy (61). It is known that tumor mutational burden and expression of PD-L1 on tumor cells are robust predictive factors for the success of immunotherapy (37). Our RNA-seq and RT-qPCR data revealed upregulated PD-L1 and PD-1 expression in KPCY55 tumors of GPR55 KO mice. In addition, flow cytometry revealed higher PD-L1 expression on macrophages in KPCY55 tumors from GPR55 KO mice, which suggested a favorable response to immunotherapy. Interestingly, anti-PD-1 antibody treatment increased the tumor burden in WT, but not GPR55 KO mice. The treatment did not further decrease tumor growth in GPR55 KO mice, most likely because it had already been robustly reduced by GPR55 deficiency alone. Regarding the increase in tumor burden in GPR55 WT mice, it should be noted that cancer patients can paradoxically respond with increased tumor progression to immune checkpoint inhibitor therapy (hyperprogressive disease) (62, 63), something that has been now also reported for advanced pancreatic cancer (64). This phenomenon describes an increase in tumor growth post PD-1/PD-L1 blockade, and was observed in several cancers with solid tumors (rev. in Champiat et al.) (62). Reported frequencies lie between 9-29% and are associated with poor outcome (62). Mechanisms for hyperprogressive disease have not been clarified yet but several explanations are discussed, such as T cell exhaustion, a modulation of pro-tumorigenic T cells, or enhanced oncogenic signalling. A case study in advanced pancreatic cancer with hyperprogression treated with PD-1 blockade and chemotherapy identified amplification of MDM4 (a p53 regulating protein) as a risk factor (65). From our experiments, it is not clear what caused hyperprogression. We can only speculate that overexpression of GPR55 in tumor cells may have taken part in the tumor progression of WT mice after PD-1 blockade.




4.6 Limitations of the study

One of the limitations of our study is that we only performed mouse experiments but did not use human samples. GPR55, however, has been found to be highly expressed in human PDAC specimens and patient-derived xenografts (20), suggesting that the receptor may also play an important role in human PDAC. In addition, the abundance of CD8+ T cells, in particular of the PD-1 CD8+ T cell population, in tumors of mouse models injected with KPCY cells, can clearly predict the response to immunotherapy with checkpoint blockers (27). This is in accordance with the situation in human tumors, where a high CD8+ T cell population is crucial for a successful immunotherapy with checkpoint inhibitors (47). The findings indicate that our KPCY mouse model can recapitulate the situation of human PDAC, therefore being of high translational value.





5 Conclusions

We can demonstrate that deficiency of GPR55 in the TME of murine PDAC tumors leads to improved immune cell infiltration and upregulation of genes involved in T cell activity and function, indicating that TME-derived GPR55 may promote a “cold” tumor. A CXCR3/CXCL9/CXCL10 axis could drive T cell infiltration into KPCY55 tumors of GPR55 KO mice, suggesting that GPR55 suppresses this pathway in PDAC, thereby promoting tumor growth. Tumor cell-derived GPR55 does not seem to play a role in the differences seen in tumor burden between GPR55 KO and WT mice, but we cannot exclude that stromal TME cells like fibroblasts or endothelial cells, which are known to express GPR55, may contribute to it. Finally, our data suggest that GPR55 could be an interesting target for immunotherapies against PDAC by using GPR55 inhibitors as an immune adjuvants to promote T cell trafficking and infiltration, or in an adoptive immunotherapy approach.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/geo/, accession number GSE280636.





Ethics statement

The animal study was approved by the Austrian Federal Ministry of Science, Research and Economy. The study was conducted in accordance with the local legislation and institutional requirements.





Author contributions

DR: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Validation, Visualization, Writing – original draft, Writing – review & editing. TB: Formal analysis, Investigation, Methodology, Software, Supervision, Writing – review & editing. EG: Conceptualization, Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. MK: Conceptualization, Formal analysis, Investigation, Methodology, Supervision, Writing – review & editing. LD: Formal analysis, Investigation, Methodology, Writing – review & editing. KH: Formal analysis, Investigation, Methodology, Writing – review & editing. AS: Formal analysis, Investigation, Methodology, Writing – review & editing. JK: Conceptualization, Formal analysis, Methodology, Supervision, Writing – review & editing. RS: 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 financial support was received for the research, authorship, and/or publication of this article. Open access funding by the Austrian Science Fund (FWF). This research was funded in whole or in part by the Austrian Science Fund (FWF) (grants P33325, KLI887, and PAT4791123 to RS; grant P35294 to JK). For open access purposes, the authors have applied a CC BY public copyright license to any author-accepted manuscript version arising from this submission.




