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Immune checkpoint inhibitors (ICIs) have changed the treatment paradigm of metastatic urothelial carcinoma (mUC), a dominant type of bladder cancer (BC). Previous studies have shown an association between gene mutations in the DNA damage response (DDR) pathway and the immunotherapy response in mUC but have neglected the effect of the activation level of the DDR pathway on the ICI response in mUC. A published immunotherapy cohort with genome, transcriptome and survival data for 348 mUC patients was used. An external cohort (The Cancer Genome Atlas Bladder Cancer) and the GSE78220 cohort were used for validation. The activation level of the DDR pathway was quantified using single-sample gene set enrichment analysis (ssGSEA). Further analysis on the genome, immunogenicity, and the immune microenvironment was conducted using the DDR ssGSEA enrichment score-high (DSSH) group and the DDR ssGSEA enrichment score-low (DSSL) group. In the mUC cohorts, the DSSH group was associated with longer overall survival times (P=0.026; Hazard ratio=0.67; 95%CI: 0.46−0.95). The DSSH group was also associated with higher tumor mutation burden, neoantigen load, immune-activated cell patterns, and immune-related gene expression levels. The GSEA results indicated an immune activation state in DSSH group, which correlated with a down-regulation in the transforming growth factor β receptor signaling pathway. Our study suggests that the activation level of the DDR pathway may be a novel predictive marker for immunotherapy efficacy in patients with mUC.
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Introduction

Bladder cancer (BC) originates from the urinary tract system and is the 10th most common tumor worldwide; its incidence in men is significantly higher than that in women (1). In addition, 80% of BCs are urothelial carcinoma (UC), which originates from transitional epithelial cells (2). The first-line treatment for patients with malignant UC is still platinum-based chemotherapy (3), but nearly half of patients experience cancer progression or recurrence after treatment (4). Notably, due to the extremely high tumor mutation burden (TMB) in UC, the immunogenicity of UC is also very high (5). This fact indicates that immunotherapy could be efficacious in patients with UC. In 2016, the US Food and Drug Administration (FDA) approved 5 immune checkpoint inhibitors (ICIs) for the treatment of cisplatin-resistant advanced UC (3). Among them, atezolizumab and pembrolizumab are approved as first-line treatments for cisplatin-resistant mUC (the other three are nivolumab, durvalumab and avelumab). Immune checkpoint-blocking (ICB) therapy has shown good and long-lasting results in some UC patients (6). However, only 20-30% of UC patients fully respond to ICI therapy (7). In addition, ICI therapy can cause adverse events (AEs) and immune-related adverse events (irAEs) in some patients (8). In the absence of accurate and effective biomarkers, it is difficult for doctors to predict the efficacy of ICI therapy in UC patients and patient prognosis. Therefore, to improve the response rate of UC patients to ICI therapy as well as patient prognosis, a biomarker that can predict the efficacy of ICI therapy is urgently needed.

In previous studies, a series of corresponding biomarkers, including TMB, tumor neoantigen load (NAL), PD-L1 expression level, microsatellite instability (MSI), tumor microenvironment (TME) markers and T cell gene expression profiles (GEPs) (9, 10), have been found to predict the response of cancer to ICI therapy as well as patient prognosis. In addition, combining TMB with PD-L1 expression or other markers significantly improves the accuracy and effectiveness of the prediction results (11). From the tumor genome to the tumor immune microenvironment, each of the markers above reflects certain characteristics of the tumor, which are closely related to each other. Therefore, more exploratory work is needed to identify the factors that regulate most of the existing biomarkers.

The DNA damage response (DDR) pathway is a monitoring mechanism in the cell that is activated and plays a corresponding role when DNA damage occurs to maintain the integrity and stability of the cell genome (12). Generally, the DDR pathway contains eight sub-pathways that can be divided into two main mechanisms. The pathways initiated in response to single-stranded DNA damage include base excision repair (BER), nucleotide excision repair (NER), mismatch repair (MMR), and single-stranded DNA binding (SSB), while the pathways activated during double-stranded DNA damage include nonhomologous end joining (NHEJ), homologous recombination (HR), the Fanconi anemia (FA) pathway and double-strand break repair (DSB) (13-15). All of the sub-pathways above are connected to each other to form a network that induces the DDR pathway in response to DNA damage.

