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Introduction

Immune checkpoint inhibitors (ICI) have changed the treatment of non-small cell lung cancer (NSCLC). Furthermore, compared with monotherapy, ICI combination therapy had better efficacy and partly different mechanism. Therefore, we aim to investigate and improve biomarkers specialized for ICI combination therapy.





Methods

We enrolled 53 NSCLC patients treated with ICI combination therapy and collected their tissue and plasma samples to perform next-generation sequencing (NGS) with a 425-gene panel.





Results

The line of treatment was the only clinical factor significantly affecting objective response rate (ORR) and progression-free survival (PFS). Surprisingly, classical markers PD-L1 and TMB only had limited predictive values in the ICI combination therapy. Instead, we found RB1 mutation was significantly associated with prognosis. Patients with mutated RB1 had shorter PFS than those with wild RB1 (134d vs 219d, p=0.018). Subsequent analysis showed the RB1 related mutated cell cycle and chromosomal instability were also deleterious to prognosis (103d vs 411d, p<0.001; 138d vs 505d, p=0.018). Additionally, patients with more circulating tumor DNA (ctDNA) had significantly shorter PFS (41d vs 194d, p=0.0043).





Conclusion

This study identified that NSCLC patients with mutated RB1 were less sensitive to ICI combination therapy. RB1 mutations and following cell cycle abnormalities and chromosomal instability can potentially guide clinical management.
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Introduction

Immune checkpoint inhibitors (ICIs) have been used to treat a wide variety of malignancies with remarkable success. PD-1/PD-L1 monoclonal antibodies have shown significant clinical benefits for late-stage non-small lung cancer (NSCLC) (1). Combination therapy with ICI could further produce promising antitumor activities and provide more survival benefits for patients with advanced NSCLC (2). Combined chemotherapy or anti-angiogenic agents can efficiently circumvent tumor resistance to ICI (3). Therefore, combination immunotherapy is recommended for NSCLC patients without driver mutations. However, the number of patients who benefit from the combined regimens remains limited. Resistance to combined treatments also develops invariably. It remains challenging to predict the response to ICI combination therapy and monitor disease progression. The identification of novel biomarkers is expected to enhance the efficacy of ICI combination regimens for NSCLC.

PD-L1 expression and tumor mutational burden (TMB) are classical predictive markers for screening patients sensitive to ICI (3). PD-L1 is measured using immunohistochemistry (IHC), and TMB is usually calculated using large next-generation sequencing (NGS) panels. Clinical guidelines recommend anti-PD-L1 monotherapy for patients with > 1% PD-L1 expression (4). TMB has also been shown to be associated with immunotherapy (5). However, several shortcomings have limited the application of these biomarkers. First, sampling sufficient tissue from patients with advanced NSCLC for detection is challenging. Samples with spatiotemporal heterogeneity may not accurately reflect immunogenicity (6). Patients with low PD-L1 expression could also benefit from immunotherapy (7), addressing the imperfections of currently available markers and the need to identify complementary markers. Additionally, the predictive value of TMB in solid tumors without sufficient T-cell infiltration, such as lung squamous cell cancer (SCC), is limited. The inclusion of driver mutations may also bias the calculation of TMB (8). The association between TMB and efficacy has not been verified in the KEYNOTE 189 trial (9). Moreover, combined regimens may change the immunogenicity reducing value of the existing biomarkers. Therefore, more precise predictive indicators for ICI combination treatment stratification are required.

It has been gradually established that gene mutation signatures could serve as a good complement for prediction (10). Multiple orthogonal gene alterations have been considered in precision combination regimens. For example, TP53-mutated lung cancers have significantly higher levels of antitumor immune signatures than TP53-wildtype cancers (11). Mutated KRAS modestly increases responsiveness to immunotherapy (12), whereas mutated STK11 or PIK3CA is associated with a lack of benefit (10, 13). Moreover, several genetic mutations, such as MDM2 amplification and EGFR aberrations, can indicate hyperprogression after immunotherapy (14). These results suggest that gene mutations are possible predictors of outcomes of ICI combination therapy.