Acknowledgments

Ph.D. candidate DR received funding from the Austrian Science Fund (FWF; doctoral program: Molecular Medicine of the Medical University of Graz), and from Stadt Graz. AS was trained within the frame of the PhD Program Molecular Medicine of the Medical University of Graz. We are grateful to Veronika Pommer for her excellent technician work. Experimental designs were created in BioRender. Ristic, D (2021). BioRender.com/t22x568.





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.2024.1513547/full#supplementary-material




References

1. Hanahan, D. Hallmarks of cancer: new dimensions. Cancer Discovery. (2022) 12:31–46. doi: 10.1158/2159-8290.CD-21-1059

2. Montauti, E, Oh, DY, and Fong, L. CD4+ T cells in antitumor immunity. Trends Cancer. (2024) 10(10):969–85. doi: 10.1016/j.trecan.2024.07.009

3. Huntington, ND, Cursons, J, and Rautela, J. The cancer–natural killer cell immunity cycle. Nat Rev Cancer. (2020) 20:437–54. doi: 10.1038/s41568-020-0272-z

4. Hanahan, D, and Weinberg Robert, A. Hallmarks of cancer: the next generation. Cell. (2011) 144:646–74. doi: 10.1016/j.cell.2011.02.013

5. Skorupan, N, Palestino Dominguez, M, Ricci, SL, and Alewine, C. Clinical strategies targeting the tumor microenvironment of pancreatic ductal adenocarcinoma. Cancers (Basel) (2022) 14(17):4209. doi: 10.3390/cancers14174209

6. Persky, J, Cruz, SM, Darrow, MA, Judge, SJ, Li, Y, Bold, RJ, et al. Characterization of natural killer and cytotoxic T-cell immune infiltrates in pancreatic ductal adenocarcinoma. J Surg Oncol. (2024) 129:885–92. doi: 10.1002/jso.v129.5

7. Kienzl, M, Kargl, J, and Schicho, R. The immune endocannabinoid system of the tumor microenvironment. Int J Mol Sci. (2020) 21(23):8929. doi: 10.3390/ijms21238929

8. Hasenoehrl, C, Storr, M, and Schicho, R. Cannabinoids for treating inflammatory bowel diseases: where are we and where do we go? Expert Rev Gastroenterol Hepatol. (2017) 11:329–37. doi: 10.1080/17474124.2017.1292851

9. Lu, H-C, and Mackie, K. Review of the endocannabinoid system. Biol Psychiatry: Cogn Neurosci Neuroimaging. (2021) 6:607–15. doi: 10.1016/j.bpsc.2020.07.016

10. Kapur, A, Zhao, P, Sharir, H, Bai, Y, Caron, MG, Barak, LS, et al. Atypical responsiveness of the orphan receptor GPR55 to cannabinoid ligands*. J Biol Chem. (2009) 284:29817–27. doi: 10.1074/jbc.M109.050187

11. Sharir, H, and Abood, ME. Pharmacological characterization of GPR55, a putative cannabinoid receptor. Pharmacol Ther. (2010) 126:301–13. doi: 10.1016/j.pharmthera.2010.02.004

12. Sarsembayeva, A, Kienzl, M, Gruden, E, Ristic, D, Maitz, K, Valadez-Cosmes, P, et al. Cannabinoid receptor 2 plays a pro-tumorigenic role in non-small cell lung cancer by limiting anti-tumor activity of CD8+ T and NK cells. Front Immunol. (2023) 13. doi: 10.3389/fimmu.2022.997115

13. Kienzl, M, Hasenoehrl, C, Maitz, K, Sarsembayeva, A, Taschler, U, Valadez-Cosmes, P, et al. Monoacylglycerol lipase deficiency in the tumor microenvironment slows tumor growth in non-small cell lung cancer. OncoImmunology. (2021) 10:1965319. doi: 10.1080/2162402X.2021.1965319

14. Basu, S, and Dittel, BN. Unraveling the complexities of cannabinoid receptor 2 (CB2) immune regulation in health and disease. Immunologic Res. (2011) 51:26–38. doi: 10.1007/s12026-011-8210-5

15. Guillamat-Prats, R, Hering, D, Derle, A, Rami, M, Härdtner, C, Santovito, D, et al. GPR55 in B cells limits atherosclerosis development and regulates plasma cell maturation. Nat Cardiovasc Res. (2022) 1:1056–71. doi: 10.1038/s44161-022-00155-0