The DDR pathway plays an important role in the occurrence and evolution of UC and is closely related to the clinical prognosis of UC patients. Teo et al. found that in patients with advanced BC treated with cisplatin, gene mutations in the DDR pathway are associated with a favorable clinical prognosis (16). In recent years, with the development and application of immunotherapy for tumor treatment, the importance of the DDR pathway has been highlighted. Yuanquan Yang et al. noted that MSH4 gene mutations in the MMR pathway are closely related to a complete response in patients with metastatic BC after ICI treatment (17). Teo et al. found that other DDR pathway alterations can also predict the efficacy of ICI therapy in tumor treatment (18). These results indicate a strong link between the DDR pathway and ICI therapy response. However, few studies have focused on the activation level of the DDR pathway, and how it influences immunotherapy in UC patients still requires further exploration.

In view of the information above, we mainly analyzed how the activation level of the DDR pathway affects the efficacy of ICI therapy in UC patients from the aspects of the tumor genome, tumor immunogenicity, and the tumor immune microenvironment. According to the results of this study, a high activation level of the DDR pathway indicates a favorable prognosis and immune response in UC patients receiving ICI treatment and may serve as a biomarker for predicting immunotherapy response.



Materials and Methods


The Relationship Between the Activation Level of the DDR Pathway and the Prognosis of Immunotherapy-Treated Urothelial Carcinoma Patients

Data licensed under Creative Commons 3.0 from http://research-pub.gene.com/IMvigor210CoreBiologies/ were downloaded via the IMvigor210CoreBiologies package (7); the data included the genome, transcriptome and corresponding clinical characteristics of 348 patients with metastatic urothelial carcinoma (mUC) who received atezolizumab (an anti-PD-L1 agent) treatment. The same type of data was obtained from The Cancer Genome Atlas Bladder Cancer (TCGA-BLCA) cohort via the University of California, Santa Cruz (UCSC) Xena database (19). In this study, only samples with prognostic information were retained. Next, we collected gene sets related to the DDR pathway and 8 sub-pathways from the Molecular Signatures Database (MSigDB) (20) (Supplementary Table 1). We defined the DDR pathway as the sum of the remaining eight sub-pathways. After converting the RNA-seq count matrix to Transcripts Per Million (TPM) (21) matrix, we used the GSVA package (22) to perform single-sample gene set enrichment analysis (ssGSEA). Based on the enrichment scores (ESs) of samples in each cohort in each pathway, we performed Kaplan-Meier (KM) survival analysis and compared the number of responders. We used the ssGSEA ESs to reflect the activation level of the pathways in the samples, and the median was utilized to determine the activation level for further grouping. A cohort of patients with metastatic melanoma treated with pembrolizumab or nivolumab (PD-1 blocker) was used to verify the predictive effect of the DDR pathway activation level on ICI efficacy. The RNA-seq data and clinical data of this cohort were obtained from the (n=27) Gene Expression Omnibus (GEO) GSE78220 dataset (23).



Analysis of Genome Mutation Characteristics and Tumor Immunogenicity

To clarify the effect of the DDR pathway on UC mutation characteristics and immunogenicity, we compared the difference between the DDR ssGSEA ES-high (DSSH) group and the DDR ssGSEA ES-low (DSSL) group in terms of TMB and NAL. We also performed the above comparison in the sub-pathway-related groups. TMB was calculated according to the practice of Chalmers et al. (24), which defines the number of nonsynonymous mutations as the original mutation count and divides this value by 38 Mb to quantify TMB; this calculation was applied in the mUC cohort and TCGA BC cohort. To visualize the gene mutation rate of DDR-related genes and the clinical characteristics in each cohort, we used the ComplexHeatmap package (25). Genomic information in the TCGA-BLCA cohort was included in our comparative analysis as well (26).



Analysis of Immune Characteristics in Urothelial Carcinoma

To better understand the relationship between the DDR pathway and immune characteristics of UC, we first used the DESeq2 package to perform differential gene analysis between the DSSH and DSSL groups in the TCGA-BLCA cohort (27). Genes with adjusted p<0.05 and |log2 foldchange(FC)|>0.5, were recognized as differentially expressed genes (DEGs). We compared the two groups to analyze differences in the expression of immune-related genes and their functional classifications, as reported by Vesteinn Thorsson et al. (26). The CIBERSORT method (28) was considered to quantify the relative abundance of immune cells in the samples from each cohort and to compare these abundance between the DSSH and DSSL groups. In addition, immune-related information from the TCGA-BLCA cohort was compared between the DSSH and DSSL groups (26).



