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Background and aim

Only 10% of pancreatic ductal adenocarcinoma (PDAC) patients survive longer than five years. Factors underlining long-term survivorship in PDAC are not well understood. Therefore, we aimed to identify the key players in the tumor immune microenvironment (TIME) associated with long-term survivorship in PDAC patients.



Methods

The immune-related gene expression profiles of resected PDAC tumors of patients who survived and remained recurrence-free of disease for ≥36 months (long-term survivors, n=10) were compared to patients who had survived ≤6 months (short-term survivors, n=10) due to tumor recurrence. Validation was performed by the spatial protein expression profile of immune cells using the GeoMx™ Digital Spatial Profiler. An independent cohort of samples consisting of 12 long-term survivors and 10 short-term survivors, was used for additional validation. The independent validation was performed by combining qualitative immunohistochemistry and quantitative protein expression profiling.



Results

B cells were found to be significantly increased in the TIME of long-term survivors by gene expression profiling (p=0.018). The high tumor infiltration of B cells was confirmed by spatial protein profiling in the discovery and the validation cohorts (p=0.002 and p=0.01, respectively). The higher number of infiltrated B cells was found mainly in the stromal compartments of PDAC samples and was exclusively found within tumor cells in long-term survivors.



Conclusion

This is the first comprehensive study that connects the immune landscape of gene expression profiles and protein spatial infiltration with the survivorship of PDAC patients. We found a higher number and a specific location of B cells in TIME of long-term survivors which emphasizes the importance of B cells and B cell-based therapy for future personalized immunotherapy in PDAC patients.
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Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a lethal malignancy and it is estimated to become the second leading cause of global cancer-related mortality in the near future (1, 2). Its annual fatality rates worldwide have become nearly comparable to its incidence rates (3). Due to its extremely infiltrative nature and rapid tumor spread, for all stages combined, only 5-10% of the patients survive for 5 years or longer. Even patients with early-stage PDAC undergoing surgery relapse at exceedingly high rates with approximately only 25% surpassing 5-year survival time (1, 3, 4). So far, current and emerging treatment strategies have been poorly effective in prolonging survival for these patients (1). Based on the accumulating insights into the importance of the immune system for the outcome of pancreatic cancer patients, understanding alterations in the immune landscape of PDAC is essential to establish new personalized immunotherapeutic approaches to combat this devastating disease (5).

Tumor cells and their surrounding microenvironment (TME) are closely related and interact constantly (6). The TME of PDAC consists of fibroblasts, immune cells, pancreatic stellate cells (PaSCs), adipocytes, and extracellular matrix (ECM) (7). These cells and structures collectively create desmoplasia in PDAC (8), which is present in both primary tumors and metastatic lesions, and compose more than 50% of PDAC tissue (9). The extremely dense fibrotic desmoplasia prevents immune cell infiltration and vascularization, thus limiting exposure to conventional systemic therapy (10–12). One of the main components of desmoplasia is mesenchymal originating cells (cancer-associated fibroblasts (CAFs)). CAFs secrete ECM proteins like alpha-smooth muscle actin (αSMA), fibronectin, and various types of collagens (13). In addition, desmoplasia consists of endothelial cells and epithelial cells that carry fibroblastic features such as the expression of fibroblast-specific protein 1 (FSP-1) (14). The desmoplasia in PDAC functions as the traffic that organizes the penetration of immune cells into tumor areas (15). Moreover, it plays a crucial role in tumorigenesis, and it is one of the reasons why immunotherapy thus far has not met its promise in PDAC compared to a variety of other malignancies (16, 17). In addition, myofibroblast depletion has been linked to favorably altering the composition of the immune infiltrate in the TME of PDAC stroma (18). Therefore, further characterization of critical components of the TME could provide a better understanding and add guidance to overcome therapeutic resistance in PDAC.

The resilience of pancreatic cancer towards currently available therapeutics is due to various reasons including the ability of cancerous cells to alter the immune system during disease progression (5). As PDAC develops, it creates a favorable tumor immune microenvironment (TIME) that supports the structure of cancer instead of attacking it (19). The TIME of PDAC is characterized by high infiltration and activation of immunosuppressor cells such as myeloid-derived suppressor cells (MDSC), that orchestrate multiple signaling pathways to stimulate cancer progression, angiogenesis, and metastasis (20). The MDSCs inhibit the antitumor immunity via various mechanisms including the crosstalk with other immunosuppressive cell types such as regulatory T cells (Tregs), M2 differentiated tumor-associated macrophages (TAMs) and T helper 2 (Th2) differentiated CD4+ T cells (5, 21–24). Tregs infiltration in PDAC tissue is correlated with advanced and progressed disease (25) and furthermore with poor outcome (26). They protect tumor cells from attacking immune cells by the secretion of IL10, and TGF-Beta (25). In addition, the balance between inhibitory receptors (CTLA-4, PD1, BTLA, LAG-3, CD40L) and the co-stimulatory molecules for T cell function (CD28, OX40, GITR, CD137, CD27) on the surface of T cells is disturbed in PDAC (27). Therefore, the immune effector cells like cytotoxic CD8+ T and natural killer (NK) cells, dendritic cells (DC), T helper 1 (Th1) T cells, and M1 differentiated macrophages that promote anti-tumor activity seem inactive in PDAC (5, 23, 28).

In a previous study, we described several key changes including deactivation of immune effector cells and mobilization of the immunosuppressors in the TIME of pancreatic cancer (5). However, PDAC is not only characterized by a profound local, but also by systemic tumor immune suppression associated with early disease recurrence and poor survival (29). Outlining the critical components and differences within the TIME in tissue samples of resected long-term compared to short-term survivors of PDAC using gene expression and digital spatial profiling has not been reported before. Investigating the main immune-related cellular and molecular differences between these two groups will guide future unique immunotherapeutic approaches in PDAC patients.



Methods


Patients and clinical data

We retrospectively assessed fresh frozen (FF) tumor tissue samples from patients who underwent resection for histologically proven PDAC between December 2004 and December 2016, at the Erasmus MC University Medical Center (EMC) in Rotterdam, the Netherlands. Patients were screened for eligibility based on their survival time. We selected treatment naïve tumors of patients following surgical resection for their PDAC that remained recurrence-free and survived for at least 3 years (36 months, long-term survivors). We compared these tumors to those of patients who survived less than 6 months (short-term survivors) due to tumor recurrence. We excluded patients who died from postoperative complications and other causes. Furthermore, patients with neuroendocrine, duodenal, distal-bile duct, and ampullary carcinoma were also excluded.

Clinical, histopathological, and laboratory data were retrieved from the electronic medical records. Information obtained from pathology reports included: tumor grade (well, moderate, or poor), lymph node status (positive and negative), tumor location (head, body, or tail), tumor stage (according to the AJCC 8th edition), and margin status (radical (R0) vs non-radical (R1; ¾ 1mm)). From the laboratory data, we collected baseline cancer antigen (CA) 19-9 (kU/L), carcinoembryonic antigen (CEA) (ng/ml) and, calculated the systemic immune inflammation index (SIII) (29). The study was approved by the Medical Ethical Committee of EMC (MEC-2020-0252).

Intergroup differences in baseline characteristics (short-term vs. long-term survivors) on continuous variables were determined using the non-parametric Mann-Whitney U test, and categorical data were compared using Fisher’s exact test. Cancer-specific survival and recurrence-free survival were calculated from the date of surgery to the date of the event (death from cancer or recurrence of cancer, respectively). In the case of no event, the information of the patients was censored at the date of the last follow-up. Patients were followed according to the standard of care guidelines (30). Follow-up information was retrieved through the electronic medical records and by contacting patients’ general practitioners in the event of missing information. Significance for statistical tests was inferred at a p-value of <0.05. All statistical analyses, if not mentioned otherwise, were performed using SPSS (version 26.0).