16. Sumida, H, Lu, E, Chen, H, Yang, Q, Mackie, K, and Cyster, JG. GPR55 regulates intraepithelial lymphocyte migration dynamics and susceptibility to intestinal damage. Sci Immunol. (2017) 2(18):eaao1135. doi: 10.1126/sciimmunol.aao1135

17. Balenga, NA, Aflaki, E, Kargl, J, Platzer, W, Schröder, R, Blättermann, S, et al. GPR55 regulates cannabinoid 2 receptor-mediated responses in human neutrophils. Cell Res. (2011) 21:1452–69. doi: 10.1038/cr.2011.60

18. Hasenoehrl, C, Feuersinger, D, Sturm, EM, Bärnthaler, T, Heitzer, E, Graf, R, et al. G protein-coupled receptor GPR55 promotes colorectal cancer and has opposing effects to cannabinoid receptor 1. Int J cancer. (2018) 142:121–32. doi: 10.1002/ijc.v142.1

19. Kargl, J, Andersen, L, Hasenöhrl, C, Feuersinger, D, Stančić, A, Fauland, A, et al. GPR55 promotes migration and adhesion of colon cancer cells indicating a role in metastasis. Br J Pharmacol. (2016) 173:142–54. doi: 10.1111/bph.v173.1

20. Ferro, R, Adamska, A, Lattanzio, R, Mavrommati, I, Edling, CE, Arifin, SA, et al. GPR55 signalling promotes proliferation of pancreatic cancer cells and tumour growth in mice, and its inhibition increases effects of gemcitabine. Oncogene. (2018) 37:6368–82. doi: 10.1038/s41388-018-0390-1

21. Ayakannu, T, Taylor, AH, and Konje, JC. Expression of the putative cannabinoid receptor GPR55 is increased in endometrial carcinoma. Histochem Cell Biol. (2021) 156:449–60. doi: 10.1007/s00418-021-02018-4

22. Kolbe, MR, Hohmann, T, Hohmann, U, Ghadban, C, Mackie, K, Zöller, C, et al. THC reduces ki67-immunoreactive cells derived from human primary glioblastoma in a GPR55-dependent manner. Cancers. (2021) 13(5):1064. doi: 10.3390/cancers13051064

23. Hofmann, NA, Yang, J, Trauger, SA, Nakayama, H, Huang, L, Strunk, D, et al. The GPR 55 agonist, L-α-lysophosphatidylinositol, mediates ovarian carcinoma cell-induced angiogenesis. Br J Pharmacol. (2015) 172:4107–18. doi: 10.1111/bph.2015.172.issue-16

24. Pérez-Gómez, E, Andradas, C, Flores, JM, Quintanilla, M, Paramio, JM, Guzmán, M, et al. The orphan receptor GPR55 drives skin carcinogenesis and is upregulated in human squamous cell carcinomas. Oncogene. (2013) 32:2534–42. doi: 10.1038/onc.2012.278

25. Andradas, C, Blasco-Benito, S, Castillo-Lluva, S, Dillenburg-Pilla, P, Diez-Alarcia, R, Juanes-García, A, et al. Activation of the orphan receptor GPR55 by lysophosphatidylinositol promotes metastasis in triple-negative breast cancer. Oncotarget. (2016) 7(30):47565–7575. doi: 10.18632/oncotarget.10206

26. Hasenoehrl, C, Feuersinger, D, Kienzl, M, and Schicho, R. GPR55-mediated effects in colon cancer cell lines. Med cannabis cannabinoids. (2019) 2:22–8. doi: 10.1159/000496356

27. Li, J, Byrne, KT, Yan, F, Yamazoe, T, Chen, Z, Baslan, T, et al. Tumor cell-intrinsic factors underlie heterogeneity of immune cell infiltration and response to immunotherapy. Immunity. (2018) 49:178–93.e7. doi: 10.1016/j.immuni.2018.06.006

28. Andradas, C, Caffarel, MM, Pérez-Gómez, E, Salazar, M, Lorente, M, Velasco, G, et al. The orphan G protein-coupled receptor GPR55 promotes cancer cell proliferation via ERK. Oncogene. (2011) 30:245–52. doi: 10.1038/onc.2010.402

29. Kienzl, M, Hasenoehrl, C, Valadez-Cosmes, P, Maitz, K, Sarsembayeva, A, Sturm, E, et al. IL-33 reduces tumor growth in models of colorectal cancer with the help of eosinophils. OncoImmunology. (2020) 9:1776059. doi: 10.1080/2162402X.2020.1776059

30. Pfaffl, MW. A new mathematical model for relative quantification in real-time RT–PCR. Nucleic Acids Res. (2001) 29:e45–e. doi: 10.1093/nar/29.9.e45