Consequently, we collected samples from NSCLC patients who received ICI combination therapy and conducted a retrospective study to explore the predictive value of gene mutations. NGS was used to determine the frequency of mutations (10). We comprehensively examined the mutation characteristics, pathway abnormalities, and chromosomal instability (CIN) in NSCLC and analyzed their association with the objective response rate (ORR) and progression-free survival (PFS). Additionally, blood samples can provide additional information for clinical decisions. High levels of circulating tumor DNA (ctDNA) are associated with poor survival (15). Maximum somatic allele frequency (MSAF) was used to determine the amount of ctDNA. MSAF is the maximum allele frequency of all somatic mutations identified per sample using NGS (16). MSAF can complement blood TMB (bTMB) to distinguish NSCLC patients with or without prognostic benefits from ICI (17). The performance of MSAF and bTMB in the baseline plasma samples was also investigated for efficacy prediction.





Materials and methods




Patients and response assessment

We retrospectively collected 67 late-period primary NSCLC patients who received immuno-oncology immunotherapy at Jiangsu Province Hospital between November 2017 and February 2022, and 14 patients were excluded due to mismatched stage and pathological type. The median follow-up period was 190 days.

Responses were assessed using the RECIST version 1.1. Progression-free survival (PFS) was defined as the time from the beginning of treatment to disease progression (PD) or death. The objective response rate (ORR) was defined as the sum of the complete response (CR) and partial response (PR) divided by the number of patients.





DNA extraction and targeted NGS

Formalin-fixed paraffin-embedded (FFPE) tumor samples obtained through biopsy or surgical excision were collected. Samples with ≥20% tumor cell content were included in the study. 8-10 ml of Peripheral blood was collected in EDTA-coated tubes (BD Biosciences) and centrifuged at 1800 g for 10 min within 2h of collection to separate the plasma and white blood cells. Plasma was isolated for the extraction of circulating cell-free DNA (cfDNA) and white blood cell sediments were used for genomic DNA extraction as germline controls.

Genomic DNA from FFPE sections and whole blood control samples was extracted using the QIAamp DNA FFPE Tissue kit and DNeasy Blood and Tissue Kit (Qiagen, USA), respectively. cfDNA from the plasma was purified using the Circulating Nucleic Acid Kit (Qiagen, USA) following the manufacturer’s protocol.

Customized xGen lockdown probes (Integrated DNA Technologies) targeting 425 cancer-relevant genes (Geneseeq) were used for hybridization enrichment. The target-enriched library was then sequenced on the HiSeq4000 NGS platform (Illumina) with a mean coverage depth of 1000x for tumor tissue samples, 3000x for cfDNA samples and 100x for matched normal blood control samples, following the manufacturer’s instructions.





Sequence alignment and data processing

Base calling was performed on bcl2fastq V.2.16.0.10 (Illumina) to generate sequence reads in FASTQ format (Illumina 1.8+encoding). Quality control was performed using Trimmomatic software. High-quality reads were mapped to the human genome (hg19, GRCh37 Genome Reference Consortium Human Reference 37) using Burrows-Wheeler Aligner (BWA) V.0.7.12 with Burrows-Wheeler Aligner’s maximal exact matches (BWA-MEM) algorithm and default parameters to create SAM files. Picard V.1.119 was used to convert SAM files to compressed BAM files, which were then sorted according to chromosome coordinates. The Genome Analysis Toolkit (GATK, V.3.4–0) was used to locally realign the BAM files at intervals with insertions/deletions (indels) mismatches and recalibrate the base quality scores of reads in the BAM files.





Mutation calling, CNV, CIS, TMB

Single-nucleotide variants (SNVs) and indels were identified using VarScan2, with a minimum variant allele frequency at 0.01 for tissue and 0.001 for cfDNA. SNVs and indels were further filtered with the following parameters: (1) minimum mean dedup depth=30X (tissue and blood) and 600X(cfDNA); (2) minimum base quality=15, (3) minimum variant supporting reads=3, (4) variant supporting reads mapped to both strands, (5) strand bias no greater than 10%, (6) if present in >1% population frequency in the 1000 g or ExAC database and (7) through an internally collected list of recurrent sequencing errors using a normal pool of 100 samples. ANNOVAR was used to annotate mutations by variant type (18), dbSNP ID, clinical significance, and protein impact prediction using SIFT and PolyPhen (19, 20). Germline mutations were filtered out by comparing them with patients’ whole blood controls. Copy number variations (CNVs) were analyzed with CNVkit.14 depth ratios above 2.0 (tissue) or 1.6 (cfDNA) and < 0.6 were considered as CNV gain and CNV loss, respectively. The average proportion of the genome with aberrant (log2 depth ratio >0.2 or <−0.2) copy number, weighted on each of the 22 autosomal chromosomes, was estimated as the chromosomal instability score (CIS). TMB was calculated by summing all base substitutions and indels in the coding region of targeted genes, including synonymous alterations to reduce sampling noise and excluding known driver mutations as they are over-represented in the panel, as previously described (21).





