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Background

To date, immunotherapy has improved the 5-year survival rate of patients with advanced non-small cell lung cancer (NSCLC) from 4% to 15%. However, only 30%-50% of the NSCLC patients respond to immune checkpoint inhibitors (ICIs) immunotherapy. Therefore, screening patients for potential benefit with precise biomarkers may be of great value.



Methods

First, an immunotherapy NSCLC cohort was analyzed to identify the gene mutations associated with the prognosis of ICI treatment. Further analyses were conducted using NSCLC cohort in The Cancer Genome Atlas (TCGA) project to validate the correlations between the specific gene mutations and tumor immunogenicity, antitumor immunity, and alterations in the tumor-related pathways using Cell-type Identification By Estimating Relative Subsets Of RNA Transcripts (CIBERSORT) and Gene set enrichment analysis (GSEA).



Results

In the immunotherapy NSCLC cohort (n = 266), significantly longer overall survival (OS) rates were observed in the PAK7-mutant type (PAK7-MT) group (n = 13) than the PAK7-wild type (PAK7-WT) group (n = 253) (P = 0.049, HR = 0.43, 95%CI = 0.23-0.79). In the TCGA cohort, PAK7 mutations were correlated with the higher tumor mutation burden (TMB) (14.18 vs. 7.13, P <0.001), increased neoantigen load (NAL) (7.52 vs. 4.30, P <0.001), lower copy number variation (CNV), and higher mutation rate in the DNA damage response (DDR)-related pathways. In addition, PAK7 mutations were also positively correlated with immune-related genes expressions and infiltrating CD8+ T cells (0.079 vs. 0.054, P = 0.005). GSEA results showed that several tumor-related pathways varied in the PAK7-MT group, suggesting the potential mechanisms that regulate the tumor immune-microenvironment.



Conclusions

This study suggested that the PAK7 mutations might be a potential biomarker to predict the efficacy of immunotherapy for NSCLC patients. Considering the heterogeneity among the patients and other confounding factors, a prospective clinical trial is proposed to further validate the impact of PAK7 mutation on the immunotherapy outcomes in NSCLC.
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Introduction

Lung cancer has the highest incidence and mortality rates among malignant tumors worldwide, in which non-small cell lung cancer (NSCLC) accounts for 80-85% of lung cancers (1). In recent years, immunotherapy, targeting the immune checkpoints, which include programmed cell death receptor 1 (PD-1), programmed cell death receptor-ligand 1 (PD-L1), and cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), has a great effect on the treatment of NSCLC (2) and has improved the 5-year survival rate of advanced NSCLC from 4% to 15% (3, 4). immune checkpoint inhibitors (ICIs) exhibit durable antitumor effects by activating T cells. However, their response rate in the advanced NSCLC is approximately 30-50% (5–7), which means that quite many patients cannot benefit from this immunotherapy. Therefore, it is crucial to identify novel biomarkers to screen the dominant populations for ICI efficacy.

Fortunately, some biomarkers have successfully predicted the efficacy of ICI treatment to various degrees (8), such as PD-L1 expression, tumor mutation burden (TMB), neoantigen load (NAL), mismatch repair (MMR) status, microsatellite instability (MSI) status, specific gene mutations, and tumor-infiltrating lymphocytes (TILs). Nonetheless, these potential biomarkers still have some limitations. For example, the application of PD-L1 expression is affected by subjectivity in the PD-L1 assays (9), spatial heterogeneity, and temporal variations (10). Furthermore, although the data demonstrating a clinical benefit with better objective response rate (ORR) and progression-free survival (PFS), the association between TMB and overall survival (OS) is not reliable enough (11).. Therefore, the precise predictive biomarkers for ICI treatment are still needed to be explored.

Studies have demonstrated the correlations between specific gene mutations and the efficacy of ICI treatment. Clinical trials have shown the poor efficacy of ICIs for the treatment of NSCLC patients with EGFR mutations (12, 13). Patients with co-mutation of TP53 and KRAS altered a group of genes involved in cell-cycle regulation, DNA replication and damage repair, showing remarkable clinical benefit of PD-1 inhibitors (14). Mutations in the STK11 gene in NSCLC patients are associated with an inert tumor immune microenvironment with reduced density of infiltrating CD8+ T cells, thus showing a poor response to ICI therapy (15). These findings suggested that the mutations in tumor-related genes might help in patients’ stratification.

This study aimed to identify the specific gene mutations related to the efficacy of ICI treatment for NSCLC using an NSCLC immunotherapy cohort (16) and The Cancer Genome Atlas (TCGA) NSCLC cohort. The result showed that the PAK7 mutations were associated with the improved OS of immunotherapy, enhanced tumor immunogenicity, activated antitumor immunity, and alterations in tumor-related pathways, suggesting that PAK7 mutations might be used as an independent predictive biomarker for the NSCLC patients receiving ICI treatment.



Materials and Methods


Clinical Cohorts and Survival Analysis

In order to investigate the correlation between mutations in the PAK7 gene and ICI efficacy in the NSCLC patients, the Memorial Sloan-Kettering Cancer Center-immunotherapy (MSKCC-IO) cohort, which was a discovery NSCLC immunotherapy cohort (n = 266) was taken from a study by Samstein et al. (16). Then, the immunotherapy cohort was divided into PAK7-MT and PAK7-WT groups according to the nonsynonymous somatic mutation status in the PAK7 gene and analyzed using Kaplan-Meier survival curves for OS analysis. Furthermore, TCGAbiolinks (17), a R/Bioconductor package, was used to download the somatic mutation and clinical data of the TCGA NSCLC cohort from the Genomic Data Commons (GDC) portal (https://portal.gdc.cancer.gov/). Next, the OS (n = 823) and DFS (disease-free survival) (n = 490) rates of the patients in the PAK7-mutant type (PAK7-MT) group in the TCGA cohort were compared with the PAK7-wild type (PAK7-WT) group using Kaplan-Meier survival curve analyses. Finally, the correlations between OS and several common driver genes in the MSKCC-IO cohort were determined.



Genome Characteristics and Tumor Immunogenicity Analyses

The samples in the MSKCC-IO cohort were analyzed using targeted next-generation sequencing (NGS) and evaluated using the Memorial Sloan Kettering Cancer Center-Integrated Mutation Profiling of Actionable Cancer Targets (MSK-IMPACT) test. The NAL data of the TCGA cohort were obtained from the previous study (18). TMB in the TCGA cohort was calculated by dividing the nonsynonymous mutations with 38 Mb as previously reported (19). ComplexHeatmap in the R package was used to visualize the mutational landscape and clinical characteristics of the patients in both cohorts (20). Maftools in the R package was used to visualize the PAK7 mutation sites and co-mutations in the PAK7 gene and common driver genes (21).



Copy Number Variation Analysis

The copy number variation (CNV) data in the TCGA NSCLC cohort were downloaded from the GDC portal using TCGAbiolinks in the R package and using Genome Reference Consortium Human Build 38 (GRCh38) as the reference genome. The data were analyzed with GISTIC2.0 using GenePattern (https://cloud.genepattern.org/gp/pages/index.jsf) platform (22) with default parameter (confidence level was 0.9). The obtained results were visualized using the R package Maftools (21).



Immune-Related Gene and CIBERSORT Analysis

By Estimating Relative Subsets Of RNA Transcripts (CIBERSORT) (23) (http://cibersort.stanford.edu/) was used to analyze the gene expression data (Illumina HiSeq, RNA-Seq) for comparing the infiltration of 22 immune cells using LM22 signature matrix and 1,000 permutations. The analysis was conducted in the TCGA cohort (n = 887) as well as in an OncoSG cohort (24) (n = 169), which was used as a validation cohort. Besides, the differences in the expression levels of immune-related genes, which were quantified using the log2 (FPKM +1) values obtained from a previous study (18), were also studied along with their functional classification.



Analyses of the Pathway Enrichment and Mutation Rates in DNA Damage Response Pathways

EdgeR in the R package (25) was used to standardize the raw data of gene expression in the TCGA cohort (n = 887) and conduct differential analysis. Then, clusterProfiler in the R package (26) was used for the gene set enrichment analysis. Four gene sets were obtained using Gene set enrichment analysis (GSEA) from the Molecular Signatures Database (MSigDB) of the Broad Institute (27), which included Reactome, Gene Ontology (GO) terms, Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways, and hallmark gene sets. Pathways with P-values <0.05 were considered significantly different. Gene sets involved in the DNA damage response (DDR)–related pathways were obtained from a study by Wang et al. (28). If the nonsynonymous mutations occurred in the genes involved in the DDR-related pathways, the pathway was viewed as mutated in this analysis. Then, the mutation rates in DDR pathways in the PAK7-MT and PAK7-WT groups in the TCGA cohort (n=887) were compared.