31. Robinson, MD, McCarthy, DJ, and Smyth, GK. edgeR: a Bioconductor package for differential expression analysis of digital gene expression data. Bioinformatics. (2010) 26:139–40. doi: 10.1093/bioinformatics/btp616

32. Ulgen, E, Ozisik, O, and Sezerman, OU. pathfindR: an R package for comprehensive identification of enriched pathways in omics data through active subnetworks. Front Genet. (2019) 10. doi: 10.3389/fgene.2019.00858

33. Daunke, T, Beckinger, S, Rahn, S, Krüger, S, Heckl, S, Schäfer, H, et al. Expression and role of the immune checkpoint regulator PD-L1 in the tumor-stroma interplay of pancreatic ductal adenocarcinoma. Front Immunol. (2023) 14:1157397. doi: 10.3389/fimmu.2023.1157397

34. Mogal, MR, Junayed, A, Mahmod, MR, Sompa, SA, Lima, SA, Kar, N, et al. A computational approach to justifying stratifin as a candidate diagnostic and prognostic biomarker for pancreatic cancer. BioMed Res Int. (2022) 2022:1617989. doi: 10.1155/2022/1617989

35. Hu, W, Liu, Q, Pan, J, and Sui, Z. MiR-373-3p enhances the chemosensitivity of gemcitabine through cell cycle pathway by targeting CCND2 in pancreatic carcinoma cells. Biomedicine Pharmacotherapy. (2018) 105:887–98. doi: 10.1016/j.biopha.2018.05.091

36. Wang, X, Zhang, Y, Wang, S, Ni, H, Zhao, P, Chen, G, et al. The role of CXCR3 and its ligands in cancer. Front Oncol. (2022) 12:1022688. doi: 10.3389/fonc.2022.1022688

37. Yarchoan, M, Albacker, LA, Hopkins, AC, Montesion, M, Murugesan, K, Vithayathil, TT, et al. PD-L1 expression and tumor mutational burden are independent biomarkers in most cancers. JCI Insight. (2019) 4(6):e126908. doi: 10.1172/jci.insight.126908

38. Ferlay, J, Partensky, C, and Bray, F. More deaths from pancreatic cancer than breast cancer in the EU by 2017. Acta Oncol. (2016) 55:1158–60. doi: 10.1080/0284186X.2016.1197419

39. Falcomatà, C, Bärthel, S, Schneider, G, Rad, R, Schmidt-Supprian, M, and Saur, D. Context-specific determinants of the immunosuppressive tumor microenvironment in pancreatic cancer. Cancer Discovery. (2023) 13:278–97. doi: 10.1158/2159-8290.CD-22-0876

40. Daud, AI, Loo, K, Pauli, ML, Sanchez-Rodriguez, R, Sandoval, PM, Taravati, K, et al. Tumor immune profiling predicts response to anti–PD-1 therapy in human melanoma. J Clin Invest. (2016) 126:3447–52. doi: 10.1172/JCI87324

41. Zhou, XL, Guo, X, Song, YP, Zhu, CY, and Zou, W. The LPI/GPR55 axis enhances human breast cancer cell migration via HBXIP and p-MLC signaling. Acta pharmacologica Sinica. (2018) 39:459–71. doi: 10.1038/aps.2017.157

42. Tan, S, Zaman, QU, Fahad, S, and Deng, G. Cannabidiol reverts the Malignant phenotype of hepatocellular carcinoma cells via the GPR55/TP53/MAPK axis. Biochim Biophys Acta (BBA) - Gen Subjects. (2024) 1868:130651. doi: 10.1016/j.bbagen.2024.130651

43. Piñeiro, R, Maffucci, T, and Falasca, M. The putative cannabinoid receptor GPR55 defines a novel autocrine loop in cancer cell proliferation. Oncogene. (2011) 30:142–52. doi: 10.1038/onc.2010.417

44. Singh, NS, Bernier, M, and Wainer, IW. Selective GPR55 antagonism reduces chemoresistance in cancer cells. Pharmacol Res. (2016) 111:757–66. doi: 10.1016/j.phrs.2016.07.013

45. Bernier, M, Catazaro, J, Singh, NS, Wnorowski, A, Boguszewska-Czubara, A, Jozwiak, K, et al. GPR55 receptor antagonist decreases glycolytic activity in PANC-1 pancreatic cancer cell line and tumor xenografts. Int J cancer. (2017) 141:2131–42. doi: 10.1002/ijc.v141.10