To validate our results, an independent cohort of samples was collected from La Paz University hospital of Madrid. Formalin-Fixed, Paraffin-Embedded (FFPE) samples of patients who had the same characteristics as the discovery cohort, were selected. The study was approved by the Medical Ethical Committee of the University of Madrid (PI3468). The overview of the study is presented in (Figure 1).




Figure 1 | Schematic overview of the study.





RNA samples

Fresh Frozen (FF) tumor samples of the included PDAC patients were sectioned with 5 µM thickness, stained with hematoxylin and eosin (H&E), and examined by a pathologist who highlighted the location of the tumor-rich areas. Each sample was then further sectioned, and a total of 60 µM was used for RNA isolation using the Fresh Frozen Micro Kit (QIAGEN, Hilden, Germany) according to the manufacturer’s protocol. The quality and quantity of RNA samples were examined using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, California, USA). RNA concentration was corrected to include the proportion of the sample that was >300 base pairs.



Targeted gene expression profiling of the RNA samples

To measure the differences in the immune infiltration, the nCounter® PanCancer Immune Profiling Panel (NanoString Technologies, Seattle, WA) was used. This panel consisted of 730 cancer immune-related genes, 40 housekeeping genes, 6 positive and 8 negative controls. RNA samples of 200 ng/5-7 uL were hybridized to target probes for 17 hours at 65°C. RNA expression levels were measured using the nCounter® FLEX Instrument (31). The counting of the genes was done by scanning 490 Fields Of Views (FOV).



Data analysis of the targeted gene expression

Gene count data were analyzed using the nSolver™ Analysis Software (version 4.0) and its nSolver™ Advanced Analysis module (version 2.0) (www.nanostring.com). The quality control of the measurements was done according to the general workflow used in the nSolver™ Analysis Software (32). The expression levels of the negative controls were used to determine the detection limit by calculating the average of the negative control expression plus double the standard deviation. The expression data were normalized using the most stable housekeeping genes using the geNorm algorithm (33). The differentially expressed genes were identified using the recommended workflow of the nSolver™ Advanced Analysis, which includes a mixture of negative binomial models, simplified negative binomial models, or log-linear models based on the convergence of each gene. Genes were regarded differentially expressed if the p-value was < 0.05 and the |Fold-Of-Change (FOC)| > 2.



Cell type profiling

To identify the immune cell types, candidate marker genes that define the cell types were tested for their specificity and stable expression, following our previously described method (34). The assumption for appropriate marker genes is that all selected genes for the same cell type decrease and increase in the same direction. This was tested by calculating the correlation of determination (R2) and the slope for each pair of genes within a cell type definition. The gene pairs with a correlation of determination between 0.4 and 0.6 were checked separately using scatter plots to calculate their slope. The slope should be above 0.75 and below 1.25 which is equivalent to being between 33.75 and 56.25 degrees to indicate high pairwise similarity (35) between the candidate genes and to be included in the analysis (Supplementary Table 1). Genes that did not pass the above criteria were excluded from cell type profiling analysis by changing the Probe Annotation and cell types contrast matrix in nSolver™ Advanced Analysis. Independent two-sample t-tests were conducted between the short-term and long-term survivors using the cell type scores calculated in the cell type profiling analysis.



Validation by using the GeoMx™ digital spatial profiling

FFPE samples of the same PDAC samples used in the targeted gene expression profile were used for validation in the GeoMx™ Digital Spatial Profiling analysis. A total of 10 samples were retrieved (5 samples from long-term and 5 samples from the short-term survivors). From each sample, one section of 5µM was used to be stained with GeoMx Solid Tumor TME Morphology Kit Human Protein Compatible (NanoString Item # 121300301) that contains: Pan-Cytokeratin (PanCK, 647 nm), alpha-smooth muscle actin (αSMA, 488 nm), CD45 (594 nm). Nuclear stain CYTO-13 (NanoString Item # 121300303) was used to detect all cells (532 nm). At the same time, the sections were incubated with a cocktail of 53 photo-cleavable, oligo-labeled primary antibodies (the Onco-Immune protein panel: 4-1BB, αSMA, B7H3, Bcl2, beta-2-microglobulin, CD11c, CD20, CD127, CD14, CD163, CD25, CD27, CD3, CD34, CD4, CD40, CD45, CD45RO, CD56, CD66b, CD68, CD8, CD80, CD86, CTLA4, EpCAM, ER-alpha, FAPa, FoxP3, GITR, GZMB, fibronectin, Her2/ErbB2, Ox40L, HLA-DR, ICOS, IDO1, Ki-67, LAG3, MART-1, NY-ESO-1, OX40-L, Pan-Cytokeratin, PD-1, PD-L1, PD-L2, PR, PTEN, S100b, STING/TMEM173, TIM-3, and VISTA). The incubation with antibodies was done overnight according to the manufacturer’s protocol. Afterward, slides were loaded onto the DSP instrument. Each slide was first scanned to produce a digital image of tissue morphology based on the fluorescent markers. Next, the regions of interest (ROI) were selected which was guided by the morphological markers. Finally, the photocleaved oligos from the spatially resolved ROIs were hybridized to the corresponding probes for 17 hours at 65°C and scanned using 280 fields of views (FOV). Microplates were analyzed using DSP data center software (www.nanostring.com).



Selection of ROIs

Multiple ROIs were selected based on morphological markers including tumor-rich ROIs with a high morphological expression of PanCK, desmoplastic with a high morphological expression of αSMA, and immune-rich containing a high expression of CD45. However, some ROIs contained more than one feature and were therefore relabeled/classified as “tumor plus desmoplasia” or “desmoplasia plus CD45” ROIs. In addition, some ROIs contained all features, so they were categorized as “tumor plus desmoplasia plus CD45” (Supplementary Figure 1). DNA staining was used to ensure selecting ROIs that contained cells. The size and the number of cells included in selected ROIs can vary.



Data analysis of the GeoMx™ DSP

The protein expression data generated by the GeoMx™ DSP were first normalized for technical variation during hybridization by using the positive controls included in the experiment (The External RNA Control Consortium (ERCC)). Subsequently, a normalization based on housekeeping genes that showed a stable expression across all samples (Histone 3 and S6 Ribosomal Protein) was conducted. GAPDH, a third housekeeping gene, was excluded from being used in normalization because it was not stably expressed in all ROIs and all samples (Supplementary Figure 1G). These two subsequent normalizations enables comparing ROIs of different size and number of cells to each other. The first comparison was performed between ROIs that contained tumor (i.e. tumor, tumor plus desmoplasia, and tumor plus desmoplasia plus CD45) and ROIs that contained stroma (i.e. desmoplasia, desmoplasia plus CD45, and CD45) in long-, and short-survivors separately (Supplementary Figure 1 and Supplementary Table 2). The non-parametric Mann-Whitney U test was used to determine differentially expressed proteins. After that, a correlation analysis using Spearman’s rank-order correlation was run for all the significant proteins in the tumor-rich and stromal ROIs aiming to identify immune cell types that infiltrate together in various areas of PDAC tissue samples based on the survival of the patients. The correlations were regarded to be positively significant when the correlation coefficient rho (r) > 0.5, and negatively significant when r < -0.5 (36). Finally, to identify the cell types that were infiltrated with B cells, a correlation analysis was performed on all detected proteins in ROIs that showed high CD20 expression.