Statistical Analyses

Multivariate Cox regression analysis was performed to identify the prognostic potential of PAK7 mutations and other common driver gene mutations in the immunotherapy cohort. The correlations of PAK7 status with TMB, NAL, infiltration level of immune cells, and expression of immune-related genes were evaluated using the Mann-Whitney U test. Fisher’s exact test was performed to assess differences in the mutation status of the top 20 mutated genes and clinical characteristics of patients in both the cohorts between PAK7-MT and PAK7-WT groups. Besides, Fisher’s exact test was also used to analyze the co-mutation status of the PAK7 gene, common driver genes, and mutation rates in DDR pathways. Survival curves were generated using the Kaplan-Meier method with the log-rank test. A P-value of <0.05 was considered significantly different and all the statistical tests were two-sided. R software (version 4.0.3) was used for all the statistical tests and data visualization. The R package ggpurb was used to draw boxplots (29).




Results


PAK7 Mutations Are Associated With a Favorable Prognosis in the NSCLC Patients Receiving ICIs

In early work, we screened all mutations significantly associated with prognosis in immunotherapy cohort (Supplementary Table 2), among which PAK7 mutations were found to mediate enhanced antitumor immunity. The data of an immunotherapy cohort from MSKCC (16) were used as a discovery cohort (NSCLC, n = 266, PAK7-MT vs PAK-WT =13:253) in which the patients received inhibitors of PD-1 or PD-L1. The data of TCGA cohort (NSCLC, n = 887, PAK7-MT vs PAK-WT =57:830) were also downloaded. Survival analyses were conducted for the MSKCC-IO and TCGA cohorts based on the available clinical and mutation data to investigate the correlations between PAK7 mutation and clinical outcomes of NSCLC patients. As indicated by Kaplan-Meier analysis, the patients with PAK7 mutation had significantly better OS in the MSKCC-IO cohort (n = 266, P = 0.049, HR = 0.43, 95%CI = 0.23-0.79) (Figure 1A). However, no significant differences were observed in the OS (n = 823, P = 0.209, HR = 0.69, 95%CI = 0.42-1.14) (Figure 1B) or DFS (n = 490, P = 0.516, HR = 1.24, 95%CI = 0.61-2.51) (Figure 1C) of PAK7-MT and PAK7-WT groups in the TCGA cohort. In addition, multivariate Cox regression analysis was conducted to estimate if the PAK7 mutation was an independent predictive biomarker. Among the clinical features and other common tyrosine kinase inhibitor (TKI)-sensitive gene mutations (BRAF, EGFR, KRAS, PIK3CA, ALK, and STK11), only PAK7 mutation correlated with a favorable OS outcome (HR = 0.39, 95%CI = 0.16-0.97, P = 0.042) in the MSKCC-IO cohort (Figure 1D). Survival analysis for these TKI-sensitive gene mutations (BRAF, EGFR, KRAS, PIK3CA, ALK, and STK11) also showed no significant difference between their mutation and wild-type groups (Supplementary Figures 1A–F). In conclusion, the PAK7 mutations have a considerable potential to predict favorable prognosis independently in the NSCLC immunotherapy.




Figure 1 | Correlation between PAK7-MT and prognosis of NSCLC patients receiving ICIs. (A) Kaplan-Meier analysis of OS for the patients with PAK7-MT or PAK7-WT in the immunotherapy cohort. (B, C) Kaplan-Meier analysis of OS and DFS for the patients with PAK7-MT or PAK7-WT in TCGA cohort. (D) Forest plot, displaying the results of multivariate Cox proportional-hazard regression analysis of PAK7 mutation and other common TKI-sensitive gene mutations in the MSKCC-IO cohort. (A–D) *P < 0.05.





Genomic Distinctions Between the PAK7-MT and PAK7-WT Groups

The genomic distinctions between the PAK7-MT and PAK7-WT groups were investigated. Figures 2A, B show the top 20 most frequently mutated genes and clinical characteristics of the patients in the MSKCC-IO and TCGA cohorts. No significant differences were found in the clinical characteristics of patients in both the cohorts, while some of the gene mutation statuses varied between the two groups. In the MSKCC-IO cohort, SMARCA4 and ZFHX3 genes mutated more frequently in the PAK7-MT group and the mutation rates of 18 of the top 20 most frequently mutated genes (TP53, TTN, CSMD3, MUC16, RYR2, LRP1B, USH2A, ZFHX4, SPTA1, XIRP2, FLG, NAV3, PCDH15, FAM135B, RYR3, PAPPA2, CDH10, and PCLO) were significantly higher in the patients with PAK7 mutation in the TCGA cohort. Among these differential genes, the TP53, ZFHX3, MUC16, TTN, RYR2, and LRP18 gene mutations were reported to be correlated with the enhanced antitumor immunity and favorable prognosis in the immunotherapy of various types of cancers (30–34), which supported the prognostic potential of PAK7 mutation in the ICI-treated patients. Moreover, the lollipop plots were used to annotate every single PAK7 mutation in the MSKCC-IO and TCGA cohorts (Supplementary Figure 2A). The data from both cohorts showed that the distribution of PAK7 mutation sites was more even and only p.Glu613Ter mutated twice in the TCGA cohort.




Figure 2 | Landscape of somatic mutations and characteristics of PAK7 mutations in the MSKCC-IO and TCGA cohorts. (A, B) Top 20 most frequently mutated genes in the MSKCC-IO and TCGA cohorts. The alteration type, PAK7 status, and clinical characteristics are annotated. The genes and clinical characteristics with significant differences are highlighted in bold (significance was calculated using Fisher’s exact test). (C) Copy number variation in the TCGA cohort. Red and blue colors represent an increase in copy number fragments and a loss of copy number fragments, respectively. The top10 mutation sites have been marked. (A–C) *P < 0.05; **P < 0.01; ***P < 0.001.



Furthermore, the CNV data in the TCGA cohort was also analyzed after grouping according to the mutation status of PAK7. As shown in Figure 2C, in the PAK7-MT group, the amplified regions were mainly located on chromosomes 1, 8, and 14 and the deleted regions were mostly located on chromosomes 4, 8 to 11, and 15. However, the PAK7-WT group showed significant variations on chromosomes 3, 8, and 11 and deletions on chromosomes 8 and 9. The bubble plots demonstrate the gene number, sample size, and significance level of the variations in different regions (Supplementary Figure 2B). The distribution and G-score of amplified and deleted regions in the PAK7-MT group were significantly lower than those in the PAK7-WT group, which was consistent with the previous studies (35, 36).

It has been a consensus that the NSCLC patients with driver mutation benefit less from the ICI treatment (37) due to low TMB and suppressive antitumor immune microenvironment (38, 39). Therefore, the co-existence of PAK7 mutation with common driver mutations was investigated. As shown in Supplementary Figures 3A, B, no driver gene mutation was co-existed with PAK7 mutation except the DDR2 mutation in the MSKCC-IO cohort and FGFR1 mutation in the TCGA cohort.



PAK7 Mutations Are Correlated With Enhanced Tumor Immunogenicity and Alterations in DDR Pathways

TMB and NAL represent tumor immunogenicity to some degree and are reported to be related to the clinical efficacy of immunotherapy. Therefore, differences in the TMB and NAL between the PAK7-MT and PAK7-WT groups were investigated. As expected, the PAK7-MT group had a significantly higher TMB than that of the PAK7-WT group in both the MSKCC-IO (15.74 vs. 6.98, P <0.001) and TCGA (14.18 vs. 7.13, P <0.001) cohorts (Figures 3A, B). The NAL of the PAK7-MT group was also significantly higher than that of the PAK7-WT group in the TCGA cohort (7.52 vs. 4.30, P <0.001) (Figure 3C), indicating the enhanced tumor immunogenicity.




Figure 3 | PAK7-MT group correlated with TMB, NAL, and alterations in DDR pathways. (A–C) Comparison of TMB (number of mutations per Mb) and NAL (number of neoantigen per Mb) between the PAK7-MT and PAK7-WT group tumors in the MSKCC-IO and TCGA cohorts (Mann–Whitney U test). (D) Comparison of mutation rate in the DDR-related pathways between the PAK7-MT and PAK7-WT groups in the TCGA cohort. Co-mutation means the patients with mutations in HRR and MMR (HRR-MMR) or HRR and BER (HRR-BER) (Fisher’s exact test). (A–D) *P < 0.05; ***P < 0.001; ns, no significance.