46. Chiurchiù, V, Lanuti, M, De Bardi, M, Battistini, L, and Maccarrone, M. The differential characterization of GPR55 receptor in human peripheral blood reveals a distinctive expression in monocytes and NK cells and a proinflammatory role in these innate cells. Int Immunol. (2014) 27:153–60. doi: 10.1093/intimm/dxu097

47. Farhood, B, Najafi, M, and Mortezaee, K. CD8+ cytotoxic T lymphocytes in cancer immunotherapy: A review. (2019) 234(6):8509–21. doi: 10.1002/jcp.v234.6

48. Pearce, H, Croft, W, Nicol, SM, Margielewska-Davies, S, Powell, R, Cornall, R, et al. Tissue-resident memory T cells in pancreatic ductal adenocarcinoma coexpress PD-1 and TIGIT and functional inhibition is reversible by dual antibody blockade. Cancer Immunol Res. (2023) 11:435–49. doi: 10.1158/2326-6066.CIR-22-0121

49. Jiang, W, Li, X, Xiang, C, and Zhou, W. Neutrophils in pancreatic cancer: Potential therapeutic targets. Front Oncol. (2022) 12:1025805. doi: 10.3389/fonc.2022.1025805

50. Fu, C, and Jiang, A. Dendritic cells and CD8 T cell immunity in tumor microenvironment. Front Immunol. (2018) 9:3059. doi: 10.3389/fimmu.2018.03059

51. van 't Land, FR, Willemsen, M, Bezemer, K, van der Burg, SH, van den Bosch, TPP, Doukas, M, et al. Dendritic cell–based immunotherapy in patients with resected pancreatic cancer. J Clin Oncol. 2(26):3083–93. doi: 10.1200/JCO.23.02585

52. Canel, M, Sławińska, AD, Lonergan, DW, Kallor, AA, Upstill-Goddard, R, Davidson, C, et al. FAK suppresses antigen processing and presentation to promote immune evasion in pancreatic cancer. Gut. (2024) 73:131. doi: 10.1136/gutjnl-2022-327927

53. Yamamoto, K, Venida, A, Yano, J, Biancur, DE, Kakiuchi, M, Gupta, S, et al. Autophagy promotes immune evasion of pancreatic cancer by degrading MHC-I. Nature. (2020) 581:100–5. doi: 10.1038/s41586-020-2229-5

54. Li, X, Hanafusa, K, Kage, M, Yokoyama, N, Nakayama, H, Hotta, T, et al. Lysophosphatidylglucoside is a GPR55 -mediated chemotactic molecule for human monocytes and macrophages. Biochem Biophys Res Commun. (2021) 569:86–92. doi: 10.1016/j.bbrc.2021.06.090

55. Karin, N. CXCR3 ligands in cancer and autoimmunity, chemoattraction of effector T cells, and beyond. Front Immunol. (2020) 11. doi: 10.3389/fimmu.2020.00976

56. Pandey, V, Fleming-Martinez, A, Bastea, L, Doeppler, HR, Eisenhauer, J, Le, T, et al. CXCL10/CXCR3 signaling contributes to an inflammatory microenvironment and its blockade enhances progression of murine pancreatic precancerous lesions. eLife. (2021) 10:e60646. doi: 10.7554/eLife.60646.sa2

57. Burrack, AL, Spartz, EJ, Rollins, MR, Miller, EA, Firulyova, M, Cruz, E, et al. Cxcr3 constrains pancreatic cancer dissemination through instructing T cell fate. Cancer Immunology Immunother. (2023) 72:1461–78. doi: 10.1007/s00262-022-03338-7

58. Meiser, A, Mueller, A, Wise, EL, McDonagh, EM, Petit, SJ, Saran, N, et al. The Chemokine Receptor CXCR3 Is Degraded following Internalization and Is Replenished at the Cell Surface by De Novo Synthesis of Receptor1. J Immunol. (2008) 180:6713–24. doi: 10.4049/jimmunol.180.10.6713

59. House, IG, Savas, P, Lai, J, Chen, AXY, Oliver, AJ, Teo, ZL, et al. Macrophage-derived CXCL9 and CXCL10 are required for antitumor immune responses following immune checkpoint blockade. Clin Cancer Res. (2020) 26:487–504. doi: 10.1158/1078-0432.CCR-19-1868

60. Marcovecchio, PM, Thomas, G, and Salek-Ardakani, S. CXCL9-expressing tumor-associated macrophages: new players in the fight against cancer. J ImmunoTherapy Cancer. (2021) 9:e002045. doi: 10.1136/jitc-2020-002045