Validation using an independent cohort of samples

A total of 22 FFPE samples were used to confirm our results (n=12 long-term survival, n=10 short-term survival). Samples were sectioned (5µm thickness) and stained with Pan-Cytokeratin antibody that is available in the GeoMx Solid Tumor TME Morphology Kit Human Protein Compatible (NanoString Item # 121300301) (PanCK, 647 nm), Nuclear stain CYTO-13 (NanoString Item # 121300303) was used to detect all cells (532 nm). Anti-CD20 antibody (Abcam Recombinant Anti-CD20 antibody [EP459Y] (ab78237) was labeled with antibody labeling kit from Invitrogen Thermo Fisher called Alexa Fluor™ 594 Antibody Labeling Kit Item number A20185 (594 nm). Sectioned samples were hybridized with the immune cell profiling panel, consisting of 20 antibodies (PD-1, CD68, HLA-DR, Ki-67, Beta-2-microglobulin, CD11c, CD20, CD3, CD4, CD45, CD56, CD8, CTLA4, GZMB, PD-L1, PanCk, SMA, Fibronectin). The panel contains three positive controls (Ribosomal protein S6, Histone 3, and GAPDH) and three negative controls (two mouse and one rabbits IgGs) that were used in each measurement. Samples were prepared according to the manufacturer’s protocol (NanoString, GeoMx DSP, Seattle, USA). The GeoMx DSP instrument was used to perform the measurements and the software (v2.2).




Results


Clinicopathological characteristics

A total of twenty samples of PDAC patients were included in the discovery cohort, 10 in the long-term survival group, and 10 in the short-term survival group. Median cancer-specific survival was 53.1 and 4.7 months, respectively, whereas the median time-to-recurrence was 46.3 and 3.7 months, respectively. The main characteristics of the patients were matched to the best of our ability. There were no significant differences in age, gender, tumor location, operation procedure, tumor differentiation, lymph node status (positive vs. negative), margin status (R0 vs. R1), T-stage (T1-T2 vs. T3), adjuvant systemic therapy, SIII, CEA, or CA19-9. Baseline clinicopathologic characteristics are summarized in Supplementary Table 3.

In addition, a total of twenty-two samples of PDAC patients were included in the validation cohorts, 12 in the long-term survival group, and 10 in the short-term survival group. Also for these samples, the main characteristics of the patients were matched to the best of our ability. The clinicopathologic characteristics of the independent validation cohort were similar, except for T-stage, to the discovery cohort of samples and were summarized in Supplementary Table 4. However, when comparing the short-term survival group to the short-term survival group, and the long-term survival group to the long-term survival in the discovery cohort and the validation cohort, respectively, tumor grade was found to be significantly different in the short-term survival groups.



Thirty-nine immune-related genes were differentially expressed

Of the 730 immune-related genes, 631 genes were above the detection threshold (i.e. 21 counts), and 99 of these genes were found to be differentially expressed between the two groups (short-term vs. long-term survivors) with a p-value < 0.05. Thirty-nine genes had |FOC|>2, among which 14 genes were over-expressed, and 25 genes were under-expressed in long-term survivors compared to short-term survivors (Supplementary Table 5; Figure 2A). Four of the over-expressed genes in long-term survivors were related to the function of B cells, namely, CR2, CD19, CD79B, and BLNK (Supplementary Table 5). Only three genes were found to be differentially expressed genes after multiple corrections, therefore, we presented the differences between long- and short-term survivals based on immune cell types.




Figure 2 | Volcano plot of the differentially expressed genes and Higher B cell scores were found in long-term survivors. (A) Volcano plot of the differentially expressed genes in the long- compared to short-term survivors of PDAC. Each dot indicates a detected gene. Three genes were differentially expressed after multiple corrections: CCL26 was overexpressed, and UBC and ISTG were downregulated in long-term survivors. The dotted line represents p-value < 0.1. (B) The relative abundance of CD45 cells in long and short-term survival samples (Independent two-sample t-tests). Each dot presents a sample, the line presents the average expression in each group, y-axis presents the relative expression of CD45 which indicates no significant differences. (C) The score of B cells relative to the total infiltration of CD45+ was found to be significantly higher in the long-term survival group (Independent two-sample t-tests). Each dot presents a sample, the line presents the average expression of genes identify B cells relative to CD45 in each group, y-axis present the relative expression of B cells/CD45 which indicates a higher abundance of B cells in the long-term survival group. The protein counts of B cell (CD20+) were confirmed to be highly expressed in long-term survivors using the GeoMx™ DSP technology. (D). in the stroma, (E). in between tumor-rich areas and (F). in desmoplastic and tumor-rich areas combined analysis (non-parametric Mann-Whitney U test). Each dot presents an ROI, the y-axis is the normalized counts of CD20 antibody. Blue color presents long- and red color present short-term survival samples.





Higher B cell infiltration was found in long-term survivors

Based on the cell type profiling, the total infiltration of immune cells (PTPRC (CD45+)) was comparable between long- and short-term survivors (p=0.309, Figure 2B). A significantly higher B cell score (CD19, CD22, CR2, and MS4A1 (CD20)) was found in long-term survivors compared to short-term survivors (p=0.018, Figure 2C). None of the other cell types were found to be significantly different between the two groups (Supplementary Figure 2). The higher infiltration of B cells in long-term survivors was confirmed by using the GeoMx™ DSP analysis using the FFPE samples corresponding to the discovery cohort (Table 1). B cells were found to be significantly higher in the stroma of the long-term survival samples (p=0.038, Figure 2D). They also were found to be higher within tumor cells of the same group (p=0.049, Figure 2E). The comprehensive analysis that included the desmoplastic and the tumor-rich area showed a significantly higher infiltration of B cells in the long-term survival group of samples (p=0.002, Figure 2F).


Table 1 | Comparison of tumor ROIs in the short-term (23) vs. long-term (30) survival group.





B cells infiltrated within tumor cells close to T cells in long-term survivors

Tumor ROIs that expressed high levels of CD20 in long-term survival showed a high expression of various T cell markers like CD3, CD4 and CD8 and of HLADR marker that might be expressed by memory B cells or dendritic cells (DCs) or antigen-presenting cells (APCs) (Supplementary Table 6). Moreover, the expression of CD20 was associated with the high expression of CD34 which is a bone marrow stem cell marker that is expressed by progenitor cells of blood vessels and stromal tissue and may reflect the increased number and quality of blood vessel formation in long-term survivors (37, 38). Furthermore, a strong correlation between the expressions of CD20 and CD27 (r= 0.752, p<0.001) and Bcl2 (r= 0.734, p<0.001) was found in tumor areas of long-term survivors, which may reflect a specific subtype of B cells like memory B cells. All proteins which were correlated with CD20 expression are summarized in Supplementary Table 6; Supplementary Figures 3, 4.



Sensitivity analysis of the CD20-rich ROIs

Since we found higher infiltration of CD20-positive cells in the tumor tissue of the long-term survival group compared to the short-term survival group, and high correlations were found between CD20-positive cells and CD3, CD4, and CD8-positive cells, we examined high CD20-positive ROIs between short and long-term survival groups. We found that the expression of CD20 correlates negatively with the expression of αSMA (r=-0.656, p=0.002) and with fibronectin (r=-0.540, p=0.014) in long-term survivors. Positive correlations were found between CD20 and Bcl2 (r=0.695, p=0.001), CD3 (r=0.598, p=0.550), CD4 (r=0.550, p=0.012), CD8 (r=0.567, p=0.009) and Ki67 (r=0.558, p=0.011), which confirm our previous findings in the tumor areas.