Recent studies have indicated that the mutations in DDR pathways, which are quite frequent in NSCLC, are associated with genomic instability and might lead to improved clinical outcomes in the NSCLC patients treated with ICIs (28, 40, 41). Therefore, a total of 8 DDR pathways (Supplementary Table 1) were investigated to compare the differences between PAK7-MT and PAK7-WT groups. In the TCGA cohort, the mutation rates of 7 DDR pathways were higher in the PAK7-MT group, which included base excision repair (BER), checkpoint factor (CPF), Fanconi anemia (FA), homologous recombination repair (HRR), mismatch repair (MMR), nucleotide excision repair (NER), and nonhomologous end-joining (NHEJ) (Figure 3D). According to Wang et al. (28), the co-mutations of HRR and MMR (HRR-MMR) or HRR and BER (HRR-BER) are associated with the higher TMB, NAL, and immune-regulatory gene expression and predict the favorable outcomes for ICI treatment. Not surprisingly, the occurrence of these two co-mutations was also significantly higher in the PAK7-MT group than that in the PAK7-WT group.

Collectively, these data suggested that the higher TMB, NAL, and mutation rate in DDR pathways in the patients with PAK7 mutation might be related to their better response to ICI immunotherapy.



PAK7 Mutations Activate the Antitumor Immunity

The efficacy of immunotherapy depends not only on the immunogenicity of the tumor itself but also on the immune status of the tumor. In order to explore the alterations in antitumor immunity, the relative expressions of 74 immune-related genes in the TCGA cohort in PAK7-MT and PAK7-WT groups were analyzed. The result showed that the expression levels of HLA-DRB5, CD276, CD70, IL1A, TNF, ARG1, HMGB1, EDNRB, and KIR2DL1 genes were significantly lower in the PAK7-MT group, while those of CXCL9, VEGFB, and KIR2DL3 were significantly higher (Figure 4A). Among them, the CD276 gene, also known as B7-H3, is a member of the B7 ligand family and is overexpressed in various types of cancers (42). According to a recent study, CD276 could mediate the immune escape in carcinoma stem cells (43), making it an attractive target for antibody-based immunotherapy. ARG1 (arginase 1) is a biomarker of M2 macrophages and has immunosuppressive and tumorigenic functions (44). The mRNA level of ARG1 has been demonstrated as an adverse prognostic factor for the OS of head and neck squamous cell carcinoma (HNSCC) patients (45). Furthermore, the relative expressions of another set of 16 immune-related genes (chemokines/cytolytic activity/immune checkpoints) in the TCGA cohort were investigated, and found that the expression level of CXCL9 increased significantly in the PAK7-MT group (Figure 4B) as compared to the PAK7-WT group. There was evidence that the CXCL9 axis regulated the migration, differentiation, and activation of immune cells, leading to tumor suppression, thereby playing essential roles in the ICI treatment (46–48). Collectively, these differential gene mutations suggested an enhanced antitumor immunity in patients with PAK7 mutations.




Figure 4 | PAK7 mutations are associated with activated antitumor immunity. (A) Mean differences in the mRNA expression levels of immune-related genes between the PAK7-MT and PAK7-WT groups in the TCGA cohort. From left to right, each row indicates a gene name and function, immune signature, and log2 transformed fold change (FC, fold change in the mean immune signature enrichment level or ratio). (B) Comparison of the expression levels of immune-related genes, such as chemokines, cytolytic activity-associated genes, and immune checkpoints, between the PAK7-MT and PAK7-WT groups in the TCGA cohort (Mann–Whitney U test). (C) Infiltration frequencies of 22 types of immune cells in the PAK7-MT and PAK7-WT groups of the TCGA cohort. Signature score stands for the proportion of immune cells. (D) Comparison of the expression levels of PAK7 between the PAK7-MT and PAK7-WT groups (Mann–Whitney U test). (A–D), **P < 0.01; ****P < 0.001; ns, no significance.



Studies show that the infiltrating immune cells, especially CD8+ T cells, have an important effect on the prognosis of patients, receiving ICI treatment (49, 50). In order to further investigate the immune environment of tumors with PAK7 mutations, the CIBERSORT LM22 signature matrix was used to estimate the infiltration of 22 types of immune cells in the TCGA cohort. As shown in Figure 4C, the CD8+ T cells were significantly more abundant in the PAK7-MT group than those in the PAK7- WT group (0.079 vs. 0.054, P = 0.005), indicating an activated antitumor immune microenvironment. OncoSG cohort (24), consisting of east Asian lung adenocarcinomas patients (n = 169) was used to revalidate the CIBERSORT result, which showed significant increase in the CD8+ T cells (0.093 vs. 0.059, P = 0.033), plasma cells (0.167 vs. 0.056, P = 0.015), and activated memory CD4+ T cell (0.081 vs. 0.037,P = 0.019) in PAK7-MT group as compared to the PAK7-WT group (Supplementary Figure 4). This was consistent with the foregoing conclusion that the PAK7 mutation could activate the antitumor immunity.



PAK7 Mutations Affect the Tumor-Related Biological Pathways

The mechanism of how PAK7 mutations positively affect the immunogenicity and antitumor immunity is unknown. In order to understand this mechanism, the tumor-related pathways enrichment analysis was carried out and the results were compared in the PAK7-MT and pak7-WT groups in TCGA the cohort. As shown in Figure 5A, several immune-related pathways were significantly upregulated in the PAK7-MT group, which included the regulation of antigen receptor-mediated B cell differentiation and activation, and adaptive immune response pathways. In contrast, the oncogenic pathways, such as the P53 pathway, KRAS signaling pathway, canonical WNT pathways, FGFR signaling pathway, PI3K cascade signaling pathway, and mTORC1 signaling pathway, were downregulated in the PAK7-MT group (Figure 5B).




Figure 5 | Biological function enrichment analysis of the transcriptomic data of PAK7-MT and PAK7-WT groups in the TCGA cohort. (A) Differences in the pathway activities scored by GSEA between the PAK7-MT and PAK7-WT groups in the TCGA cohort. Several important pathways were enriched in the PAK7-MT and PAK7-WT groups with significant correlations. Pathways with positive and negative enrichment scores were upregulated and downregulated, respectively. (B) GSEA results of significant immune-related and tumor-related pathways in the PAK7-WT vs. PAK7-MT group in the TCGA cohort.






Discussion

In this study, the NSCLC patients with PAK7 mutations showed a better prognosis than those without PAK7 mutations in an ICI-treated cohort, independent of the common driver gene mutations, while in the patients, who did not receive immunotherapy, the PAK7 mutations did not clinically benefit the patients. Then, the changes in tumor immunogenicity were investigated and showed higher TMB, NAL, and mutation rates in the DDR pathways in the PAK7-MT than those in the PAK7-WT group. Besides, some immune-related genes and infiltrating immune cells were found to be significantly upregulated in the patients with PAK7 mutations. Finally, GSEA analysis was performed to identify several tumor-related pathways to demonstrate the potential mechanism of PAK7 mutation as a predictive biomarker for the prognosis of NSCLC immunotherapy.

P21-activated kinase 7 (PAK7), also known as PAK5, is an essential member of the PAK Ser/Thr kinase family, which is found to be overexpressed in various types of cancers, including lung cancer, and is considered as an oncogene. As a versatile kinase, PAK7 activates many oncogenic pathways in malignant tumors, such as PI3K/AKT signaling (51–53), SATB1 pathway (54), Egr1/MMP2 pathway (55, 56), GATA1 pathway (57), E47 pathway (58), p65-NFkB/cyclin D1 pathway (59–61), and Raf-1 pathway (62, 63), thereby playing a crucial role in activating the tumor proliferation, invasion, and metastasis and preventing cell apoptosis (53, 64–66). PAK4, belonging to the same subgroup as PAK7 in the PAK family, has also been reported to contribute to the low T cell and dendritic cell (DC) infiltration and a lack of response to PD-1 inhibitors (67). However, the association between PAK7 and immunotherapy remained unclear.

CNV or aneuploidy is widespread in human cancers. A recent study has indicated that CNV correlates with tumor immune evasion and results in reduced response to ICIs (35). A pan-cancer study conducted by Liu et al. also suggested that the low CNV level showed a favorable response to immunotherapy (36). Researchers have also found that the combination of high TMB and low CNV showed better prediction for the ICI efficacy as compared to their individual predictions either, which might partly explain why the patients with small cell lung cancer (SCLC), a cancer type marked with high TMB and high CNV, showed unfavorable responses to ICIs (68). In the present study, the PAK7-MT group exhibited lower CNVs and higher TMB, suggesting a better prognosis of the patients with PAK7 mutations.