61. O’Reilly, EM, Oh, D-Y, Dhani, N, Renouf, DJ, Lee, MA, Sun, W, et al. Durvalumab with or without tremelimumab for patients with metastatic pancreatic ductal adenocarcinoma: A phase 2 randomized clinical trial. JAMA Oncol. (2019) 5:1431–8. doi: 10.1001/jamaoncol.2019.1588

62. Champiat, S, Ferrara, R, Massard, C, Besse, B, Marabelle, A, Soria, J-C, et al. Hyperprogressive disease: recognizing a novel pattern to improve patient management. Nat Rev Clin Oncol. (2018) 15:748–62. doi: 10.1038/s41571-018-0111-2

63. Zhao, L-P, Hu, J-H, Hu, D, Wang, H-J, Huang, C-G, Luo, R-H, et al. Hyperprogression, a challenge of PD-1/PD-L1 inhibitors treatments: potential mechanisms and coping strategies. Biomedicine Pharmacotherapy. (2022) 150:112949. doi: 10.1016/j.biopha.2022.112949

64. Chen, S, Han, L, Guo, S, Tan, Z, and Dai, G. Hyperprogressive disease during PD-1 blockade in patients with advanced pancreatic cancer. Hum Vaccines Immunotherapeutics. (2023) 19:2252692. doi: 10.1080/21645515.2023.2252692

65. Wang, Y-Z, Peng, M-Z, Xu, Y-L, Ying, Y, Tang, L-H, Xu, H-X, et al. First reported advanced pancreatic cancer with hyperprogression treated with PD-1 blockade combined with chemotherapy: a case report and literature review. Discover Oncol. (2024) 15:560. doi: 10.1007/s12672-024-01420-3




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 © 2025 Ristić, Bärnthaler, Gruden, Kienzl, Danner, Herceg, Sarsembayeva, Kargl and Schicho. 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-15-1513547-g004.jpg
A GPR55 KO vs WT Differentially expressed B PC A plOt KPCY55

15 Psmb8
@

Hpi:alel NT’TE’ H2-Q7 H2-Q4

-log1oFDR

* Down

# Not significant

+ Up

L
b

— ©
5
[9)]
=
~ 2
4 o
C
@
& ©
o o
E
(o]
O w
— (e )
[ T
o
e o
E

-1.5
!
0
O O
A
()

LN
3y
'

-
o
S
&

0.0 0.5 1.0 15 20

-10-8 6 -4 -2 0 2 4 6 8 10

logFC
C Pathway analysis KPCY55 D Differential gene expression KPCY55

Zbp1

Antigen processing and presentation
Graft-versus-host disease

Allograft rejection

Type | diabetes mellitus

Autoimmune thyroid disease
Viral myocarditis

Cell adhesion molecules

T cell receptor signaling pathway

Viral protein interaction with cytokine and cytokine receptor
Phagosome

Hematopoietic cell lineage
Human T-cell leukemia virus 1 infection

Epstein-Barr virus infection
Chemokine signaling pathway
Cytokine-cytokine receptor interaction
Th17 cell differentiation

Th1 and Th2 cell differentiation
Osteoclast differentiation

Inflammatory bowel disease
Leishmaniasis

Natural killer cell mediated cytotoxicity
Influenza A

Rheumatoid arthritis

Asthma

PD-L1 expression and PD-1 checkpoint pathway in cancer
Tuberculosis

Human immunodeficiency virus 1 infection
Toxoplasmosis

JAK-STAT signaling pathway

Fc gamma R-mediated phagocytosis

Principal Component 1 (40%)

Wnt7b
Ube2I8
Ubd
Trpm5
Tmem108a
Tgtp2
Tgtp1
Tgfbi
# geneS Tap2
Tap1
Sp140
® 20 Sloo2a1

Psmb%

—l0g1o(p)
40
35
30
25
20
15
Fxyd3
Cxcl9
Cxcl10
Corola
cd74
Ccal2
B2Zm
2.5 50 75 100 AW112010
Fold Enrichment N XL O & H 0 ‘L H O
& &8 @& O W @@ S S





OEBPS/Images/fimmu.2024.1513547_cover.jpg
& frontiers | Frontiers in Immunology

GPRS5 in the tumor microenvironment of
pancreatic cancer controls tumorigenesis





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        GPR55 in the tumor microenvironment of pancreatic cancer controls tumorigenesis

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Cancer cell lines

          



          		

            2.2 Mice used in the study

          



          		

            2.3 PDAC mouse model

          



          		

            2.4 Anti-PD1 antibody treatment

          



          		

            2.5 Single-cell suspensions

          



          		