Pathway analysis

For cell cycle pathway analysis, genes related to cell cycle pathways were referred to in a previous article published in 2018 (22). Patients harboring one or more mutated genes were considered positive.





Immunohistochemistry

PD-L1 expression was determined using the Dako PD-L1 IHC 22C3 pharmDx kit (Agilent Technologies) in combination with the Dako Autostainer Link 48 system (Agilent Technologies). PD-L1 expression was evaluated using the tumor proportion score (TPS), and a TPS ≥ 1% was defined as positive.





Statistical analysis

For survival analysis, Kaplan-Meier curves were compared using the log-rank test, and hazard ratios (HRs) with 95% CIs were calculated using the Cox proportional hazards model. The reverse Kaplan-Meier method was used to calculate the median follow-up time. Fisher’s exact test was used for intergroup comparisons as needed, and the p value was calculated using a two-tailed test. All statistical analyses were performed using R version 3.5.0.






Results




Clinical information of enrolled NSCLC patients

This study recruited 67 patients with NSCLC at JiangSu Province Hospital between November 2017 and February 2022. A schematic flowchart of the study is presented in Figure 1A. Fourteen patients with an ineligible pathology or monotherapy were excluded from the study. Finally, 53 patients with NSCLC were included in this study. The overall ORR was 39.6%, with 21 patients achieving PR and no patients achieving CR. The median PFS (mPFS) was 190 days (range 142-364) (Figure 1B). The clinical information of the enrolled patients is summarized in Table 1. The median PFS (mPFS) was 190 days (95%CI 142-364). The patients included 36 males and 17 females. 38% of the patients had a history of smoking. The main histological type was adenocarcinoma (ADC), which accounted for 70% of cases. Patients were staged according to the 8th edition of the tumor‐node‐metastasis (TNM) classification system. 79% of the patients had stage IV disease. 72% of the patients received first-line treatment. A total of 53 patients who had received combination treatment with immunotherapy were enrolled in the study. Among them, the majority had received immunotherapy combined with chemotherapy (n=31, 59%), the remaining had received immunotherapy combined with chemotherapy and anti-angiogenic (n=15, 28%), with anti-angiogenic (n=5, 9%), with targeted therapy (n=2, 4%). No association between the types of combination treatment with outcome was found.




Figure 1 | Clinical information of enrolled NSCLC patients. (A) Flow diagram of articles identified, included and excluded. A total of 67 patients were enrolled. 45 patients provided tissue samples and 42 provided blood samples for NGS. (B) PFS Kaplan-Meier survival curves of all patients. mPFS=190d (95%CI 142d-364d).




Table 1 | Baseline clinical characteristics of the study population.







Outcomes of NSCLC patients receiving ICI combination immunotherapy

We analyzed the ORR and PFS to determine the efficacy of ICI combination therapy. The correlation between the clinical variables and ORR or PFS was also evaluated. The results showed that only the line of therapy was significantly associated with ORR and PFS (Table S1; Figure 2A). Patients receiving first-line treatment had a relatively higher ORR than patients receiving second- and late-line treatment (50.0% vs. 13.3%, p=0.03). The first-line treatment was a protective factor of PFS, whose HR was 0.43 (95% CI:0.22-0.83). In addition, ICI plus anti-angiogenic agents and chemotherapy tended to achieve the highest ORR (n=8, 53%). The ORRs of ICI plus chemotherapy or anti-angiogenic agents were 39% and 20%, respectively. The ORR difference among the regimens was not significant (p=0.43). With regard to PFS, naïve patients had higher PFS than treated patients (225d vs 103d, p=0.01) (Figure 2B). The treatment pattern was not significantly correlated with PFS (p=0.56) (Figure 2C).