DDR system preserves genomic integrity. Therefore, alterations in this system might lead to genomic instability and higher TMB and NAL (69). Previous studies have shown that alterations in the genes involved in a single DDR pathway might improve responses to ICI immunotherapy (40, 70). Furthermore, defects in one DDR pathway might lead to a stronger dependency on the remaining DDR pathways, thereby suggesting higher genomic instability when there are multiple alterations in different DDR pathways (71). The co-mutations in different DDR pathways, especially the HRR-MMR and HRR-BER pathways, showed better performance in predicting the clinical outcomes of immunotherapy (28). Therefore, the higher mutation and co-mutation rates of DDR pathways might be the reason for higher TMB and NAL in the patients with PAK mutations, which cause a better response to ICI immunotherapy.

Chemokines induce the differentiation and migration of tumor-infiltrating immune cells; therefore, their antitumor effects are worth studying. CXCL9, a ligand of CXCR3, which plays an essential role in the activation and recruitment of CD8+T cells (72), is not only correlated with the improved response of chemotherapy (73) and adoptive cellular therapy (74) but also with the antitumor immune responses following ICI immunotherapy (75), thereby suggesting the contribution of CXCL9 to the activated antitumor immune microenvironment. Thus, the high expression level of CXCL9 might be one of the reasons why the CD8+T cells were enriched in the PAK7-MT group and correlated with better OS in ICI immunotherapy.

Mammalian Target of Rapamycin (mTOR) is a Ser/Thr kinase, which shows activity by its two multiprotein complexes, mTORC1 and mTORC2; mTOR is a central regulator of immune responses (76). mTOR signaling pathway plays an essential role in regulating various immune cells, including neutrophils, mast cells, natural killer cells, γδ T cells, macrophages, dendritic cells, T cells, and B cells (77, 78). It has been a classical view that the inhibition of the mTOR signaling pathway might lead to immunosuppression and the rapalogues (mTORc1 inhibitors) have been used for immune rejection after transplantation (79). However, according to the latest studies, the inhibition of the mTOR signaling pathway can enhance the immune response in some immunological contexts (80). Studies have also shown that the inhibitors of mTORC1 might improve antitumor immunity (81, 82). More importantly, the combination of mTORC1 inhibition and ICI are more effective in tumor control than their individual monotherapies by activating the infiltrating CD8+ T cells (83, 84). Besides, mTORC1 signaling is crucial for regulating the survival, proliferation, and metabolism of cells. It has been reported that the up-regulation of mTOR in malignant tumors facilitates aerobic glycolysis, promotes cell proliferation, and prevents autophagy (76). Up to now, the clinical applications of mTORC1 inhibitors have been well-studied. In the present study, the mTORC1 signaling pathway was significantly downregulated in the patients with PAK7 mutations and CD8+ T cells were enriched, which were consistent with the results of previous studies.

In order to further investigate the correlation between PAK7 mutation and the mTORC1 signaling pathway, its upstream regulation was investigated. The immediate upstream regulator of mTORC1 is Ras homolog enriched in brain (RHEB), which is activated by PI3K/AKT signaling pathway (76, 78). GSEA results showed that the PI3K/AKT pathway was also downregulated in the PAK7-MT group, indicating the downregulation of mTORC1 signaling and PI3K/AKT pathway was closely related. Moreover, PAK7 can regulate the PI3K/AKT signaling pathway by promoting the phosphorylation of PI3K and AKT (51, 52), and the expression level of PAK7 was found to be significantly lower in the PAK7-MT group than that in the PAK7-WT group (0.011 vs. 0.046, P <0.001) (Figure 4D). Therefore, a hypothesis was proposed that, after the PAK7 mutation, its expression decreased, which resulted in the downregulation of the PI3K/AKT pathway, leading to the suppression of mTORC1 signaling. The downregulation of mTORC1 activated the infiltration of CD8+ T cells, which led to an enhanced antitumor immune microenvironment. Therefore, the patients with PAK7 mutations benefited more from the ICI treatment.

The present study had some limitations. First, in the MSKCC-IO cohort, targeted sequencing (MSK-IMPACT panel) was used to detect gene mutations, which might cause selection bias in gene mutations. Second, the application of conclusions in this study might be restricted by the limited number of patients involved. Larger cohorts, especially Asian cohorts, are needed to validate these results. Finally, the frequency of PAK7 mutations was relatively low in both the MSKCC-IO and TCGA cohorts, which limits the use of PAK7 mutation alone as predictive biomarkers of immunotherapy.



Conclusions

In this study, PAK7 mutation was identified as an independent biomarker for the prognosis of NSCLC immunotherapy. PAK7 mutations were found to be associated with longer OS, enhanced tumor immunogenicity, and antitumor immunity in an ICI-treated cohort. Furthermore, it was proposed that the PAK7-PI3K/AKT-mTORC1 axis might be the potential mechanism for the predictive effect of PAK7 mutation. However, further prospective clinical studies and exploration of the molecular mechanism are needed to confirm these results and evaluate the clinical potential of PAK7 mutation as predictive biomarkers of NSCLC immunotherapy.



Data Availability Statement

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



Ethics Statement

The studies involving human participants were reviewed and approved by Medical ethics committee of Tongji Medical College of Huazhong University of science and technology. Written informed consent for participation was not required for this study in accordance with the national legislation and the institutional requirements.



Author Contributions

HZ and FT conceived, designed, and wrote the manuscript. YB and LP performed the analysis and interpretation. XG, XX, and XY provided critical comments and suggestions. XD initiated the study and revised the manuscript. All the authors contributed to the article and approved the final version.



Acknowledgments

We appreciate all subjects who participated in this study and wish to thank the Genomic Data Commons (GDC) portal (https://portal.gdc.cancer.gov/) and Samstein et al. for public database.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.834142/full#supplementary-material

Supplementary Figure 1 | (A–F) Kaplan-Meier analysis of OS for the patients with common TKI-sensitive gene mutations in an ICI-treated cohort.

Supplementary Figure 2 | (A) Lollipop plot shows the distribution of PAK7 mutations in the MSKCC-IO and TCGA cohorts. (B) Bubble plots demonstrate the gene number, sample size, and significance level of the variable regions.

Supplementary Figure 3 | (A, B) Heatmap indicates the co-existence and exclusive correlation between PAK7 mutation and common driver gene mutations in the MSKCC-IO and TCGA cohorts.

Supplementary Figure 4 | Infiltration frequencies of 22 types of immune cells in the PAK7-MT and PAK7-WT groups of the OncoSG-LAUD cohort.






References

1. Gridelli, C, Rossi, A, Carbone, DP, Guarize, J, Karachaliou, N, Mok, T, et al. Non-Small-Cell Lung Cancer. Nat Rev Dis Primers (2015) 1:15009. doi: 10.1038/nrdp.2015.9

2. Gubin, MM, Zhang, X, Schuster, H, Caron, E, Ward, JP, Noguchi, T, et al. Checkpoint Blockade Cancer Immunotherapy Targets Tumour-Specific Mutant Antigens. Nature (2014) 515(7528):577–81. doi: 10.1038/nature13988

3. Garon, EB, Hellmann, MD, Rizvi, NA, Carcereny, E, Leighl, NB, Ahn, M-J, et al. Five-Year Overall Survival for Patients With Advanced Non–Small-Cell Lung Cancer Treated With Pembrolizumab: Results From the Phase I KEYNOTE-001 Study. J Clin Oncol (2019) 37(28):2518–27. doi: 10.1200/JCO.19.00934

4. Wang, S, Cang, S, and Liu, D. Third-Generation Inhibitors Targeting EGFR T790M Mutation in Advanced Non-Small Cell Lung Cancer. J Hematol Oncol (2016) 9:34. doi: 10.1186/s13045-016-0268-z

5. Forde, PM, Chaft, JE, Smith, KN, Anagnostou, V, Cottrell, TR, Hellmann, MD, et al. Neoadjuvant PD-1 Blockade in Resectable Lung Cancer. N Engl J Med (2018) 378(21):1976–86. doi: 10.1056/NEJMoa1716078

6. Gao, S, Li, N, Gao, S, Xue, Q, Ying, J, Wang, S, et al. Neoadjuvant PD-1 Inhibitor (Sintilimab) in NSCLC. J Thorac Oncol (2020) 15(5):816–26. doi: 10.1016/j.jtho.2020.01.017

7. Cascone, T, William, WN, Weissferdt, A, Leung, CH, Lin, HY, Pataer, A, et al. Neoadjuvant Nivolumab or Nivolumab Plus Ipilimumab in Operable Non-Small Cell Lung Cancer: The Phase 2 Randomized NEOSTAR Trial. Nat Med (2021) 27(3):504–14. doi: 10.1038/s41591-020-01224-2

8. Keenan, TE, Burke, KP, and Van Allen, EM. Genomic Correlates of Response to Immune Checkpoint Blockade. Nat Med (2019) 25(3):389–402. doi: 10.1038/s41591-019-0382-x