            2.6 Flow cytometric phenotyping of immune cell populations

          



          		

            2.7 RNA extraction and RT-qPCR

          



          		

            2.8 Bulk RNA-seq: sample preparation and analysis

          



          		

            2.9 Isolation of splenic pan-T cells and migration assays

          



          		

            2.10 In situ hybridization and immunofluorescence

          



          		

            2.11 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 GPR55 deficiency reduces KPCY-induced tumor weight and volume

          



          		

            3.2 GPR55 deficiency also reduces KPCY55-induced tumor weight and volume

          



          		

            3.3 GPR55 is present in immune and cancer cells of tumors

          



          		

            3.4 GPR55 deficiency leads to upregulation of genes involved in immune cell functions in KPCY55-induced tumors

          



          		

            3.5 Cell cycle genes and Ki-67 are changed in KPCY55-induced tumors of GPR55 KO vs. WT mice

          



          		

            3.6 Migration of T cells from GPR55 KO mice towards CXCL9 is enhanced

          



          		

            3.7 Deficiency of GPR55 influences anti-PD-1 antibody treatment in mice with KPCY55-induced tumors

          



        



        



        		

          4 Discussion

        

          		

            4.1 GPR55 in cancer cells

          



          		

            4.2 GPR55-deficiency favors an anti-tumorigenic immune cell profile

          



          		

            4.3 RNA-seq data indicate enhanced immune cell functions in KPCY55 tumors of GPR55 KO mice

          



          		

            4.4 GPR55 is involved in the migration of T cells towards CXCL9

          



          		

            4.5 GPR55 influences anti-PD-1 antibody treatment

          



          		

            4.6 Limitations of the study

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-15-1513547-g002.jpg
A GPR55 mRNA B c KPCY55 KPCY55

~ GPR55 WT/KO
o ° mice 1200 800
3 N = - * %k
& 3 - 2 E 600
A = 800 =
X 2 GEJ
0 . . 2 600 5 400
S 0.06 B A = o
g G S 400 -
> 0.04 ————| £ S 200
= 0.02 =200 begs E
K Day 0 Day 29
® 0.00 KPCY55 5%10° cells tumor 0 0
sc. injection harvesting < O O
e R
K oRY ¥
D E Lymphoid cells F Myeloid cells
100 25 Yuxxk 0106 kkkk Kk 50
S GPrsio S SRk
80 20 40
2] + +
- 2 =
S 60 S 15 = 30
: g 0
% 40 @ 1 © 20
o 2 =
20 é ?
; o 4
66“(‘56\(\0 6“*«66\(‘0 QOrg QODT 00‘2)’( ¥ B ¥ < S c}!\e'% Q‘i\\g agefv o° (\OC’% 009\ W\
T 0??‘66??‘ W T T N\o(\o?/oé\(;t’od&“ < 0&‘3&‘0
CD4" subtypes CD8™ subtypes Lymphoid cells Myeloid cells
% %k *
100 [l o ePrsswr 100 S CFRa0 I 20007 = oprsswr 200 *¥%¥% 3 GPR55WT
| O GPRS5KO 3 GPRS5KO g = CPRBKO 0 3 GPRS55 KO
AN AN @©
© © 3 £ 2000 E
a) £
0 60 S 60 5 2 E
3 3 g & 1500
O 40 O 40 1 r
© © o E
> 20 é > 20 Eé
0
N F
c’,\é S
é{\@ ®(° &(\(b
"SIV
| _GPR55 mRNA J GPR55 ISH of KPCY55 tumors GPR55 ISH
l_
Q S o GPR55 WT KPCY55 GPR55 KO KPCY55 80
< a J © ns
S 4 r 8 60 j
X ‘B
$ 0.056 E - , §40
o 2 5 =
o)) r% © 20
2 1 R a
© \ 0
2?0 B e
A %
5 P 2 a0
o0 | S
6‘3‘“ A





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-15-1513547-g006.jpg
KPCY55 RNA seq - Immune checkpoint molecules