Figure 2 | Outcomes of NSCLC patients receiving ICI combination immunotherapy. (A) Forest plot for 53 patients undergoing ICI combination therapy. The vertical line represents the hazard ratio (HR) of 0. (B) PFS analysis of patients receiving the first line treatment (naive) versus second- and late-line treatment (treated) (225d vs 103d, HR=0.43(0.22-0.83), p=0.01). (C) PFS analysis of patients receiving ICI plus chemotherapy, ICI plus anti-angiogenic agents, ICI plus chemotherapy and anti-angiogenic agents, and ICI monotherapy (p=0.56).







Predictive values of PD-L1 and TMB in response to ICI combination therapy

Considering that PD-L1 and TMB are the most widely used biomarkers in immunotherapy, their predictive roles in ICI combination therapy were also evaluated. Baseline tissue samples from 45 patients were collected for analysis. The expression of PD-L1 was measured by IHC in 39 patients. The ORR of patients with PD-L1 expression ≥1% or PD-L1 expression < 1% was not significantly different (52.6% vs. 40.0%, p=0.53). The mPFS of patients who had PD-L1 ≥1% was longer than that of those who did not, despite the trend was not significant (264d vs. 199d, p=0.87, Figure 3A). On the other hand, we spilt the cohort into the TMB-H (TMB>10 muts/Mb) or TMB-L (TMB ≤ 10 muts/Mb) group based on NGS results. The ORR and PFS of the two groups were similar (57.8% vs. 38.5%, p=0.24; 264d vs. 192d, p=0.92, Figure 3B), which implied a poor predictive value of TMB in ICI combination therapy.




Figure 3 | Predictive values of PD-L1 and TMB in response to ICI combination therapy. (A) Kaplan–Meier curves of PFS in patients by PD-L1 expression (p=0.87). (B) Kaplan–Meier curves of PFS in patients by TMB (p=0.92).







Gene mutations have potential to predict prognosis of NSCLC

A 425-gene panel was used to assess the gene alterations in the specimens. The mutational profile was summarized in an onco-plot (Figure 4A). In this study, alterations detected in more than 5 patients were recorded to determine their relationship with ORR and PFS. TP53, LRP1B, and KRAS were ranked as the top three most frequently mutated genes, with frequencies of approximately 64%, 24%, and 22%, respectively. No gene alteration was significantly associated with ORR (Table S2). In contrast, specific gene mutations were significantly associated with PFS (Figure 4B). Univariate analysis revealed that alterations in RB1 and PIK3CA were risk factors. Their HRs were 3.08 (95%CI:1.15-8.22, p=0.02) and 2.45 (95%CI:0.95-6.31, p=0.06). Multivariate analysis was conducted (Table 2). RB1 mutations showing independent predictive values after multivariable adjustment to the line of treatment were selected as prognostic candidates (HR:2.78, 95%CI:1.03-7.50, p=0.04).




Figure 4 | Gene mutations have potential to predict prognosis of NSCLC. (A) Distribution of genetic alterations in the study cohort. Onco-plot showing mutated genes of patients >=5 in the study cohort. Each column represents one patient, and clinical characteristics of each patient were indicated in the top panels. (B) Associations of genetic mutations with outcomes of ICI combination therapy. Forest plot presenting HRs of PFS comparing patients with and without gene mutations.




Table 2 | Univariate and Multivariate Cox regression analyses of PFS.