9. Rimm, DL, Han, G, Taube, JM, Yi, ES, Bridge, JA, Flieder, DB, et al. A Prospective, Multi-Institutional, Pathologist-Based Assessment of 4 Immunohistochemistry Assays for PD-L1 Expression in Non-Small Cell Lung Cancer. JAMA Oncol (2017) 3(8):1051–8. doi: 10.1001/jamaoncol.2017.0013

10. Ilie, M, Long-Mira, E, Bence, C, Butori, C, Lassalle, S, Bouhlel, L, et al. Comparative Study of the PD-L1 Status Between Surgically Resected Specimens and Matched Biopsies of NSCLC Patients Reveal Major Discordances: A Potential Issue for Anti-PD-L1 Therapeutic Strategies. Ann Oncol (2016) 27(1):147–53. doi: 10.1093/annonc/mdv489

11. Cristescu, R, Mogg, R, Ayers, M, Albright, A, Murphy, E, Yearley, J, et al. Pan-Tumor Genomic Biomarkers for PD-1 Checkpoint Blockade-Based Immunotherapy. Science (2018) 362(6411):eaar3593. doi: 10.1126/science.aar3593

12. Lee, CK, Man, J, Lord, S, Cooper, W, Links, M, Gebski, V, et al. Clinical and Molecular Characteristics Associated With Survival Among Patients Treated With Checkpoint Inhibitors for Advanced Non-Small Cell Lung Carcinoma: A Systematic Review and Meta-Analysis. JAMA Oncol (2018) 4(2):210–6. doi: 10.1001/jamaoncol.2017.4427

13. Azuma, K, Ota, K, Kawahara, A, Hattori, S, Iwama, E, Harada, T, et al. Association of PD-L1 Overexpression With Activating EGFR Mutations in Surgically Resected Nonsmall-Cell Lung Cancer. Ann Oncol (2014) 25(10):1935–40. doi: 10.1093/annonc/mdu242

14. Dong, Z-Y, Zhong, W-Z, Zhang, X-C, Su, J, Xie, Z, Liu, S-Y, et al. Potential Predictive Value of and Mutation Status for Response to PD-1 Blockade Immunotherapy in Lung Adenocarcinoma. Clin Cancer Res (2017) 23(12):3012–24. doi: 10.1158/1078-0432.CCR-16-2554

15. Skoulidis, F, Goldberg, ME, Greenawalt, DM, Hellmann, MD, Awad, MM, Gainor, JF, et al. STK11/LKB1 Mutations and PD-1 Inhibitor Resistance in KRAS-Mutant Lung Adenocarcinoma. Cancer Discov (2018) 8(7):822–35. doi: 10.1158/2159-8290

16. Samstein, RM, Lee, CH, Shoushtari, AN, Hellmann, MD, Shen, R, Janjigian, YY, et al. Tumor Mutational Load Predicts Survival After Immunotherapy Across Multiple Cancer Types. Nat Genet (2019) 51(2):202–6. doi: 10.1038/s41588-018-0312-8

17. Colaprico, A, Silva, TC, Olsen, C, Garofano, L, Cava, C, Garolini, D, et al. TCGAbiolinks: An R/Bioconductor Package for Integrative Analysis of TCGA Data. Nucleic Acids Res (2016) 44(8):e71. doi: 10.1093/nar/gkv1507

18. Thorsson, V, Gibbs, DL, Brown, SD, Wolf, D, Bortone, DS, Ou Yang, TH, et al. The Immune Landscape of Cancer. Immunity (2018) 48(4):812–30.e14. doi: 10.1016/j.immuni.2018.03.023

19. Chalmers, ZR, Connelly, CF, Fabrizio, D, Gay, L, Ali, SM, Ennis, R, et al. Analysis of 100,000 Human Cancer Genomes Reveals the Landscape of Tumor Mutational Burden. Genome Med (2017) 9(1):34. doi: 10.1186/s13073-017-0424-2

20. Gu, Z, Eils, R, and Schlesner, M. Complex Heatmaps Reveal Patterns and Correlations in Multidimensional Genomic Data. Bioinformatics (2016) 32(18):2847–9. doi: 10.1093/bioinformatics/btw313

21. Mayakonda, A, Lin, D-C, Assenov, Y, Plass, C, and Koeffler, HP. Maftools: Efficient and Comprehensive Analysis of Somatic Variants in Cancer. Genome Res (2018) 28(11):1747–56. doi: 10.1101/gr.239244.118

22. Reich, M, Liefeld, T, Gould, J, Lerner, J, Tamayo, P, and Mesirov, JP. GenePattern 2.0. Nat Genet (2006) 38(5):500–1. doi: 10.1038/ng0506-500

23. Newman, AM, Liu, CL, Green, MR, Gentles, AJ, Feng, W, Xu, Y, et al. Robust Enumeration of Cell Subsets From Tissue Expression Profiles. Nat Methods (2015) 12(5):453–7. doi: 10.1038/nmeth.3337

24. Chen, J, Yang, H, Teo, ASM, Amer, LB, Sherbaf, FG, Tan, CQ, et al. Genomic Landscape of Lung Adenocarcinoma in East Asians. Nat Genet (2020) 52(2):177–86. doi: 10.1038/s41588-019-0569-6

25. Robinson, MD, McCarthy, DJ, and Smyth, GK. Edger: A Bioconductor Package for Differential Expression Analysis of Digital Gene Expression Data. Bioinformatics (2010) 26(1):139–40. doi: 10.1093/bioinformatics/btp616

26. Yu, G, Wang, L-G, Han, Y, and He, Q-Y. Clusterprofiler: An R Package for Comparing Biological Themes Among Gene Clusters. OMICS (2012) 16(5):284–7. doi: 10.1089/omi.2011.0118

27. Subramanian, A, Tamayo, P, Mootha, VK, Mukherjee, S, Ebert, BL, Gillette, MA, et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci USA (2005) 102(43):15545–50. doi: 10.1073/pnas.0506580102

28. Wang, Z, Zhao, J, Wang, G, Zhang, F, Zhang, Z, Zhang, F, et al. Comutations in DNA Damage Response Pathways Serve as Potential Biomarkers for Immune Checkpoint Blockade. Cancer Res (2018) 78(22):6486–96. doi: 10.1158/0008-5472.CAN-18-1814

29. Kassambara, A. Ggpubr: ‘Ggplot2’ Based Publication Ready Plots. R Packageversion 0.1.7 (2018). Available at: https://CRAN.R-project.org/package=ggpubr.

30. Zhang, J, Zhou, N, Lin, A, Luo, P, Chen, X, Deng, H, et al. ZFHX3 Mutation as a Protective Biomarker for Immune Checkpoint Blockade in Non-Small Cell Lung Cancer. Cancer Immunol Immunother (2021) 70(1):137–51. doi: 10.1007/s00262-020-02668-8

31. Yang, Y, Zhang, J, Chen, Y, Xu, R, Zhao, Q, and Guo, W. MUC4, MUC16, and TTN Genes Mutation Correlated With Prognosis, and Predicted Tumor Mutation Burden and Immunotherapy Efficacy in Gastric Cancer and Pan-Cancer. Clin Transl Med (2020) 10(4):e155. doi: 10.1002/ctm2.155

32. Liu, Z, Liu, L, Jiao, D, Guo, C, Wang, L, Li, Z, et al. Association of RYR2 Mutation With Tumor Mutation Burden, Prognosis, and Antitumor Immunity in Patients With Esophageal Adenocarcinoma. Front Genet (2021) 12:669694. doi: 10.3389/fgene.2021.669694

33. Brown, LC, Tucker, MD, Sedhom, R, Schwartz, EB, Zhu, J, Kao, C, et al. LRP1B Mutations Are Associated With Favorable Outcomes to Immune Checkpoint Inhibitors Across Multiple Cancer Types. J Immunother Cancer (2021) 9(3):e001792. doi: 10.1136/jitc-2020-001792

34. Li, L, Li, M, and Wang, X. Cancer Type-Dependent Correlations Between TP53 Mutations and Antitumor Immunity. DNA Repair (Amst) (2020) 88:102785. doi: 10.1016/j.dnarep.2020.102785

35. Davoli, T, Uno, H, Wooten, EC, and Elledge, SJ. Tumor Aneuploidy Correlates With Markers of Immune Evasion and With Reduced Response to Immunotherapy. Science (2017) 355(6322):eaaf8399. doi: 10.1126/science.aaf8399

36. Liu, L, Bai, X, Wang, J, Tang, X-R, Wu, D-H, Du, S-S, et al. Combination of TMB and CNA Stratifies Prognostic and Predictive Responses to Immunotherapy Across Metastatic Cancer. Clin Cancer Res (2019) 25(24):7413–23. doi: 10.1158/1078-0432.CCR-19-0558