80
3 GPR55WT p.adj=0.0008
1 GPR55 KO
p.adj=0.0056
p.adj=4.97E -10 - 0.2dj=0.017 p.adj=3.40E °° é
. : p.adj=0.0046
06 é di=0.012 P-adi=0.3093 D p.adj=0.0039
i= = .adj=0. ) .adj=0.0007
p.ad| E i p Jﬁ a p.adj % d
B Validation of RNA-seq by PCR
5 CD27 CD86 ICOS CD40 PD-1 PD-L1
$ 00254 — 0104 — 0047 xx 0.0008 0.154 —* 04 »
< 0.020 0.08 0.03 0.0006 010 0.3
o .
01 .
E 8 312 098 0.02 0.0004 0.2
2 0. 0.04
0.05
S 0.005 0.02 3 0.01 0.0002-{ efs 01 2,
>0, .
2 0.000 52 0.00 0.00 0.0000 0.00 0.0
2 €O SIS SRS WO SIS N0 O
&P 50 SRPPan SRR B o 6N oo HY o
0??\ O??\ (5??\ c,??\ (5??\66??\ 69?*6 69?‘ 69?*6 GQ?‘ GQ?S‘)GQ?*
C D  «kpcyss kpcyss B kpcvss KPCY55
800 500 400

o
)
o
w
o
o

tumor mass (mg)

)
)
o

tu

Day 0 Day 28
KPCY55 5% 105 cells tumor

sc. injection harvesting

tumor volume (mm?)
N
o
o

tumor volume (mm3)
)
o
o

GPR55 WT/KO 1500
b mice 0.0667 *
Lo, - : /g 400
1000 B
& R Bl
aPD-1/Isotype control ) A ®©
,'/'/f/ \\\ 200 pg per mouse i.p ’/ \\\ E 200 l
= | 14 17 19 2124 26 | 200 g m
< A






OEBPS/Images/fimmu-15-1513547-g003.jpg
GPRS55 ISH in GPR55 WT tumors

Marker/ /DAPI

KPCY YEP' s | KPCYB5 YEP'





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





OEBPS/Images/fimmu-15-1513547-g001.jpg
% of CD44/CD62L

B KPCY
GPR55 WT/KO 800 400
mice
5600 € 300
E E
ﬁ g 2
7N 7N 2 400 3 200
)
— 5
o
KPCY 570t cels mor =200 £ 100
sc. injection harvesting
0 0
) o)
e ol

Lymphoid cells

%k %k %k

KPCY

%k % %k %k

20
= GPR55WT
=1 GPR55KO
15
+
(p]
v
(]
O 10
Y
o
=2

C Live CD45*
150 150

21004 [ ] .
& >
o @ 5
@ ‘G
2 2
? 50 i

o~

0
NS NE O
B P ol
o o
Myeloid cells
% %k %k %k k

= GPR55WT
=1 GPR55 KO

x . A ;
5 of B IR R\ 7 ® o o P O (P
c© C © R <P " _<C S MRG SN U NS R (SRR \ SR O R
W T e W o oo (o ¢ o
G W W
CD8" subtypes CD4" subtypes Lymphoid cells Myeloid cells
3 =3 GPR55WT 100 =3 GPR55WT 8000 E 3,5522 ,V<VJ 4000 =3 GPR55WT
?% =1 GPR55KO 1 GPR55 KO 7000 5 3500 =1 GPR55 KO
80 5 & = 6000 B S 3000
60 3 60 £ 5000 £ 2500
3 8 4000 & 2000
40 O 40 " 3000 ~ 1500
o
20 = 20 - 2000 - 109
H ; é 500 @@ ﬁn
0 0 0
O o @ OIS TN oV,
Al PR e O @ W co
é\,ﬂﬁg A “éali«Q < Ex\
H cp45 | GPR55 mRNA
400 Iil O 0.05- *Xxk*
C
]
£ 300 & 1 0.04-1243
o
8 200 < S 0.03
- £ 0.02
0 100 0 o 0.01
0 <° 9 0.00
WL e O O
PRRpR0 e??‘ oo





OEBPS/Images/fimmu-15-1513547-g005.jpg
A B

1500 RNA-seq CXCR3/CXCL9 axis Validation of RNA-seq by PCR
p.adj=2.21E1° = GPRSS WT . Cxcl9 Cxcl10 Ifny
Q6 2.0 -
p.adj=1.15E-%® ic\l./ e
< 4 - 0.010
&
o 1.0
o 2 0.005
o 0.5
2
30 0.0 0.000
W O WO W O
PRI SRR SRR
L SR F®
C Pan-T cell migration assay D Lymphoid cells
10 ns * * 4 GPRSSWT 2000 xkk  0.0504 sk 3 GPR55 WT
5 s =3 GPR55 KO S =3 GPRS55 KO
_-g GEJ 1500 ns ns
S 6 s
& O 1000
1 s | B
5 S 500 &
Sl 3 H 5007 ® L

CXCL9 (ng/ml)

E  GPRSSWTTME GPR55KO TME

4CXCR3

+CXCLY9
‘T cells

% CXCL9
@& GPRS55 receptor

@ (CXCR3 receptor
@ Tcells