RB1 variations correlate with adverse outcomes of ICI combination therapy

In this study, we focused on predicting the capacity of RB1 mutations. The mutation frequency of RB1 in our cohort was 11% (n=5). All five patients received ICI plus chemotherapy. Compared with patients with wild-type RB1, those with mutated RB1 had decreased mPFS (219d vs 134d, HR=3.08 (1.15-8.23), p=0.018) (Figure 5A). In the immune-chemo combination subgroup, RB1 mutation remained associated with poor outcome (PFS=264d vs 134d, HR=3.49 (1.20-10.18), p=0.01).Based on functional prediction tools, all detected RB1 mutations were inactivation mutations (Figure 5C). No other gene aberrations were significantly associated with the RB1 mutations (Figure 5D). However, it is worth noting that all the patients with RB1 mutations simultaneously presented with TP53 mutations. RB1 interacts with multiple cyclins and cyclin-dependent kinases (CDKs) to regulate the cell cycle pathway (23). Thus, we hypothesized that molecular alterations in cell cycle pathway-related genes might interfere with the therapeutic response to ICI combination regimens. Patients harboring at least one of the cell cycle pathway mutations were significantly associated with inferior PFS compared with those without these mutations (103d vs 411d, p<0.001) (Figure 5B). The HR for the abnormal cell cycle pathway was 4.27 (1.92-9.49). Multivariate analysis proved that the cell-cycle pathway mutation was significantly associated with poorer prognosis (p=0.001).We further analyzed prognostic data from TCGA included pan-cancer (24) and NSCLC (10). Results showed that the overall survival (OS) difference between patients with wild type RB1 or mutated RB1 was not significant. For patients receiving PD-(L)1 monotherapy, RB1 status also had no effects on OS. However, compared with normal patients receiving PD-(L)1 combination therapy, RB1 mutated patients had relatively poorer prognosis and the difference was more notable among NSCLC patients (Figure 5E). Although the significance was limited by the sample size, these results also suggested that RB1 variations were associated with outcomes of ICI combination therapy.




Figure 5 | RB1 variations correlate with adverse outcomes of ICI combination therapy (A, B) Kaplan-Meier curves of PFS comparing patients with and without (A) RB1 variations (134d vs 219d, p=0.018) or (B) cell-cycle pathway gene alterations (103d vs 411d, p<;0.001). (C) Lollipop plot showing detailed RB1 mutations (p.R251*, c.1333-1G>T, p.E413Rfs*15, p.R579*, and p.L694H) detected in our cohort. (D) Correlation heatmap of gene alterations detected in our study. No co-mutation significantly associated with RB1 mutations was identified. (E) OS Kaplan-Meier curves of normal or abnormal RB1 patients/NSCLC patients (n=1661, n=350), patients/NSCLC patients receiving PD-(L)1 monotherapy (n=1307, n=329), and patients/NSCLC patients receiving PD-(L)1 combination therapy (n=255, n=21).







CIN associated with abnormal cell cycle pathway indicates poor prognosis

Genetic instability may disrupt chromosome stability. CIN has been widely observed in multiple malignancies. The chromosomal instability score (CIS) was used to describe the extent of CIN. Based on the finding that the cell cycle pathway is associated with CIN (25), we analyzed the effects of cell cycle pathway mutations on CIS. The results showed that patients with abnormal cell cycle pathways had higher CIS (0.41 vs 0.17, p=0.03), suggesting that the mutated cell cycle pathway might induce an unstable genome (Figure 6A). We settled 0.25 as the cutoff point of CIS and confirmed the significant association between CIS and cell cycle pathway status (p=0.02) (Figure 6B). These results showed that patients who encountered more aberrations in the cell cycle pathway had higher CIS.




Figure 6 | CIN associated with abnormal cell cycle pathway indicates poor prognosis. (A) CIS in the abnormal cell cycle group and the normal cell cycle group (0.41 vs 0.17, p=0.03). (B) Comparison of CIS level in patients with the abnormal or normal cell cycle (p=0.02). The cutoff point of CIS was 0.25. (C) Forest plot of HRs for PFS comparing patients at varying cutoff points of CIS. (D) Kaplan–Meier curves of PFS in patients with CIS ≥0.25 or with CIS<;0.25 (138d vs 505d, HR=3.01 (1.46-6.23), p=0.0018). (E) Aggravated CIN induced by RB1 mutations could promote the generation of cytosolic DNA, which triggered immune escape by regulating cGAS-STING signaling and NF-κB activation to cause chronic inflammation. Figure created using BioRender.com.



A total of 28 patients presented with CIS ≥0.15, the HR of which was 2.77 (95% CI:1.24-6.19). Increasing the cutoff points of CIS increased HR (Figure 6C). By elevating the threshold to 0.25 or 0.45, the HR of CIS was 3.01 (95% CI:1.46-6.23) or 7.48 (95% CI:2.82-19.8). However, HR of CIS ≥0.35 was only 2.39 (95% CI: 1.17-4.89). According to a CIS cutoff of 0.25, we compared the PFS of the high- and low-CIS groups (Figure 6D). Low CIS was a strong indicator of favorable PFS among patients (505d vs 138d, p=0.0018). Taken together, the mutated cell cycle pathway following CIN might inhibit the response to ICI combined therapy (Figure 6E).