Homogeneous infiltration of suppressive immune cells was found in tumor and desmoplastic areas of short-term survivors

Tumor ROIs of short-term survivors revealed a high expression of molecules correlated with immune suppression such as PD-1, PD-L1, CTLA4, LAG3, FoxP3, and CD25 compared to long-term survivors (Table 1). The same suppressive molecules were found to be highly expressed in desmoplastic areas (Table 2). In addition, the level of αSMA and FAPa expression was significantly higher in desmoplastic areas of short-term survivors compared to long-term survivors (p=0.001, Table 2; Figures 3A, C). Importantly, our results do not show differences in the percentage of the desmoplastic areas between the two groups, it shows differences in the desmoplastic protein expression levels in very similar sizes of desmoplastic ROIs in short- and long-term survivors. The comprehensive analysis that included the desmoplastic and the tumor-rich area showed the same results (Figures 3B, D). All differentially expressed and correlated proteins in tumor and stromal areas are summarized in Supplementary Tables 6, 7.


Table 2 | Comparison of stromal ROI’s in the short-term (18) vs. Long-term (34) survival group.






Figure 3 | Higher amounts of desmoplastic proteins were found in short-term survivors. (A) The expression of αSMA in the desmoplastic areas, (B) in the desmoplastic and tumor-rich areas combined. Y-axis is the normalized counts of αSMA antibody. (C) The expression of FAPa proteins in the desmoplastic areas, (D) in the desmoplastic and tumor-rich areas combined. Y-axis is the normalized counts of FAPa antibody. Each dot presents an ROI and the line presents the average normalized counts of the antibody in each group. Blue color presents long- and red color presents short-term survival samples. The two proteins were found to be significantly higher in short- compared to long-term survivors using the GeoMx™ DSP technology (non-parametric Mann-Whitney U test).



Interestingly, we found a strong negative correlation between αSMA and CD20-positive cells (r=-0.749, p<0.001, Supplementary Table 7) in the stromal ROI of the short-term survivors. Negative correlations were also found between αSMA and other immune effector cells such as CD8-positive cells (r=-0.505, p=0.014, Supplementary Table 7), suggesting that these effector immune cells are unable to penetrate the stroma of short-term survivors. On the other hand, immunosuppressive cells, and receptors such as FoxP3, CTLA4, and PD-L1 were all positively associated with αSMA. Analyzing CD20-rich areas, we found similar results in long-term survivors. That is, CD20 was negatively associated with αSMA (r=-0.762, p=0.028), CTLA4 (r=-0.762, p=0.028), Fibronectin (r=-0.738, p=0.037), and GZMB (r=-0.810, p=0.015).




Validation of our findings

A higher number of B cells in long-term survivors was validated using the independent cohort of PDAC samples (p=0.01, Figure 4A). B cells were found to be exclusively infiltrated in between tumor cells in the long-term survival group. The infiltration of B cells in the validation samples was higher in the desmoplasia area as compared to the tumor-rich areas. Fluorescent immunohistochemistry of CD20 (B cell marker) confirmed that B cells infiltrated in desmoplastic areas and in between tumor cells in some samples of the long-term survival group (Figures 4B–E). Of note, we did not find differences in the tertiary lymphoid structures between the two groups.




Figure 4 | The expression of B cells in the validation cohort of samples. (A) Significant higher infiltration of B cells was found in the desmoplastic areas of the long-term survivors, compared to desmoplastic areas of short-term survivors. Infiltration of B cells was found to be higher in desmoplasia compared to tumor-rich areas in both groups. Each dot represents an ROI, the middle line presents the average of the normalized expression of CD20 antibody, long-term survivors n=12, short-term survivors n=10. Fluorescent immunohistochemistry staining of PDAC samples (Mixed Linear Model test). (B) CD20 cells (B cells) infiltrated in-between (within) the tumor cells, (C) and in the desmoplastic areas of long-term survival PDAC samples. (D) negative staining of CD20 in-between (within) tumor cells, (E) Fewer B cells were found to infiltrate in the desmoplastic areas of short-term survival PDAC samples. Green color: Pan Cytokeratin, Red color: CD20, blue color: nucleus.





Discussion

Unveiling the complex biology of the TIME in PDAC is essential for finding novel effective immunotherapeutic targets. This study highlights the presence of B cells infiltrating the TIME in tumors of PDAC patients who survived longer than 3 years. B cells were found to be infiltrated in between tumor cells and we hypothesize that they might be orchestrating essential immune responses causing the infiltration of other types of immune cells within the tumors of long-term survivors of PDAC (Figure 5).




Figure 5 | Schematic presentation of the TIME in long- and short-term survivors of PDAC patients.



The role of B cells in PDAC is not completely understood (39, 40). There is growing evidence to consider B cells as key regulators of the tumor-induced immune response (41). B cells have been shown to be an essential part of tumor-infiltrating lymphocytes (TILs) infiltration in PDAC (42). The scattering infiltration of B cells or their organized presence in tertiary lymphoid structures in PDAC has been associated with improved survival (43). It has also been shown that pancreatic cancer infiltrating B cells can recognize mutant KRAS epitopes and can produce antibodies against KRAS presenting tumor cells (44). Our results indicated that B cells were found close to T cells in long-term survivors which might suggest that CD20+ cells might be acting as APCs. In addition, the associated subset of T cells in long-term survivors displayed an activated effector phenotype (high associations to HLA-DR and CD45RO). These results were achieved when using the GeoMx DSP technique that allowed studying the differences in immune infiltration in a specific location. By using bulk RNA, that was used in gene expression profile, the differences of T cells and APCs between long- and short-term survivors were not clear. Taken together, our results highlight the added value and importance of spatial biology techniques that enable understanding the immune regulation at a high level of details. In the same line of our results, it was shown before that long-term survival present a unique list of neoantigens which is associated with a weaker immunosuppressive environment (more CD8+ T cells, MUC16- and CA125) (45). The data from the gene expression analysis showed that four of the over-expressed genes in long-term survivors were associated with “B cell function”, and none in short-term survivors. The over-expressed gene CD79B in long-term survivors was previously shown to function as a heterodimer involved in signal transduction via the BCR (46). The presence of CD20+ cells and CD8+ cells and their co-localization was shown to improve antitumor response and was correlated with increased survival in ovarian cancer, breast cancer, and malignant melanoma (47–49). These data support the previous finding that the presence of B cells within the TIME of PDAC is associated with a favorable prognosis (50). Moreover, they are active representatives of the TIME in pancreatic cancer alongside T cells, making them prime candidates for future (pre) clinical research. To dissect the exact role of B cells within the TIME of PDAC, the subtypes of B cells such as regulatory B cells, plasma B cells, and memory cells need to be further characterized (50, 51).

Another interesting finding of this study was the high expression of αSMA in short-term survivors. The changes in the composition of ECM in short-term survivors might be the main barrier that prevents TILs to infiltrate near tumor cells (Figures 3, 5), making them immunologically ‘cold’ tumors. While high-quality neoantigens are present in PDAC cells (45), they appear to be immune-edited over time only in long-term survivors (52). Also, the CAFs and the ECM composition of desmoplastic regions continuously change as cancer develops (53). There are several types of CAFs in PDAC including myofibroblastic, inflammatory, and antigen-presenting fibroblasts (15). The cancer-derived Transforming Growth Factor-β (TGF-β) in PDAC patients plays an important role in converting normal fibroblasts into myofibroblastic CAFs (54), which produce αSMA, and fibroblast activation protein (FAP) (55). Our data show that these two proteins are strongly expressed within the stromal ROIs in short- compared to long-term survivors (Tables 1, 2; Figure 3). Moreover, the expression of αSMA and FAP was negatively associated with the infiltration of B- and T cells in short-term survivors. Therefore, we think that targeting αSMA and FAP CAFs in combination B cell therapy might be a good option. TGF-β gene expression was 2.4 times higher in short-term survivors than in long-term survivors. Taken together, the data of this study hypothesized that the high expression of TGF-β might be one of the main drivers that induces CAFs to produce a high quantity of αSMA and FAP that prevent TILs to infiltrate tumor areas. It is important to highlight that we did not study the percentage of desmoplastic areas or the tumor stromal density (TSD) in PDAC tissue samples, like it was performed previously (56). We rather quantified the desmoplastic-related protein expression in ROIs of similar sizes in short- and long-term survival. High TSD was shown to be associated with lower metastasis and favorable outcome in resectable patients.