Gene Set Enrichment Analysis (GSEA)

We used the gene analysis results produced by the DESeq2 package as the input and sorted the genes according to their logFC values. We performed GSEA with the ClusterProfiler package (29). Finally, gene ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway and Reactome pathway enrichment analysis were performed, and only the terms with p values less than 0.05 were considered to be significantly enriched.



Internal Association Between the DDR Pathway and the TGFβ Signaling Pathway

We downloaded the drug sensitivity data and gene expression profile data of BC cell lines from the Genomics of Drug Sensitivity in Cancer (GDSC) database (30). The gene expression profile matrix was standardized, and the same method was used to calculate the ES of each cell line and to group the cell lines. Three inhibitors of the transforming growth factor β (TGFβ) signaling pathway were selected for drug sensitivity analysis. The gene set of the TGFβ signaling pathway from MSigDB was collected to quantify the activation level by ssGSEA.



Data Analysis

For comparisons of factors such as overall survival (OS), TMB, NAL, immune cell fraction and abundance between the DSSH and DSSL groups, we used the Mann-Whitney U test. Fisher’s exact test and Chi-square test were used to analyze the contingency table. We utilized Spearman’s correlation coefficient for the correlation analysis. The KM method and the log-rank test were applied in the survival analysis. When performing the survival analysis, the survminer package was used to calculate the cutoff of each cohort according to the relationship between the survival result and the ES of each pathways with the maximally selected rank statistics (31). The median value was selected to distinguish the level of pathway activation and compare the differences in the number of responders among different groups. The univariate Cox proportional hazard regression model was established to calculate the hazard ratio. The multivariate Cox regression model was used to determine independent prognostic factors. In this study, p<0.05 was considered significant, and all statistical tests were two-tailed. In addition, we used the ggpubr package (32) to create box plots. All statistical analyses and visualization work were performed using R software (https://www.r-project.org/; version 4.0.0).




Results


Activation of the DDR Pathway Improves the Therapeutic Effect of ICIs on Patients With mUC

The flowchart of our work is presented in Supplementary Figure 1. We first studied whether the activation level of the DDR pathway affects specific genomic and clinical features of UC patients. We used the ssGSEA method to quantitatively analyze the activation level of the DDR pathway of samples in the mUC cohort and TCGA-BLCA cohort and divided the samples into DSSH and DSSL groups according to the median value. The results showed that there was no significant difference in clinical characteristics between the DSSH and DSSL groups in either cohort. In the mUC cohort, both TMB and NAL were significantly higher in the DSSH group than in the DSSL group (TMB, p=0.043; NAL, p=0.00029). In the TCGA-BLCA cohort, TMB was also significantly higher in the DSSH group (p=0.019). In terms of the mutation frequency of DDR-related genes, the TP53 gene had a higher mutation rate in the DSSH group than in the DSSL group (mUC cohort, p=0.099; TCGA cohort, p=9.9e-06). In addition, most of the gene mutations in DDR-related pathways were missense mutations, followed by nonsense mutations, in both cohorts (Figures 1A, B). Notably, the mutations in the DSSH and DSSL groups of the TCGA-BLCA cohort were mainly C>G and C>T mutations (Figure 1C), and there were significant differences in the mutation rates between the groups (Chi-squared test, p=1.6 e-14).




Figure 1 | The relationship between the activation level of the DDR pathway and genomic and clinical features. (A) Gene mutations in the DDR pathway in the mUC cohort. The samples are sorted according to TMB, and the genes are sorted according to mutation frequency (left side). Patient age, sex, smoking level, tumor stage, DDR-related pathway activation level, OS time, TMB and number of tumor neoantigens are annotated at the top. TP53 and MSH2 gene mutation frequencies were significantly different between the two groups. The bar plot in the bottom left corner shows the proportion of different alterations in the DDR pathway. (B) The top 32 genes with the highest frequency of mutations in DDR-related pathways in the TCGA-BLCA cohort. Smoking history, sex, tumor subtype, race, DDR-related pathway activation level, OS time, TMB and age are annotated at the top. The PMS2 gene mutation frequency was significantly different between the two groups. The bar plot in the bottom left corner shows the proportion of different alterations in the DDR pathway. (C) The Lego diagram shows the difference in mutation patterns between the DSSH (left) and DSSL groups (right). The pie chart in the upper right corner shows the proportion of samples with the six mutation patterns. The data were analyzed by the chi-square test, and a difference in mutation patterns was found between the DSSH and DSSL groups (p=1.6e-14). *p < 0.05; ***p < 0.001.