ctDNA status as a potential biomarker for ICI combined therapy

42 baseline blood samples were available for NGS including MSAF and bTMB calculations. MSAF indicates the release of ctDNA with a frequently used cutoff of 2% (26). Patients were divided into two groups (MSAF < 2%, n=21; MSAF≥2%, n=21). Patients with MSAF ≥2% that met the minimum amount of ctDNA were further allocated to the bTMB-H or bTMB-L subgroups (bTMB≥10 muts/Mb, n=11; bTMB < 10 muts/Mb, n=10) (27) (Figure 7A). No significant correlation between bTMB and prognosis was identified, as the mPFS of the bTMB-H and bTMB-L group was 179d and 134d (p=0.80) (Figure 7B). The mPFS of patients with MSAF≥2% was 142d, while that of patients with MSAF<2% was 219d (p=0.1) (Figure 7C). HR of MSAF≥2% was 1.77 (95%CI:0.89-3.55). mPFS was significantly shorter in patients with MSAF≥10% than in those with MSAF<10% (41d vs 194d, HR:3.28(1.39-7.77), p=0.0043, Figure 7D). We examined the association between MSAF and clinical variables and found no significant association (Table S3). Consequently, NSCLC patients with a lower MSAF might respond better to ICI combination therapy.




Figure 7 | ctDNA status as a potential biomarker for ICI combined therapy. (A) Flow diagram of plasma samples stratified by MSAF and bTMB. (B) Kaplan–Meier curves of PFS in patients divided by bTMB. The mPFS was 179 days in the bTMB-H group and 134 days in the bTMB-L group (p=0.87). (C, D) Kaplan–Meier curves of PFS in patients divided by MSAF. (C) mPFS was 219d in the MSAF<;2% group and 142d in the MSAF≥2% group (p=0.1). HR of MSAF≥2% for PFS is 1.77 (95%CI:0.89-3.55). (D) mPFS was 194d in the MSAF<;10% group and 41d in the MSAF≥10% group (p=0.0043). HR of MSAF≥10% for PFS is 3.28 (95%CI:1.39-7.77).








Discussion

NSCLC is the most common lung cancer with a high mortality rate, metastasis, recurrence, and multidrug resistance (28). Although ICIs have become a promising therapeutic modality for NSCLC, maximizing the response to first-line treatment is critical. Chemotherapy and anti-angiogenic agents can augment antitumor immunity by impeding the immunosuppressive tumor microenvironment (29). Clinical trials including KEYNOTE-189, IMpower150, and IMpower130 have demonstrated improved OS with ICI combined chemotherapy (30, 31). However, predictive biomarkers for the benefits of immunotherapy might not be optimal for ICI combined treatment. For instance, atezolizumab combined with chemotherapy and bevacizumab has been approved as a first-line treatment for NSCLC irrespective of PD-L1 expression (32). Meanwhile, there is a greater likelihood for a high TMB to reflect acquired resistance rather than immune benefits (33). These phenomena could be partially explained by the increase in immunogenicity induced by cytotoxic approaches.

Considering that NSCLC harbors high rates of somatic mutations and genomic rearrangements (34), we conducted a single-arm study consisting of 53 NSCLC patients receiving ICI combination therapy and employed NGS to determine key progression-related biomarkers. The ORR of all patients was 39.6%, which is similar to that in previous reports (33%-47%) (35). mPFS in our cohort was 190d. The line of treatment was the only clinical feature that significantly associated with the response and prognosis. Patients in the first-line treatment had significantly better ORR and PFS than those in the second-line or later-line treatment. Neither PD-L1 nor TMB exhibited high prognostic value in this study, suggesting the limitation of classical biomarkers in ICI combination therapy.