Results of this study suggest that treating PDAC can perhaps be achieved by targeting TGF-β, to reduce the production of αSMA, in combination with B cell therapy. B cell therapy remains in its infancy especially in the case of PDAC since its role has been debatable (43, 57). However, recent studies have shown adopting certain culture conditions or gene insertion, costimulatory ligands have been forced into the expression of B cells in order to increase their immunostimulatory activation capacity. Also, tumor-specific antigen presentation by ex vivo antigen loading or by engineering B cells with a B cell receptor specific to tumor antigens has been improved recently (58, 59). With the recent expansion of the knowledge of B cells in cancer, new therapeutic options are anticipated to grow in the upcoming years. Previously, targeting stroma in PDAC has been disappointing (19), however, recent studies showed that CAFs depletion (using nab-paclitaxel or FAP specific therapies) is potentially a positive treatment approach. In addition, reprogramming CAFs into quiescent fibroblasts (using all-trans retinoic acid (ATRA, STARPAC trial) or vitamin D) has shown promising results in treating PDAC (15, 60). Nevertheless, none of these pre-clinical trials showed complete remission of disease in these patients. Combining B cell therapy with reprogramming or CAFs depletion might improve the survival of PDAC patients.

Despite our effort of adding an external validation cohort, the sample size of the total cohort is one of the major limitations of our study, which is mainly due to the scarcity of long-term survivors of PDAC. This could also explain why no major differences were found in the clinicopathological characteristics of short-term and long-term survival groups. Furthermore, we found a difference between tumor grade in the short-term survivors in the discovery and validation cohort. However, we believe that this has to do with tumors that were classified as moderate to poor. Namely, in the discovery cohort, we called these tumors poorly differentiated tumors. When not using this classification, there were no differences between the two cohorts.



Conclusions

Our study underlines the importance of B cell infiltration in tumors of PDAC patients. B cells infiltrated in higher quantities in stromal areas and were found exclusively intra-epithelial in long-term survivals of our cohort of samples. The spatial data revealed that the large presence of B cells was associated with the infiltration of T cells and APCs. In contrast, not only B cells but also the diversity of immune cells was much lower in short-term survivors. In the TME of short-term survivors, the high expression of αSMA was associated with low diversity and infiltration of immune cells to tumor areas. Our study hypothesized potential roads ahead for revolutionizing PDAC combination treatments with focus on B cells, targeting stromal reactions, and anti-TGF-β molecules.
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Supplementary Figure 1 | Examples of the various ROIs that were selected in PDAC samples for the GeoMx™ DSP Legends: (A) An ROI positive for Pan-Cytokeratin, presenting a tumor area. (B) An ROI positive for αSMA, presenting a desmoplastic area. (C) An ROI positive for CD45, presenting an immune-rich area. (D) An ROI positive for Pan-Cytokeratin and αSMA, presenting an area that combined tumor and desmoplasia. (E) An ROI positive for αSMA and CD45, presenting an immune-rich desmoplastic area. (F) An ROI positive for Pan-Cytokeratin, αSMA, and CD45, presenting an immune-rich tumor and desmoplastic area. Yellow = Pan-Cytokeratin, green = αSMA, red = CD45+ cells, blue = nucleus DNA. The size of the ROI and the number of cells included in each ROI varies between the different selection. The 2-step normalization (data analysis) enables comparison between ROIs of different sizes. Long exposure settings for the morphological markers were used to capture low levels of expression and ensure accurate ROI selection. The intensity of the morphological markers does not affect the protein expression of the quantified antibias. The morphological markers are used to guide the selection of ROIs only. (G) The expression of the three housekeeping genes in all ROIs in PDAC samples that were measured with the GeoMx™ DSP technology.

Supplementary Figure 2 | Scores of various types of immune cells in long- and short-term survivors. Legend: none of the identified immune cell types were found to be significantly scored between the two groups.

Supplementary Figure 3 | Heat-maps of the significant proteins correlated with the expression of CD20 cells in long- compared to short-term survivors. Legend: (A) heat-map of the significant proteins that show correlation with CD20 in tumor ROIs in long- and short-term survivors. The expression of CD20 (B cells) is correlated with CD3, CD4, and CD8 (T cells) ad with HLA-DR (antigen presenting cells) in tumor areas of long-term survivors. The expression of CD20 is negatively correlating with CD127, CD25, and FoxP3 (regulatory T cells) and many other immune checkpoint and regulatory proteins. (B) heat-map of the significant proteins that show correlation with CD20 in stromal ROIs in long- and short-term survivors. The expression of CD20 (B cells) is also correlated with CD3, CD4 and CD8 (T cells) and with HLA-DR (antigen presenting cells) and with CD14, CD163 (monocytes and myeloid cells) in stromal areas of long-term survivors.

Supplementary Figure 4 | Dot plots of the most significant proteins correlated with CD20 expression in long term survivors. Legend: (A) Dot plots of the significantly highly expressed proteins in tumor ROIs in long-term survivors. (B) Dot plots of the significantly highly expressed proteins in stromal ROIs in long-term survivors. Each dot presents an ROI, the middle line presents the average counts of antibodies, y-axis presents the normalized counts of the specific antibody.



Abbreviations

PDAC, pancreatic ductal adenocarcinoma; TILs, Tumor-infiltrating lymphocytes; TIME, tumor immune microenvironment; APCs, antigen presenting cells; CAFs, cancer-associated fibroblasts; aSMA, alpha smooth muscle actin.



References

1. Rahib, L, Smith, BD, Aizenberg, R, Rosenzweig, AB, Fleshman, JM, and Matrisian, LM. Projecting cancer incidence and deaths to 2030: The unexpected burden of thyroid, liver, and pancreas cancers in the united states. Cancer Res (2014) 74:2913–21. doi: 10.1158/0008-5472.CAN-14-0155

2. Rawla, P, Sunkara, T, and Gaduputi, V. Epidemiology of pancreatic cancer: Global trends, etiology and risk factors. World J Oncol (2019) 10:10–27. doi: 10.14740/wjon1166

3. Ferlay, J, Soerjomataram, I, Dikshit, R, Eser, S, Mathers, C, Rebelo, M, et al. Cancer incidence and mortality worldwide: Sources, methods and major patterns in GLOBOCAN 2012. Int J Cancer (2015) 136:E359–386. doi: 10.1002/ijc.29210

4. Geer, RJ, and Brennan, MF. Prognostic indicators for survival after resection of pancreatic adenocarcinoma. Am J Surg (1993) 165:68–72. doi: 10.1016/s0002-9610(05)80406-4

5. Sideras, K, Braat, H, Kwekkeboom, J, van Eijck, CH, Peppelenbosch, MP, Sleijfer, S, et al. Role of the immune system in pancreatic cancer progression and immune modulating treatment strategies. Cancer Treat Rev (2014) 40:513–22. doi: 10.1016/j.ctrv.2013.11.005

6. Bulle, A, and Lim, KH. Beyond just a tight fortress: Contribution of stroma to epithelial-mesenchymal transition in pancreatic cancer. Signal Transduct Target Ther (2020) 5:249. doi: 10.1038/s41392-020-00341-1

7. Li, KY, Yuan, JL, Trafton, D, Wang, J, Niu, N, Yuan, C, et al. Pancreatic ductal adenocarcinoma immune microenvironment and immunotherapy prospects. Chronic Dis Transl Med (2020) 6:6–17. doi: 10.1016/j.cdtm.2020.01.002