To evaluate whether the activation level of the DDR pathway can predict the prognosis of mUC patients and the efficacy of ICI treatment, we first grouped the mUC cohorts according to the ES of the DDR-related pathways and performed KM survival analysis. mUC patients with a high level of the DDR pathway activation showed a significantly longer OS time than those with a low activation level (Hazard ratio=0.67, [95% CI, 0.46-0.95], p=0.026) (Figure 2A). We used the same method for survival analysis and found that the activation level of DDR pathway significantly affected the prognosis of ICI-treated metastatic melanoma patients (Hazard ratio=0.3, [95% CI, 0.092-1] (Figure 2B) but not in the TCGA-BLCA cohort (Figure 2C). Similar results were obtained in the study of other DDR-related pathways in three cohorts (Supplementary Figures 2 and 4A). Multivariate Cox regression indicated the activation level of the DDR pathway (p=0.024) along with the immune phenotype (p=0.006) as independent prognostic factors (Supplementary Figure 3B).




Figure 2 | Activation of the DDR pathway indicates a better prognosis and treatment response in mUC patients treated with ICIs. (A) KM survival analysis of the relationship between the activation status of the DDR pathway and OS time of mUC patients treated with ICIs. (B) KM survival analysis of the relationship between the activation status of the DDR pathway and OS time of metastatic melanoma patients treated with ICIs. (C) KM survival analysis of the relationship between the activation status of the DDR pathway and OS time of TCGA-BLCA cohort. (D) The number of responders and the distribution of clinicopathological parameters in DSSH and DSSL groups. The DSSH group positively correlated with more responders, better response and higher PD-L1 expression (IC/TC), but negatively correlated with immune excluded phenotype. The distribution of tobacco use history was uniform between the two groups.



According to the response to treatment, mUC patients were divided into responder (complete or partial response, CR or PR) and non-responder (stable or progressive disease, SD or PD) groups. In the analysis of clinicopathological characteristics, there were more ICI responders, and better best overall response (BOR) in the DSSH group. Higher PD-L1 expression in tumor cells (TC) or immune cells (IC), and more inflamed phenotypes were also allocated in the DSSH group. These characteristics indicate that patients in DSSH group may show better anti-tumor immune response (Figure 2D). Besides, the activation of other DDR-related pathways can also improve patient response to ICI (Supplementary Figure 3). In the metastatic melanoma cohort, the number of responders to ICI was not affected by the DDR pathway (Supplementary Figure 4B).



Activation of the DDR Pathway Enhances Tumor Immunogenicity and Promotes Antitumor Immunity

In order to determine the effect of the DDR pathway and related pathways on tumor immunogenicity, we compared the differences in the NAL of patients with different activation levels of the DDR pathway and related pathways in the mUC cohort. It is worth noting that patients with DDR pathway activation in the mUC cohort showed significantly higher NAL levels than those without DDR activation (p=0.00027) (Figure 3A), and similar results were found in the TCGA-BLCA cohort (p=0.0025) (Figure 3B). We found no significant difference between the DSSH and DSSL groups in TCR repertoire analysis, but in cancer testis antigen(CTA) overall expression(p=0.031) (Supplementary Figure 5). In the process of studying the correlation between the DDR pathway and various tumor genome features in the TCGA-BLCA cohort, we observed that the number of segments, the fraction altered, the aneuploidy score, and the HR defect score were significantly positively correlated with the activation level of DDR-related pathways (Figure 3C).