The genomic landscape of patients was determined using NGS. None of the gene mutations was significantly associated with ORR. By contrast, specific composite somatic mutations have the potential to serve as PFS-related biomarkers. Univariate analysis indicated that RB1 and PIK3CA mutations were deleterious factors for PFS. Further multivariable analysis verified that the RB1 mutation was harmful to the prognosis of combined treatment. Consistent with our results, bioinformatic analysis showed that RB1 mutation was especially deleterious to NSCLC patients receiving PD-(L)1 combination therapy. RB1 is a tumor suppressor gene that is mutated in various human cancers (23). pRB, translated by RB1, is a chromatin-associated protein that limits the transcription of cell cycle genes by suppressing E2F (36, 37). The mutation frequency of RB1 in our cohort was 11%, which was slightly higher than that reported in previous studies (8.2%) (38). All RB1 mutations were inactivated in this study. RB1 mutations have been observed in several solid tumors and are associated with poor outcomes in early stage and advanced NSCLC (39). RB1 is a prognostic candidate for immunotherapy, as decreased expression of RB1 in hepatoma or bladder cancer has been correlated with a lack of immune response (40, 41). It has also been reported that six NSCLC patients with RB1 mutations failed to respond to immunotherapy (38). RB1 mutations in our study decreased the efficacy of ICI combination therapy in terms of PFS, thereby highlighting their prognostic value. Intriguingly, co-mutation analysis showed that no other gene alterations were significantly correlated with RB1 mutations. However, all RB1alterations in our study co-occurred with TP53 mutations, which is in accordance with previous reports, suggesting that p53 signaling is involved in the control of the cell cycle (22).

pRB is a master regulator of the cell cycle and its inactivation elongates the cell cycle (23). The cell cycle pathway, consisting of CDKs, CDK inhibitors, and cyclins, is frequently altered across many different tumor types (22). Similar to mutated RB1, abnormal cell cycle pathway is closely related to decreased PFS in ICI combination therapy. Both RB1 defects and cell cycle deregulation could further contribute to CIN (25, 42). In the present study, abnormal cell cycle pathways were significantly associated with a high incidence of CIN. Increased CIN indicates a worse response to ICI combination therapy. CIN is part of genomic instability and is characterized by copy number alterations in whole or parts of chromosomes, participating in the initiation and progression of tumors (43, 44). Tumor suppressors such as p53 and pRB protect against CIN (45). In NSCLC, high CIN expression exerts oncogenic functions and reflects a poor prognosis (46, 47). In our study, the optimal cut-off point for CIS was determined as 0.25 in our study. Consistent with the above reports, high CIS was significantly associated with an unfavorable prognosis of ICI combination therapy. The rationale behind this phenomenon is likely associated with cytosolic DNA. Errors in chromosome segregation create a preponderance of micronuclei, whose rupture spills genomic DNA into the cytosol (48). Cytosolic DNA can facilitate an immunosuppressive microenvironment and trigger immune evasion by regulating cGAS-STING signaling (49). Collectively, RB1 mutations may induce resistance to ICI combined therapy by disrupting cell cycle control and promoting the formation of chromosomal aberrations. Aggravated CIN may trigger immune suppression via chronic inflammation (Figure 3E).

Moreover, the plasma tumor fraction tested by NGS is important for predicting the prognosis. The value of bTMB in differentiating OS benefits is limited (27). In contrast, MSAF, which represents tumor purity, is closely associated with prognosis. It was established that patients with higher MSAF had worse OS than those with lower MSAF in the POPLAR and OAK cohorts (16). In our study, MSAF≥10% was a significant negative prognostic factor for PFS. Dynamic detection of MSAF can track responses to ICI in NSCLC (50). Therefore, MSAF representing ctDNA fractions can provide independent information in the context of established clinical biomarkers.

Our study has several limitations. It’s worth noting that the immune combination therapy comprises both chemotherapy and anti-angiogenic therapies. Further large-scale studies are necessary to fully confirm the predictive value of RB1 and its related cell-cycle pathway gene alterations, and with respect to different treatment scheme. Another limitation is the absence of in vitro experiments to elucidate the underlying mechanisms of RB1 mutations. Additionally, we did not collect sufficient samples upon disease progression for further drug resistance studies. Although limited by a moderate sample size, our study identified RB1 as a strong negative predictor of poor outcome to anti-PD-(L)1 combination therapy both in our study cohort and in the external validation cohort. Future studies should focus on expanding the cohort size and include functional analysis to elucidate the underlying mechanisms of disease progression.

In conclusion, this pilot study supports further research on RB1 for predicting the efficacy of ICI combination therapy in NSCLC. RB1 aberrations may attenuate the response in concert with abnormal signaling pathways and an unstable chromosome. Determining RB1 status may serve as prognostic indicators to complement traditional biomarkers and guide clinical treatment.
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