8. Qu, C, Wang, Q, Meng, Z, and Wang, P. Cancer-associated fibroblasts in pancreatic cancer: should they be deleted or reeducated? Integr Cancer Ther (2018) 17:1016–9. doi: 10.1177/1534735418794884

9. Whatcott, CJ, Diep, CH, Jiang, P, Watanabe, A, LoBello, J, Sima, C, et al. Desmoplasia in primary tumors and metastatic lesions of pancreatic cancer. Clin Cancer Res (2015) 21:3561–8. doi: 10.1158/1078-0432.CCR-14-1051

10. Provenzano, PP, Cuevas, C, Chang, AE, Goel, VK, Von Hoff, DD, Hingorani, SR, et al. Enzymatic targeting of the stroma ablates physical barriers to treatment of pancreatic ductal adenocarcinoma. Cancer Cell (2012) 21:418–29. doi: 10.1016/j.ccr.2012.01.007

11. Cannon, A, Thompson, C, Hall, BR, Jain, M, Kumar, S, and Batra, SK. Desmoplasia in pancreatic ductal adenocarcinoma: Insight into pathological function and therapeutic potential. Genes Cancer (2018) 9:78–86. doi: 10.18632/genesandcancer.171

12. Di Maggio, F, and El-Shakankery, KH. Desmoplasia and biophysics in pancreatic ductal adenocarcinoma: Can we learn from breast cancer? Pancreas (2020) 49:313–25. doi: 10.1097/MPA.0000000000001504

13. Erdogan, B, and Webb, DJ. Cancer-associated fibroblasts modulate growth factor signaling and extracellular matrix remodeling to regulate tumor metastasis. Biochem Soc Trans (2017) 45:229–36. doi: 10.1042/BST20160387

14. Awaji, M, and Singh, RK. Cancer-associated fibroblasts' functional heterogeneity in pancreatic ductal adenocarcinoma. Cancers (Basel) (2019) 11(3):290. doi: 10.3390/cancers11030290

15. Norton, J, Foster, D, Chinta, M, Titan, A, and Longaker, M. Pancreatic cancer associated fibroblasts (CAF): under-explored target for pancreatic cancer treatment. Cancers (Basel) (2020) 12(5):1347. doi: 10.3390/cancers12051347

16. O'Reilly, EM, Oh, DY, 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(10):1431–8. doi: 10.1001/jamaoncol.2019.1588

17. Brahmer, JR, Tykodi, SS, Chow, LQ, Hwu, W, Topolian, SL, Hwu, P, et al. Safety and activity of anti-PD-L1 antibody in patients with advanced cancer. N Engl J Med (2012) 366:2455–65. doi: 10.1056/NEJMoa1200694

18. Ozdemir, BC, Pentcheva-Hoang, T, Carstens, JL, Zheng, X, Wu, C, Simpson, TR, et al. Depletion of carcinoma-associated fibroblasts and fibrosis induces immunosuppression and accelerates pancreas cancer with reduced survival. Cancer Cell (2014) 25:719–34. doi: 10.1016/j.ccr.2014.04.005

19. Ho, WJ, Jaffee, EM, and Zheng, L. The tumour microenvironment in pancreatic cancer - clinical challenges and opportunities. Nat Rev Clin Oncol (2020) 17:527–40. doi: 10.1038/s41571-020-0363-5

20. Thyagarajan, A, Alshehri, MSA, Miller, KLR, Sherwin, CM, Travers, JB, and Sahu, RP. Myeloid-derived suppressor cells and pancreatic cancer: Implications in novel therapeutic approaches. Cancers (Basel) (2019) 11(11):1627. doi: 10.3390/cancers11111627

21. Ino, Y, Yamazaki-Itoh, R, Shimada, K, Iwasaki, M, Kosuge, T, and Hiraoka, N. Immune cell infiltration as an indicator of the immune microenvironment of pancreatic cancer. Br J Cancer (2013) 108:914–23. doi: 10.1038/bjc.2013.32

22. Gonzalez, H, Hagerling, C, and Werb, Z. Roles of the immune system in cancer: From tumor initiation to metastatic progression. Genes Dev (2018) 32:1267–84. doi: 10.1101/gad.314617.118

23. Whiteside, TL. The tumor microenvironment and its role in promoting tumor growth. Oncogene (2008) 27:5904–12. doi: 10.1038/onc.2008.271

24. Liotta, LA, and Kohn, EC. The microenvironment of the tumour-host interface. Nature (2001) 411:375–9. doi: 10.1038/35077241

25. Ikemoto, T, Yamaguchi, T, Morine, Y, Imura, S, Soejima, Y, Fujii, M, et al. Clinical roles of increased populations of Foxp3+CD4+ T cells in peripheral blood from advanced pancreatic cancer patients. Pancreas (2006) 33:386–90. doi: 10.1097/01.mpa.0000240275.68279.13

26. Yamamoto, T, Yanagimoto, H, Satoi, S, Toyokawa, H, Hirooka, S, Yamaki, S, et al. Circulating CD4+CD25+ regulatory T cells in patients with pancreatic cancer. Pancreas (2012) 41:409–15. doi: 10.1097/MPA.0b013e3182373a66

27. Chen, DS, and Mellman, I. Oncology meets immunology: The cancer-immunity cycle. Immunity (2013) 39:1–10. doi: 10.1016/j.immuni.2013.07.012

28. Chang, JH, Jiang, Y, and Pillarisetty, VG. Role of immune cells in pancreatic cancer from bench to clinical application: An updated review. Med (Baltimore) (2016) 95:e5541. doi: 10.1097/MD.0000000000005541

29. Aziz, MH, Sideras, K, Aziz, NA, Mauff, K, Haen, R, Roos, D, et al. The systemic-immune-inflammation index independently predicts survival and recurrence in resectable pancreatic cancer and its prognostic value depends on bilirubin levels: A retrospective multicenter cohort study. Ann Surg (2019) 270:139–46. doi: 10.1097/SLA.0000000000002660

30. del Castillo, CF. Clinical manifestations, diagnosis, and staging of exocrine pancreatic cancer. (2022). Available at: https://www.uptodate.com/contents/clinical-manifestations-diagnosis-and-staging-of-exocrine-pancreatic-cancer.

31. Yu, L, Bhayana, S, Jacob, NK, and Fadda, P. Comparative studies of two generations of NanoString nCounter system. PloS One (2019) 14:e0225505. doi: 10.1371/journal.pone.0225505

32. Geiss, GK, Bumgarner, RE, Birditt, B, Dahl, T, Dowidar, N, Dunaway, DL, et al. Direct multiplexed measurement of gene expression with color-coded probe pairs. Nat Biotechnol (2008) 26:317–25. doi: 10.1038/nbt1385

33. Vandesompele, J, De Preter, K, Pattyn, F, Poppe, B, van Roy, N, Paepe, AD, et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol (2002) 3:research0034.0031. doi: 10.1186/gb-2002-3-7-research0034

34. de Koning, W, Latifi, D, Li, Y, van Eijck, CHJ, Stubbs, AP, and Mustafa, DAM. Identification, validation, and utilization of immune cells in pancreatic ductal adenocarcinoma based on marker genes. Front Immunol (2021) 12:649061. doi: 10.3389/fimmu.2021.649061

35. Danaher, P, Warren, S, Dennis, L, D'Amico, L, White, A, Disis, ML, et al. Gene expression markers of tumor infiltrating leukocytes. J Immunother Cancer (2017) 5:18. doi: 10.1186/s40425-017-0215-8

36. Mukaka, MM. Statistics corner: A guide to appropriate use of correlation coefficient in medical research. Malawi Med J (2012) 24:69–71.