37. Addeo, A, Passaro, A, Malapelle, U, Luigi Banna, G, Subbiah, V, and Friedlaender, A. Immunotherapy in Non-Small Cell Lung Cancer Harbouring Driver Mutations. Cancer Treat Rev (2021) 96:102179. doi: 10.1016/j.ctrv.2021.102179

38. Offin, M, Rizvi, H, Tenet, M, Ni, A, Sanchez-Vega, F, Li, BT, et al. Tumor Mutation Burden and Efficacy of EGFR-Tyrosine Kinase Inhibitors in Patients With -Mutant Lung Cancers. Clin Cancer Res (2019) 25(3):1063–9. doi: 10.1158/1078-0432.CCR-18-1102

39. Nagahashi, M, Sato, S, Yuza, K, Shimada, Y, Ichikawa, H, Watanabe, S, et al. Common Driver Mutations and Smoking History Affect Tumor Mutation Burden in Lung Adenocarcinoma. J Surg Res (2018) 230:181–5. doi: 10.1016/j.jss.2018.07.007

40. Teo, MY, Seier, K, Ostrovnaya, I, Regazzi, AM, Kania, BE, Moran, MM, et al. Alterations in DNA Damage Response and Repair Genes as Potential Marker of Clinical Benefit From PD-1/PD-L1 Blockade in Advanced Urothelial Cancers. J Clin Oncol (2018) 36(17):1685–94. doi: 10.1200/JCO.2017.75.7740

41. Ricciuti, B, Recondo, G, Spurr, LF, Li, YY, Lamberti, G, Venkatraman, D, et al. Impact of DNA Damage Response and Repair (DDR) Gene Mutations on Efficacy of PD-(L)1 Immune Checkpoint Inhibition in Non-Small Cell Lung Cancer. Clin Cancer Res (2020) 26(15):4135–42. doi: 10.1158/1078-0432.CCR-19-3529

42. Kontos, F, Michelakos, T, Kurokawa, T, Sadagopan, A, Schwab, JH, Ferrone, CR, et al. B7-H3: An Attractive Target for Antibody-Based Immunotherapy. Clin Cancer Res (2021) 27(5):1227–35. doi: 10.1158/1078-0432.CCR-20-2584

43. Wang, C, Li, Y, Jia, L, Kim, JK, Li, J, Deng, P, et al. CD276 Expression Enables Squamous Cell Carcinoma Stem Cells to Evade Immune Surveillance. Cell Stem Cell (2021) 28(9):1597–1613.e7. doi: 10.1016/j.stem.2021.04.011

44. Arlauckas, SP, Garren, SB, Garris, CS, Kohler, RH, Oh, J, Pittet, MJ, et al. Arg1 Expression Defines Immunosuppressive Subsets of Tumor-Associated Macrophages. Theranostics (2018) 8(21):5842–54. doi: 10.7150/thno.26888

45. Pokrývková, B, Šmahelová, J, Dalewská, N, Grega, M, Vencálek, O, Šmahel, M, et al. ARG1 mRNA Level Is a Promising Prognostic Marker in Head and Neck Squamous Cell Carcinomas. Diagn (Basel) (2021) 11(4):628. doi: 10.3390/diagnostics11040628

46. Tokunaga, R, Zhang, W, Naseem, M, Puccini, A, Berger, MD, Soni, S, et al. CXCL9, CXCL10, CXCL11/CXCR3 Axis for Immune Activation - A Target for Novel Cancer Therapy. Cancer Treat Rev (2018) 63:40–7. doi: 10.1016/j.ctrv.2017.11.007

47. Zhang, C, Li, Z, Xu, L, Che, X, Wen, T, Fan, Y, et al. CXCL9/10/11, a Regulator of PD-L1 Expression in Gastric Cancer. BMC Cancer (2018) 18(1):462. doi: 10.1186/s12885-018-4384-8

48. Chheda, ZS, Sharma, RK, Jala, VR, Luster, AD, and Haribabu, B. Chemoattractant Receptors BLT1 and CXCR3 Regulate Antitumor Immunity by Facilitating CD8+ T Cell Migration Into Tumors. J Immunol (2016) 197(5):2016–26. doi: 10.4049/jimmunol.1502376

49. Gomes-Santos, IL, Amoozgar, Z, Kumar, AS, Ho, WW, Roh, K, Talele, NP, et al. Exercise Training Improves Tumor Control by Increasing CD8+ T-Cell Infiltration via CXCR3 Signaling and Sensitizes Breast Cancer to Immune Checkpoint Blockade. Cancer Immunol Res (2021) 9(7):765–778. doi: 10.1158/2326-6066.CIR-20-0499

50. Fairfax, BP, Taylor, CA, Watson, RA, Nassiri, I, Danielli, S, Fang, H, et al. Peripheral CD8 T Cell Characteristics Associated With Durable Responses to Immune Checkpoint Blockade in Patients With Metastatic Melanoma. Nat Med (2020) 26(2):193–9. doi: 10.1038/s41591-019-0734-6

51. Li, D, Pan, Y, Huang, Y, Zhang, P, and Fang, X. PAK5 Induces EMT and Promotes Cell Migration and Invasion by Activating the PI3K/AKT Pathway in Ovarian Cancer. Anal Cell Pathol (Amst) (2018) 2018:8073124. doi: 10.1155/2018/8073124

52. Wang, X, Gong, W, Qing, H, Geng, Y, Wang, X, Zhang, Y, et al. P21-Activated Kinase 5 Inhibits Camptothecin-Induced Apoptosis in Colorectal Carcinoma Cells. Tumour Biol (2010) 31(6):575–82. doi: 10.1007/s13277-010-0071-3

53. Li, YK, Zou, J, Ye, DM, Zeng, Y, Chen, CY, Luo, GF, et al. Human P21-Activated Kinase 5 (PAK5) Expression and Potential Mechanisms in Relevant Cancers: Basic and Clinical Perspectives for Molecular Cancer Therapeutics. Life Sci (2020) 241:117113. doi: 10.1016/j.lfs.2019.117113

54. Huo, F-C, Pan, Y-J, Li, T-T, Mou, J, and Pei, D-S. PAK5 Promotes the Migration and Invasion of Cervical Cancer Cells by Phosphorylating SATB1. Cell Death Differ (2019) 26(6):994–1006. doi: 10.1038/s41418-018-0178-4

55. Wang, X-X, Cheng, Q, Zhang, S-N, Qian, H-y, Wu, J-X, Tian, H, et al. PAK5-Egr1-MMP2 Signaling Controls the Migration and Invasion in Breast Cancer Cell. Tumour Biol (2013) 34(5):2721–9. doi: 10.1007/s13277-013-0824-x

56. Han, Z-X, Wang, X-X, Zhang, S-N, Wu, J-X, Qian, H-y, Wen, Y-y, et al. Downregulation of PAK5 Inhibits Glioma Cell Migration and Invasion Potentially Through the PAK5-Egr1-MMP2 Signaling Pathway. Brain Tumor Pathol (2014) 31(4):234–41. doi: 10.1007/s10014-013-0161-1

57. Li, Y, Ke, Q, Shao, Y, Zhu, G, Li, Y, Geng, N, et al. GATA1 Induces Epithelial-Mesenchymal Transition in Breast Cancer Cells Through PAK5 Oncogenic Signaling. Oncotarget (2015) 6(6):4345–56. doi: 10.18632/oncotarget.2999

58. Zhu, G, Li, X, Guo, B, Ke, Q, Dong, M, and Li, F. PAK5-Mediated E47 Phosphorylation Promotes Epithelial-Mesenchymal Transition and Metastasis of Colon Cancer. Oncogene (2016) 35(15):1943–54. doi: 10.1038/onc.2015.259

59. Zhang, Y-C, Huo, F-C, Wei, L-L, Gong, C-C, Pan, Y-J, Mou, J, et al. PAK5-Mediated Phosphorylation and Nuclear Translocation of NF-κb-P65 Promotes Breast Cancer Cell Proliferation In Vitro and In Vivo. J Exp Clin Cancer Res (2017) 36(1):146. doi: 10.1186/s13046-017-0610-5

60. Fang, Z-p, Jiang, B-g, Gu, X-f, Zhao, B, Ge, R-l, and Zhang, F-b. P21-Activated Kinase 5 Plays Essential Roles in the Proliferation and Tumorigenicity of Human Hepatocellular Carcinoma. Acta Pharmacol Sin (2014) 35(1):82–8. doi: 10.1038/aps.2013.31