Figure 3 | The relationship between the DDR pathway and tumor immunogenicity. (A) Comparison of the tumor neoantigens between groups with different levels of DDR-related pathway activation in the mUC cohort. A higher activation level of DDR-related pathways was accompanied by a significant increase in tumor neoantigens. (B) Comparison of tumor neoantigens between groups with different activation levels in DDR-related pathways in the TCGA-BLCA cohort. There were significant differences in the NAL according to the activation level of the DDR-related pathways except for NHEJ. (C) Correlation matrix of DDR-related pathways and indel neoantigens, SNV neoantigens, silent mutation rate, nonsilent mutation rate, intratumor heterogeneity, number of segments, fraction altered, aneuploidy score and HR defect score. Blue indicates a positive correlation, while red indicates a negative correlation. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



The TME plays an important regulatory role in the evolution of BC. We hypothesized that the DDR pathway might promote ICI treatment by affecting the TME. First, analysis of the TME indicated that the DSSH group had a significantly higher tumor-infiltrating lymphocyte (TIL) fraction (p=0.024) and a lower stromal fraction (p=0.0071) than the DSSL group (Figure 4A). According to the CIBERSORT algorithm, we calculated the relative enrichment of 22 immune cell types in each patient. In the DSSH group of the mUC cohort, the proportion of activated memory CD4 T cells (p=0.0021), activated natural killer (NK) cells (p=0.017), and M1 macrophages (p=0.044) was significantly higher than that in the DSSL group, while the proportion of monocytes (p=0.011) was significantly lower (Figure 4B). In the DSSH group of the TCGA-BLCA cohort, the proportion of activated memory CD4 T cells (p=0.032), resting NK cells (p=0.0032), and activated mast cells (p=2.3e-5) was significantly higher than that in the DSSL group, while the proportion of Treg cells (p=7.8e-6) and monocytes (p=3.6e-3) was significantly lower (Figure 4C). In addition, genes with immune-activation functions, such as TNF, IL1, and CXCL10 (logFC>0.5, adjusted p<0.05), were significantly upregulated in the DSSH group, while genes with immunosuppressive functions, such as IL4, IL13, and IL10, were significantly downregulated in the DSSH group (logFC< -0.5, adjusted p<0.05) (Figure 4D). In terms of the TCGA subtypes, the DSSH group had more BLCA2-type and fewer BLCA3-type (‘basal/squamous-like’) patients than the DSSL group (Fisher’s exact test: p=9.7e-5) (Figure 4E). In terms of the immune subtypes, there were more type C2 (IFN-g dominant) patients in the DSSH group than in the DSSL group, while the C3 (inflammatory) patients were mostly found in the DSSL group (Fisher’s exact test: p=2.1e-6) (Figure 4E). The results above suggested that a high level of DDR pathway activation may improve tumor immunogenicity and enhance antitumor activity in mUC.




Figure 4 | Activation of the DDR pathway affects the immune microenvironment of mUC. (A) The results of hematoxylin and eosin (H&E)-stained slices from the TCGA-BLCA cohort. The box plot shows the difference in stromal fraction and TIL fraction between the DSSH and DSSL groups. (B) The box plot shows the difference in 22 immune cells between the DSSH and DSSL groups according to the CIBERSORT analysis results of the mUC cohort. (C) The box plot shows the difference in 22 immune cell types between the DSSH and DSSL groups according to the CIBERSORT analysis results of the TCGA-BLCA cohort. (D) The difference in the average expression of immune-related genes between the DSSH and DSSL groups in the TCGA-BLCA cohort is shown in the heat maps. From left to right are the gene name, gene type and function, and the direction of change in gene expression. Genes of the same category or function are represented by the same color. Red in the right rectangle indicates upregulation, blue indicates downregulation, and gray indicates that the result is not significant (p>0.05). The logFC value is marked on the right rectangle. (E) The proportion of samples of different TCGA subtypes and immune subtypes in the DSSH group and DSSL groups in the TCGA-BLCA cohort. Fisher’s exact test was used for data analysis. There was a significant difference between the DSSH and DSSL groups in terms of subtype composition (TCGA subtype, p=9.7e-5; Immune subtype, p=2.1e-6) TCGA molecular subtype is based on the RNA-seq data of 129cases of urothelial bladder carcinoma and has different transcriptome and genomic characteristics (33). Six immune subtypes refer to C1 (wound healing), C2 (IFN-g dominant), C3 (inflammatory), C4 (lymphocyte depleted), C5 (immunologically quiet), C6 (TGF-b dominant) (26). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.





Activation of the DDR Pathway in mUC Is Negatively Associated With the TGFβ Pathway

We further explored the possible mechanism by which mUC patients with high activation of DDR pathways benefit from ICI therapy. Figure 5A shows the differential expression profiles of core genes in DDR-related pathways, TGFβ-related signaling pathways and cell proliferation pathways. The transforming growth factor superfamily contains multiple members, including TGFβ and bone morphogenetic proteins (BMPs). The results of GSEA showed that TGFβ-related signaling pathways was significantly down-regulated in the DSSH group (Figure 5B), while cell proliferation-related pathways were significantly up-regulated (Figure 5C).