37. Abe, S, Suzuki, M, Cho, KH, Murakami, G, and Cho BH and Ide, Y. CD34-positive developing vessels and other structures in human fetuses: An immunohistochemical study. Surg Radiol Anat (2011) 33:919–27. doi: 10.1007/s00276-011-0854-2

38. Traweek, ST, Kandalaft, PL, Mehta, P, and Battifora, H. The human hematopoietic progenitor cell antigen (CD34) in vascular neoplasia. Am J Clin Pathol (1991) 96:25–31. doi: 10.1093/ajcp/96.1.25

39. Shah, S, Divekar, AA, Hilchey, SP, Cho, H-M, Newman, Cl, Shin, S-U, et al. Increased rejection of primary tumors in mice lacking b cells: Inhibition of anti-tumor CTL and TH1 cytokine responses by b cells. Int J Cancer (2005) 117:574–86. doi: 10.1002/ijc.21177

40. Koizumi, M, Hiasa, Y, Kumagi, T, Yamanishi, H, Azemoto, N, Kobata, T, et al. Increased b cell-activating factor promotes tumor invasion and metastasis in human pancreatic cancer. PloS One (2013) 8:e71367. doi: 10.1371/journal.pone.0071367

41. Nelson, BH. CD20+ b cells: the other tumor-infiltrating lymphocytes. J Immunol (2010) 185:4977–82. doi: 10.4049/jimmunol.1001323

42. Meng, Q, Liu, Z, Rangelova, E, Poiret, T, Ambati, A, Rane, L, et al. Expansion of tumor-reactive T cells from patients with pancreatic cancer. J Immunother (2016) 39:81–9. doi: 10.1097/CJI.0000000000000111

43. Castino, GF, Cortese, N, Capretti, G, Serio, S, Di Caro, G, Mineri, R, et al. Spatial distribution of b cells predicts prognosis in human pancreatic adenocarcinoma. Oncoimmunology (2016) 5:e1085147. doi: 10.1080/2162402X.2015.1085147

44. Meng, Q, Valentini, D, Rao, M, and Maeurer, M. KRAS RENAISSANCE(S) in tumor infiltrating b cells in pancreatic cancer. Front Oncol (2018) 8:384. doi: 10.3389/fonc.2018.00384

45. Balachandran, VP, Luksza, M, Zhao, JN, Makarov, V, Moral, JA, Remark, R, et al. Identification of unique neoantigen qualities in long-term survivors of pancreatic cancer. Nature (2017) 551:512–6. doi: 10.1038/nature24462

46. Niemann, CU, and Wiestner, A. B-cell receptor signaling as a driver of lymphoma development and evolution. Semin Cancer Biol (2013) 23:410–21. doi: 10.1016/j.semcancer.2013.09.001

47. Iglesia, MD, Vincent, BG, Parker, JS, Hoadley, KA, Carey, LA, Perou, CM, et al. Prognostic b-cell signatures using mRNA-seq in patients with subtype-specific breast and ovarian cancer. Clin Cancer Res (2014) 20:3818–29. doi: 10.1158/1078-0432.CCR-13-3368

48. Nielsen, JS, Sahota, RA, Milne, K, Kost, SE, Nesslinger, NJ, and Watson PH and Nelson, BH. CD20+ tumor-infiltrating lymphocytes have an atypical CD27- memory phenotype and together with CD8+ T cells promote favorable prognosis in ovarian cancer. Clin Cancer Res (2012) 18:3281–92. doi: 10.1158/1078-0432.CCR-12-0234

49. Ladanyi, A, Kiss, J, Mohos, A, Somlai, B, Liszkay, G, Gilde, K, et al. Prognostic impact of b-cell density in cutaneous melanoma. Cancer Immunol Immunother (2011) 60:1729–38. doi: 10.1007/s00262-011-1071-x

50. Spear, S, Candido, JB, McDermott, JR, Ghirelli, C, Maniati, E, Beers, SA, et al. Discrepancies in the tumor microenvironment of spontaneous and orthotopic murine models of pancreatic cancer uncover a new immunostimulatory phenotype for b cells. Front Immunol (2019) 10:542. doi: 10.3389/fimmu.2019.00542

51. Largeot, A, Pagano, G, Gonder, S, Moussay, E, and Paggetti, J. The b-side of cancer immunity: The underrated tune. Cells (2019) 8(5):449. doi: 10.3390/cells8050449

52. Luksza, M, Sethna, ZM, Rojas, LA, Lihm, J, Bravi, B, Elhanati, Y, et al. Neoantigen quality predicts immunoediting in survivors of pancreatic cancer. Nature (2022) 606:389–95. doi: 10.1038/s41586-022-04735-9

53. Waghray, M, Yalamanchili, M, di Magliano, MP, and Simeone, DM. Deciphering the role of stroma in pancreatic cancer. Curr Opin Gastroenterol (2013) 29:537–43. doi: 10.1097/MOG.0b013e328363affe

54. Lohr, M, Schmidt, C, Ringel, J, Müller, P, Nizze, H, and Jesnowski, R. Transforming growth factor-beta1 induces desmoplasia in an experimental model of human pancreatic carcinoma. Cancer Res (2001) 61:550–5. Available at: https://aacrjournals.org/cancerres/article/61/2/550/507865/Transforming-Growth-Factor-1-Induces-Desmoplasia.

55. Ohlund, D, Handly-Santana, A, Biffi, G, Elyada, E, Almeida, AS, Ponsz-Sarvise, M, et al. Distinct populations of inflammatory fibroblasts and myofibroblasts in pancreatic cancer. J Exp Med (2017) 214:579–96. doi: 10.1084/jem.20162024

56. Torphy, RJ, Wang, Z, True-Yasaki, A, Volmar, KE, Rashid, N, Yeh, B, et al. Stromal content is correlated with tissue site, contrast retention, and survival in pancreatic adenocarcinoma. JCO Precis Oncol (2018) 2018(2):PO.17.00121. doi: 10.1200/PO.17.00121

57. Roghanian, A, Fraser, C, Kleyman, M, and Chen, J. B cells promote pancreatic tumorigenesis. Cancer Discovery (2016) 6:230–2. doi: 10.1158/2159-8290.CD-16-0100

58. Lapointe, R, Bellemare-Pelletier, A, and Housseau F and Thibodeau, J. CD40-stimulated b lymphocytes pulsed with tumor antigens are effective antigen-presenting cells that can generate specific T cells. Cancer Res (2003) 63:2836–43. Available at: https://www.semanticscholar.org/paper/CD-40-stimulated-B-Lymphocytes-Pulsed-with-Tumor-T-Lapointe-Bellemare-Pelletier/9f48933ba27129b8305e7a88407e7973c2583

59. Schultze, JL, Michalak, S, Seamon, MJ, Dranoff, G, Jung, K, Delgado, JC, et al. CD40-activated human b cells: an alternative source of highly efficient antigen presenting cells to generate autologous antigen-specific T cells for adoptive immunotherapy. J Clin Invest (1997) 100:2757–65. doi: 10.1172/JCI119822

60. Pereira, BA, Vennin, C, Papanicolaou, M, Chambers, CR, Herrmann, D, Morton, JP, et al. CAF subpopulations: A new reservoir of stromal targets in pancreatic. Trends Cancer (2019) 5:724–41. doi: 10.1016/j.trecan.2019.09.010


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 © 2023 Aziz, Saida, de Koning, Stubbs, Li, Sideras, Palacios, Feliu, Mendiola, van Eijck and Mustafa. 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-13-995715-g003.jpg
aSMA

300000

200000

100000

Short Long

p<0.001

Short Long

aSMA

300000

200000

100000

p<0.001

Short Long

Short Long





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Spatial genomics reveals a high number and specific location of B cells in the pancreatic ductal adenocarcinoma microenvironment of long-term survivors