61. Gu, J, Li, K, Li, M, Wu, X, Zhang, L, Ding, Q, et al. A Role for P21-Activated Kinase 7 in the Development of Gastric Cancer. FEBS J (2013) 280(1):46–55. doi: 10.1111/febs.12048

62. Wu, X, Carr, HS, Dan, I, Ruvolo, PP, and Frost, JA. P21 Activated Kinase 5 Activates Raf-1 and Targets It to Mitochondria. J Cell Biochem (2008) 105(1):167–75. doi: 10.1002/jcb.21809

63. Jin, S, Zhuo, Y, Guo, W, and Field, J. P21-Activated Kinase 1 (Pak1)-Dependent Phosphorylation of Raf-1 Regulates Its Mitochondrial Localization, Phosphorylation of BAD, and Bcl-2 Association. J Biol Chem (2005) 280(26):24698–705. doi: 10.1074/jbc.M413374200

64. Radu, M, Semenova, G, Kosoff, R, and Chernoff, J. PAK Signalling During the Development and Progression of Cancer. Nat Rev Cancer (2014) 14(1):13–25. doi: 10.1038/nrc3645

65. Pandey, A, Dan, I, Kristiansen, TZ, Watanabe, NM, Voldby, J, Kajikawa, E, et al. Cloning and Characterization of PAK5, a Novel Member of Mammalian P21-Activated Kinase-II Subfamily That Is Predominantly Expressed in Brain. Oncogene (2002) 21(24):3939–48. doi: 10.1038/sj.onc.1205478

66. Dan, C, Nath, N, Liberto, M, and Minden, A. PAK5, a New Brain-Specific Kinase, Promotes Neurite Outgrowth in N1E-115 Cells. Mol Cell Biol (2002) 22(2):567–77. doi: 10.1128/MCB.22.2.567-577.2002

67. Abril-Rodriguez, G, Torrejon, DY, Liu, W, Zaretsky, JM, Nowicki, TS, Tsoi, J, et al. PAK4 Inhibition Improves PD-1 Blockade Immunotherapy. Nat Cancer (2019) 1(1):46–58. doi: 10.1038/s43018-019-0003-0

68. Li, Q, Yuan, D, Ma, C, Liu, Y, Ma, L, Lv, T, et al. A New Hope: The Immunotherapy in Small Cell Lung Cancer. Neoplasma (2016) 63(3):342–50. doi: 10.4149/302_151001N511

69. Lee, J-K, Choi, Y-L, Kwon, M, and Park, PJ. Mechanisms and Consequences of Cancer Genome Instability: Lessons From Genome Sequencing Studies. Annu Rev Pathol (2016) 11:283–312. doi: 10.1146/annurev-pathol-012615-044446

70. Hugo, W, Zaretsky, JM, Sun, L, Song, C, Moreno, BH, Hu-Lieskovan, S, et al. Genomic and Transcriptomic Features of Response to Anti-PD-1 Therapy in Metastatic Melanoma. Cell (2016) 165(1):35–44. doi: 10.1016/j.cell.2016.02.065

71. Tubbs, A, and Nussenzweig, A. Endogenous DNA Damage as a Source of Genomic Instability in Cancer. Cell (2017) 168(4):644–56. doi: 10.1016/j.cell.2017.01.002

72. Peng, D, Kryczek, I, Nagarsheth, N, Zhao, L, Wei, S, Wang, W, et al. Epigenetic Silencing of TH1-Type Chemokines Shapes Tumour Immunity and Immunotherapy. Nature (2015) 527(7577):249–53. doi: 10.1038/nature15520

73. de Mingo Pulido, Á, Gardner, A, Hiebler, S, Soliman, H, Rugo, HS, Krummel, MF, et al. TIM-3 Regulates CD103 Dendritic Cell Function and Response to Chemotherapy in Breast Cancer. Cancer Cell (2018) 33(1):60–74.e6. doi: 10.1016/j.ccell.2017.11.019

74. Spranger, S, Dai, D, Horton, B, and Gajewski, TF. Tumor-Residing Batf3 Dendritic Cells Are Required for Effector T Cell Trafficking and Adoptive T Cell Therapy. Cancer Cell (2017) 31(5):711–723.e4. doi: 10.1016/j.ccell.2017.04.003

75. House, IG, Savas, P, Lai, J, Chen, AXY, Oliver, AJ, Teo, ZL, et al. Macrophage-Derived CXCL9 and CXCL10 Are Required for Antitumor Immune Responses Following Immune Checkpoint Blockade. Clin Cancer Res (2020) 26(2):487–504. doi: 10.1158/1078-0432.CCR-19-1868

76. Kim, LC, Cook, RS, and Chen, J. Mtorc1 and Mtorc2 in Cancer and the Tumor Microenvironment. Oncogene (2017) 36(16):2191–201. doi: 10.1038/onc.2016.363

77. Thomson, AW, Turnquist, HR, and Raimondi, G. Immunoregulatory Functions of mTOR Inhibition. Nat Rev Immunol (2009) 9(5):324–37. doi: 10.1038/nri2546

78. Powell, JD, Pollizzi, KN, Heikamp, EB, and Horton, MR. Regulation of Immune Responses by mTOR. Annu Rev Immunol (2012) 30:39–68. doi: 10.1146/annurev-immunol-020711-075024

79. Kreis, H, Cisterne, JM, Land, W, Wramner, L, Squifflet, JP, Abramowicz, D, et al. Sirolimus in Association With Mycophenolate Mofetil Induction for the Prevention of Acute Graft Rejection in Renal Allograft Recipients. Transplantation (2000) 69(7):1252–60. doi: 10.1097/00007890-200004150-00009

80. Pollizzi, KN, Patel, CH, Sun, I-H, Oh, M-H, Waickman, AT, Wen, J, et al. Mtorc1 and Mtorc2 Selectively Regulate CD8+ T Cell Differentiation. J Clin Invest (2015) 125(5):2090–108. doi: 10.1172/JCI77746

81. Wang, S, Raybuck, A, Shiuan, E, Cho, SH, Wang, Q, Brantley-Sieders, DM, et al. Selective Inhibition of Mtorc1 in Tumor Vessels Increases Antitumor Immunity. JCI Insight (2020) 5(15):e139237. doi: 10.1172/jci.insight.139237

82. Zhang, Q, Zhang, Y, Chen, Y, Qian, J, Zhang, X, and Yu, K. A Novel Mtorc1/2 Inhibitor (MTI-31) Inhibits Tumor Growth, Epithelial-Mesenchymal Transition, Metastases, and Improves Antitumor Immunity in Preclinical Models of Lung Cancer. Clin Cancer Res (2019) 25(12):3630–42. doi: 10.1158/1078-0432.CCR-18-2548

83. Langdon, S, Hughes, A, Taylor, MA, Kuczynski, EA, Mele, DA, Delpuech, O, et al. Combination of Dual Mtorc1/2 Inhibition and Immune-Checkpoint Blockade Potentiates Anti-Tumour Immunity. Oncoimmunology (2018) 7(8):e1458810. doi: 10.1080/2162402X.2018.1458810

84. Moore, EC, Cash, HA, Caruso, AM, Uppaluri, R, Hodge, JW, Van Waes, C, et al. Enhanced Tumor Control With Combination mTOR and PD-L1 Inhibition in Syngeneic Oral Cavity Cancers. Cancer Immunol Res (2016) 4(7):611–20. doi: 10.1158/2326-6066.CIR-15-0252




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


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 © 2022 Zeng, Tong, Bin, Peng, Gao, Xia, Yi and Dong. 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.2022.834142_cover.jpg
’ frontiers

in Immunology

The Predictive Value of
PAK7 Mutation for Immune
Checkpoint Inhibitors Therapy
in Non-Small Cell Cancer





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Predictive Value of PAK7 Mutation for Immune Checkpoint Inhibitors Therapy in Non-Small Cell Cancer

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Clinical Cohorts and Survival Analysis

          



          		

            Genome Characteristics and Tumor Immunogenicity Analyses

          



          		

            Copy Number Variation Analysis

          



          		

            Immune-Related Gene and CIBERSORT Analysis

          



          		

            Analyses of the Pathway Enrichment and Mutation Rates in DNA Damage Response Pathways

          



          		

            Statistical Analyses

          



        



        



        		

          Results

        

          		

            PAK7 Mutations Are Associated With a Favorable Prognosis in the NSCLC Patients Receiving ICIs

          



          		

            Genomic Distinctions Between the PAK7-MT and PAK7-WT Groups

          



          		

            PAK7 Mutations Are Correlated With Enhanced Tumor Immunogenicity and Alterations in DDR Pathways

          



          		

            PAK7 Mutations Activate the Antitumor Immunity

          



          		