Figure 5 | The activation of DDR pathway is accompanied by the down-regulation of the TGFβ pathway in mUC cohort. (A) The heat map shows the changes in the average expression of the top 5 core genes in the partially significantly enriched pathways in the DSSH group of both cohorts. Red indicates upregulation, while blue indicates downregulation. The expression levels of core genes in DDR-related pathways, cell cycle and DNA synthesis-related pathways were upregulated in the DSSH group, while the expression levels of core genes in the TGFβ signaling pathway and lipid metabolism-related pathways were downregulated in the DSSH group (adjusted p value < 0.05). (B) Cell cycle G1/S transition- and DNA synthesis-related pathways were significantly enriched in the DSSH group. (C) The BMP signaling pathway, SMAD protein phosphorylation, and the TGFβ receptor signaling pathway were significantly enriched in the DSSH group. (D) The relationship between DDR-related pathways and the TGFβ response pathway in the TCGA-BLCA cohort. The relevant data of the TCGA-BLCA cohort were derived from a study by Vesteinn Thorsson et al. (26). (E) The relationship between the degree of activation of DDR related pathway and the degree of activation of TGFB pathway and the expression of its core genes. The size and color of the circle reflect the degree of correlation between the two. Red indicates a positive correlation, while blue indicates a negative correlation. The number represents the Spearman correlation coefficient. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.



Remarkably, in the TCGA-BLCA cohort, patients with suppression of DDR pathways exhibited a significant increase in the level of the TGF-β response (p=1.8e-8) (Figure 5D). At the same time, in the mUC cohort, there was a significant negative correlation between the activation of DDR pathway, activation of the TGFβ signaling pathway and the expression of related core genes (Figure 5E). However, the half-maximal inhibitory concentration (IC50) values of the three TGFβ signaling pathway inhibitors in BC cell lines did not differ significantly due to the activation of DDR pathway (Supplementary Figure 6).




Discussion

Although the discovery of ICIs has changed the treatment of mUC patients, only a small number of patients completely or partially respond to ICIs and benefit from them. Moreover, immunotherapy use is accompanied by a risk of irAEs. Therefore, to achieve better antitumor immune responses from ICI treatment and obtain better prognostic results, predictive markers are urgently required. In this study, through survival analysis, we found that in the mUC cohort treated with ICIs, a high activation level of the DDR pathway can improve the outcome of ICI treatment and the prognosis of mUC patients. This result indicated that the activation level of the DDR pathway can function as a biomarker for ICI treatment in mUC patients to some extent. In the TCGA-BLCA samples, the information was insufficient to classify patients according to treatment. It may be that the activation of the DDR pathway can predict the prognosis of mUC samples treated with atezolizumab but has no predictive effect on the prognosis of primary tumor samples in the TCGA-BLCA cohort receiving conventional chemotherapy and radiotherapy. Notably, the DSSH group had more TP53 mutations than the DSSL group; Andrea Necchi et al. noted that TP53 mutations are associated with higher levels of leukocyte infiltration at the pancancer level (26), suggesting that the immune response might be stronger in the DSSH group. Follow-up studies indicated that the DDR pathway may affect the efficacy of ICIs by affecting tumor immunogenicity and the tumor immune microenvironment.

mUC with activation of the DDR pathway was characterized by higher immunogenicity. This feature was mainly manifested as a significant increase in TMB and NAL in mUC. In addition, a positive correlation between the activation level of the DDR pathway and the number of segments, the fraction altered, the aneuploidy score, and the HR defect score indicated the instability of the tumor genome. The GSEA results also showed that cell cycle-related pathways and DNA synthesis pathways, especially those that occur during DNA repair, were significantly enriched in the DSSH group. Therefore, a higher activation level of the DDR pathway was highly associated with a higher mutation burden. Further studies showed that activation of the DDR pathway induces an antitumor immune microenvironment. In the DSSH group, which has a higher TIL fraction, some immune-activating genes were upregulated, while some immunosuppressive genes were downregulated. Moreover, a high activation level of the DDR pathway was accompanied by a significant increase in the abundance of activated CD4 cells and a significant decrease in the abundance of Treg cells. Based on previous studies, CD4+ T cells are related to the production of effective antitumor immune responses, while Treg cells inhibit the antitumor immune microenvironment by secreting cytokines IL10 and TGFβ in the tumor microenvironment (34). Therefore, the abundance of activated CD4 T cells may increase in DSSH tumors to facilitate the secretion of more immune-activating factors and reduce the abundance of Treg cells to suppress the release of immunosuppressive factors, thereby promoting the antitumor activities and improving the efficacy of ICI treatment.