      

        		

          Background and aim

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Methods

        

          		

            Patients and clinical data

          



          		

            RNA samples

          



          		

            Targeted gene expression profiling of the RNA samples

          



          		

            Data analysis of the targeted gene expression

          



          		

            Cell type profiling

          



          		

            Validation by using the GeoMx™ digital spatial profiling

          



          		

            Selection of ROIs

          



          		

            Data analysis of the GeoMx™ DSP

          



          		

            Validation using an independent cohort of samples

          



        



        



        		

          Results

        

          		

            Clinicopathological characteristics

          



          		

            Thirty-nine immune-related genes were differentially expressed

          



          		

            Higher B cell infiltration was found in long-term survivors

          



          		

            B cells infiltrated within tumor cells close to T cells in long-term survivors

          



          		

            Sensitivity analysis of the CD20-rich ROIs

          



          		

            Homogeneous infiltration of suppressive immune cells was found in tumor and desmoplastic areas of short-term survivors

          



        



        



        		

          Validation of our findings

        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-13-995715-g005.jpg
Figure summary Tumor immune microenvironment

: Short-term survivors
Long-term survivors

. Tumor cell

e Fibroblast
—— FAPa . CcD8+

——— aSMA (@ cCDa+ TPD"
o oo & cosee W(Po-u

® o3 @ rowean

@ cozo+ @ co2s+ ) CTLA4 !m-m






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-995715-g001.jpg
Discovery

S % < %
& o I\ 5\ .
10 long- and 10 short- RNA Siolation & QC Immune-gene expression profiling using
term survival nCounter technology/ NanoString

Validation | — I
%/ _, A4
5 long- and S short- 4 morphological + 53 GeoMx Digital Spatila profiler/NanoString
term survival quantitative antibodies
Validation Il

= =

12 long- and 10 short- Multiplex Fluorescent , -
term survival. Immunohistochemistry Spatially quantifying CD20+ cells

Independent cohort of
samples





OEBPS/Images/table2.jpg
PROTEIN

CD20
aSMA
B41BB
B7H3
CDl11c
CD127
CD14
CD163
CD25
CD3
CD34
CD4
CD56
CD68
CDs8
CD80
CTLA 4
ERalpha
FAPo
FoxP3
GAPDH
HER2ErbB2
HLADR
Ki67
LAG3
LiverArginase
0OX40L
PD1
PDL1
$100b
VISTA

MEAN SHORT

219.87
132117.36
62.72
2539.79
2679.86
578.43
62322
521.70
177.37
1881.55
1391.17
1238.74
44222
4258.12
2140.40
119.94
2530.39
75.37
677.83
79.35
2454227
176.04
3267.98
1360.91
5221
267.44
348.33
158.78
8391
736.12
399.12

STD. DEVIATION

144.22
72586.74
15.69
911.22
2562.20
177.90
347.11
428.57
33.63
1342.51
1025.02
714.35
218.69
4154.54
1992.50
45.17
2018.74
35.62
429.86
42.15
8249.41
95.49
2025.63
1213.17
36.87
279.97
243.02
38.46
22.01
715.40
266.00

MEAN LONG

1171.37
56723.61
51.24
1857.21
4693.02
408.20
1112.55
985.02
138.71
332239
2154.74
2127.06
385.16
9157.21
4602.11
76.24
357.77
97.04
297.34
36.20
10663.87
108.37
5074.52
893.62
37.17
146.90
168.22
107.58
58.39
1366.93
224.01

Higher mean values (absolute counts) indicate higher infiltration in comparison to the other group.

STD. DEVIATION

2016.96
43634.38
19.55
1105.65
4895.68
202.25
690.59
675.14
47.84
299345
1529.17
1427.09
336.98
11880.80
3717.32
34.81
32227
3226
200.09
15.15
733143
38.96
283521
1326.22
18.83
88.72
17531
34.10
27.63
1367.72
103.47

P-VALUE

0.037773
0.000222
0.035187
0.016204
0.039579
0.000618
0.000876
0.001318
0.001505
0.014575
0.025669
0.005950
0.036034
0.022086
0.000876
0.001505
0.000004
0.012403
0.000711
0.000033
0.000002
0.000190
0.013093
0.008411
0.019433
0.032753
0.000575
0.000054
0.000197
0.017077
0.012398





OEBPS/Images/fimmu-13-995715-g002.jpg
Log10 (p-value)

3G pAVARe <0.10
- 36 pvalue <0.50

* Genes

Normalized count of CD20

celze

10000

8000

6000

4000

2000

Log2(fold change)

p=0.038

Short Long

Normalized count of CD20

@

12.0

1.5

11.0

105

10.0

Relative abundance of CD45 cells

9.5

short Long

Short Long

Normalized count of CD20

0
3 0
o
54
=
B
o 2
s
2
2
5 4
2
H
2
]
: 6
s
=l
&

p=0.018

°

LI
LXK ]

. DN
.. :
=
g0 s
L]

10000

8000

6000

4000

2000

Short Long

Short Long





OEBPS/Images/fimmu-13-995715-g004.jpg
E Long, Tumor
Long, Dismoplasia
D Short, Tumor

h Ti
Short, Dismoplasia

»
©
o
o)
o~
S)
2
2
c
=3
o
O






OEBPS/Images/fimmu.2022.995715_cover.jpg
’ frontiers | Frontiersin Immunology

Spatial genomics reveals a high
number and specific location
of B cells in the pancreatic
ductal adenocarcinoma
microenvironment of
long-term survivors





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





OEBPS/Images/table1.jpg
PROTEINS MEAN SHORT STD. DEVIATION MEAN LONG STD. DEVIATION P-VALUE

CD20 234.12 540.80 467.81 676.73 0.049399
CD3 1041.42 1011.72 2041.61 1966.48 0.030576
CD34 1109.32 1220.56 1737.00 1099.81 0.011393
CD4 735.96 446.13 1444.55 1284.17 0.035756
CD8 1286.85 1793.04 2754.67 2106.55 0.001537
EPCAM 4814.94 3509.35 7280.00 4231.73 0.022658
HLADR 3854.88 7675.85 4382.50 2965.26 0.024880
PAN CYTOKERATIN 33471.73 2560247 2149335 16178.91 0.040771
B41BB 4533 16.69 38.76 28.02 0.025452
B7H3 2140.52 843.31 1263.33 668.10 0.000499
BETA2MICROGLUBLIN 877.97 371.10 697.93 319.16 0.021613
CD127 956.44 533.72 421.64 162.43 0.000011
CD25 178.19 52.02 124.19 48.79 0.000320
CD66B 687.04 1012.77 314.50 524.17 0.022655
CD80 92.16 44.22 57.90 36.27 0.002495
CTLA4 738.22 552.79 171.89 94.21 2.1538E-8
FAPA 516.50 362.36 154.84 137.64 0.000014
FOXP3 69.41 40.26 33.64 14.19 0.000088
GITR 49.95 2221 33.61 14.85 0.005557
KI67 4068.24 4943.67 1205.49 1284.28 0.000234
LAG3 31.61 12.74 22.99 8.11 0.011983
GAPDH 32276.460870 15699.606503 13176.806667 6668.252984 7.3035E-7
LIVERARGINASE 207.62 17843 108.81 82.07 0.002422
0X40L 201.87 128.64 78.84 34.37 0.000003
PD1 115.88 2201 86.68 30.74 0.001491
PDL1 63.36 16.15 44.15 16.94 0.000218

Higher mean values (absolute counts) indicate higher infiltration in comparison to the other group.
The bold values present the up-regulated proteins in a given group.
The first 7 proteins were up-regulated in long-term survival group ad the rest were up-regulated in short-term survival group.