            PAK7 Mutations Affect the Tumor-Related Biological Pathways

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-13-834142-g001.jpg
MSKCC-I0 NSCLC . JCeANscLe TCGANSCLC
== PAK7-MT| .
— PAKT-WT|
3
= 2 7
] ©
: g s
£ ] s
] 3 3
g T < H
3 IR B
p=0.049 o =029 p=0.516 o
SEor0zsaTs. S0t horitvtety
o
2 L e T T 2 T
0 10 20 30 40 50 o 50 100 150 200 o 50 100 150 200 250
No. atrisk Time (month) No. at risk Time (month) No. at risk Time (month)
MT 13 12 6 4 2 1 MT 55 6 5 2 2 MT 38 4 B 2 2 0
wroo2s 1m0 e 2 w7 wT 768 98 21 5 3 Wr 454 87 22 9 3 0
D Hazard ratio . P value
GENDER %\,=127) reference | ]
E 0.78 :
(N=139) (0.57 - 1.08) _._"' 0.135
Age ?,Jl;gg) reference n
50-60 0.60 = :
(N=61) (0.34 - 1.06) : 0.079
61-70 0.81 !
(N=86) (0.48=1.38) '—.—‘: 0.442
>71 0.81 ,_._._.:
(N=90) (0.48 - 1.36) : 0.42
PAK7 Fﬂgzsa) reference .
mutation 0.37 *
(N=13) ©.15-09) —————— | 4031
BRAF mgzyj) reference .
mutation 1.06 3
(N=16) (0.52~2.19) + & ey
EGFR ‘mlgz_?o) reference |}
mutation 1.00 |_._|
(N=36) (0.61~=1.65) . OEEE
KRAS ?ﬁgﬂ‘” reference n
mutation 0.90 :
(N=92) (0.63-1.29) '_.'_‘ 0.56
PIK3CA W;‘st reference [ |
mutation 1.01 r .
(N=21) (0.55 - 1.85) . 0.981
ALK ;ﬂgm ) reference ]
mutation 0.63 ,—._._.:
(N=15) (0.29 - 1.37) * 0.244
STK11 ‘;V,ygzm) reference -
mutation 133 i
(N=56) (0.90=1.97) '—.—'; 0.157

01 02 05 1 2





OEBPS/Images/fimmu-13-834142-g003.jpg
A MSKCC-IO NSCLC B

TCGANSCLC
PAK7 B WT [ MT

PAK7 B3 WT B MT

100 . i . *kk
6.98vs 15.74 713 vs 14.18

[an]
=
=
PAK7 PAK7
o TCGANSCLC
PAK7 E& WT 5 MT
4.30vs 7.52
WT MT
PAK7
D *ak B oAk ok ok * ns Ry
075-

2

©

c 0.50- PAK7

S

5 [ R

g B owr

] i
0.00- .
BER CF'F FA HRR MMR NER NHEJ TLS Co—‘mut

DDR pathway





OEBPS/Images/fimmu-13-834142-g005.jpg
P53 PATHWAY

KRAS SIGNALING

CANONICAL WNT SIGNALING PATHWAY

FGFR SIGNALING PATHWAY pvalue
0.008

PI3K CASCADE 0.006

MTORC1 SIGNALING 0.004
0.002

-0.50 -0.25 0.00 0.25 050
enrichmentScore of GSEA

B TCGA-NSCLC

05

= GO_B_CELL_ACTIVATION

Running Enrichment Score

Ranked List Metric

bbdoooe

2000 8000 12000
Rank in Ordered Dataset

Running Enrichment Score
&

sl

= GO_ADAPTIVE_IMMUNE_RESPONSE

= GO_B_CELL_DIFFERENTIATION

= GO_REGULATION_OF_ANTIGEN_RECEPTOR
_MEDIATED_SIGNALING_PATHWAY

= HALLMARK_KRAS_SIGNALING_DN
= HALLMARK_P53_PATHWAY

M

Running Enrichment Score

py

18000 4000

Ranked List Metric

00

-03

Running Enrichment Score

2 o2 2 02

2 ot Su

g 0o E o0

g o1 g o1

::j -02: E -02:

% 03, & 03
000 5000 1250 18000 4300

Rank in Ordered Dataset

5 o0 REACTOME_PI3K_CASCADE

g

S

jé -02

&

=

& 04

2

s

® o6

2

5 s

=

% o

)

5 s

g

S -0

4

10600 20000
y~ T LE NP O TR T RN ¥

30000

= GO_CANONICAL_WNT_SIGNALING_PATHWAY

= GO_FIBROBLAST_GROWTH_FACTOR_RECEPTOR
_SIGNALING_PATHWAY

Lt g

8000 12000 [C
Rank in Ordered Dataset

HALLMARK_MTORC1_SIGNALING

8000 12000 1600C
Rank in Ordered Dataset





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-13-834142-g002.jpg
MSKCC-I0 NSCLC

3 Mmmw

PAKT
TP53 10110 Y I,
KRAS
STK11
Keapt || (1]
EGFR
PTPRD r h
EPHA

+ SMARCA4
REM10

o ) l‘l‘ lﬂh

PTPRT
NFf ‘
ARID1A
mee | | ARV
pikace II{II il If I
wer ZFHX3 || | I
MLL3 LA}
PIK3CA | [ | H\
SETD2 I

= Missense_Mutation = Nonsense_Mutation
Frame_Shift Del = Frame_Shift_Ins

= Splice_Site ® In_Frame_lns

® In_Frame_Del = Multi_Hit

PAK7-MT

1G21.3

(o} 0.4

0.3

0.2

G-Score
o

0.0

o

e

KT

0

PAK? GENDER Age

o MT “ Female <50
wT Male 50-60
= 60-70

>70

TCGANSCLC

2300

SYNE1
«NAV3|
“PCDH15
+FAM135B
*RYR3

+ PAPPA2
s+ CDH10
~PCLO |
COL11A1

* Missense_Muaton  # In_Frame_lns
+ Nonsense_Muaion  # In_Frame_Del

* Splce_Site ® Transialion_Start Ste
Frame_Shit_De Nonstop_Mutaton
« Frame_Shifins = Mul_Ht

8p11.23

|
Il \I |
PAKT gender  age

smoking_history

stage smoking_history

« MT « Female <60 | = current
W1 Male 60-70 < Il former
= 70-80 = Il never

= 80-90 v |V

14913.3

0.6

0.4

0.2

G-Score

4q35.2

15q13.3

-0.2 4

-0.4 -

9p21.3






OEBPS/Images/fimmu-13-834142-g004.jpg
HLA-A
HLA-B
HLA-C
HLA-DPA1
HLA-DPB1
HLA-DQA1
HLA-DQA2
HLA-DQB1
HLA-DQB2
HLA-DRA
HLA-DRB1
HLA-DRB5
MICA
MICB
ICAM1
ITGB2
SELP
BTN3A1
BTN3A2
CD274
CD276
PDCD1LG2
SLAMF7
VTCN1
CD28
CD8o
IcCOosLG
CCL5
CD40LG
cD70
CX3cL1
CxcL10
CXCL9
IFNA1
IFNA2
IFNG

IL10

IL12A

IL13

IL1A

IL1B

2

L4

TGFB1
TNF
TNFSF4
TNFSF9
VEGFA
VEGFB
ARG1
ENTPD1
GZMA
HMGB1
IDO1

PRF1
ADORA2A
BTLA
cD27
CDAU
CTLA4
EDNRB
HAVCR2 I
ICOs
IL2RA
KIR2DL1
KIR2DL3
LAG3
PDCD1
TIGIT
TLR4
TNFRSF14
TNFRSF18
TNFRSF4
TNFRSF9

Fuction

. Antigen presentation . Antigen presentation . -2~
Cell adhesion B stimutory -0

[ Coinhibitor I inhibition o
il Co-stimulator P20.05
. Ligand

. Other

. Receptor

TCGA-NSCLC

TCGA-NSCLC PAK7 B WT O MT
10 -

ns

NS NS NS NS NS ns Ns NS ns NS NS ns ns NS

[Ep——
]
)

10g2(FPKM+1)

e

T T

CIR IR PR
& O N &
&P LS

&L

Chemokine  Cytolytic Activity Immune checkpoint

(o]

TCGANSCLC

o2

ooz

I L s

I 41 i = o

oe
onie 2

Signature_Score

o5 o O

osz
ose oes

LUY Ll E

¢ et
50 w@ Dﬁm‘,&” * 0

_ e ww"“‘” o, ;ﬁiwa‘”‘”‘” ““WW Mﬁ O D
o o

= D PAK7 B3 WT B9 MT

41 ° 0.046 vs 0.011

T —
Fuction logFC

PAK7 log2(FPKM+1)