Additionally, our study demonstrated that the DSSH group had a significantly reduced response to TGFβ compared with that in the DSSL group and also had downregulated expression of TGFB1. Through GSEA of the two cohorts, we found that the activation level of the TGFβ receptor signaling pathway and other related pathways was significantly downregulated in the DSSH group. The TGFβ signaling pathway plays a regulatory role in many biological processes, including cell growth, cell differentiation, apoptosis, metastasis, and cancer evolution (35). Although the activation of TGFβ and its signaling pathways plays an antitumor role in the early stages of cancer, these pathways promote EMT and angiogenesis and mediate immunosuppression to promote tumor progression and metastasis. Moreover, many malignant tumors produce excessive amounts of TGFβ (36), thus promoting malignancy. It is worth noting that there is a significant negative correlation between the activation of DDR pathway and the activation of the TGFβ signaling pathway and the expression of core genes such as TGFB3, ACVR1 and TGFBR2 in mUC. In terms of drug sensitivity, we did not find that the sensitivity of BC cell lines to three different TGFβ pathway inhibitors changed significantly due to the activation of DDR pathway. This finding may be due to the lack of tumor immune microenvironment of tumor tissue in BC cell line. Constance J. Martin’s paper notes that the selective inhibition of TGFB1 can change the tumor immune landscape and improve tumor tissue resistance to ICI therapy (37). Sanjeev Mariathasan found that fibroblasts in mUC attenuated tumor response to PD-L1 blockers through the TGFβ response (7). Based on the above pathway analysis and correlation analysis, we speculate that the activation of DDR pathway may inhibit the expression of the TGFβ signaling pathway through the tumor immune microenvironment. However, further functional verification is needed.

Collectively, our study demonstrates the specific value of DDR pathway in predicting the efficacy of ICI in patients with mUC from the perspective of transcriptome. Compared with previous studies, which predict the efficacy of ICI from mutations in the DDR pathway (38), our study provides a new perspective. In clinical practice, although DDR pathway mutations are relatively easy to detect, most patients can only accept targeted gene sequencing of hundreds of genes using ctDNA. Additionally, our previous study found that targeted gene sequencing is not as accurate as whole genome sequencing (WES) (39). Considering that the impact of different mutation types or mutation site classification of DDR mutations on prediction is not very clear, predicting the therapeutic effect of ICI from the overall activation level of DDR pathway has unique advantages.

Although we successfully noted that the activation level of the DDR pathway may be an effective predictor of ICI treatment response in mUC patients, our research still has some limitations. First, we have not validated our findings in mUC patients who have received immunotherapy. Second, the results of functional enrichment analysis need further in vivo and in vitro validation. Because cohorts of mUC patients that have received immunotherapy and have available follow-up data, gene expression data, and genome data are rather rare, it was difficult for us to verify our findings in mUC patients who have received ICI treatment in our hospital. Therefore, we used the metastatic melanoma cohort to observe whether DDR ES can predict the outcome of ICI treatment in other cancers. We hope to perform corresponding cell experiments or animal experiments in the future to determine the influence of the activation level of the DDR pathway on the immune microenvironment of mUC and to clarify the detailed mechanism underlying the efficacy of ICI treatment. Finally, this study did not find a uniform cutoff value, but used the median of the ES of the DDR pathway and DDR related pathways to group patients; we hope to find a more consistent cutoff in future research.



Conclusions

Our study provided evidence that the activation level of the DDR pathway is associated with longer OS times and with known immunotherapy response markers, including the TMB, NAL, immune-related genes, and the abundance of specific immune cells. In addition, the TGFβ pathway is in a state of low expression when DDR pathway is activated. All of these factors contribute to a better response to ICIs in mUC. Therefore, the state of the DDR pathway could be a predictive biomarker for ICIs. A series of prospective clinical studies and molecular mechanistic explorations are needed to support our findings.
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