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Background

SMARCA4, the essential ATPase subunit of SWI/SNF chromatin remodeling complex, regulates transcription through the control of chromatin structure and is increasingly thought to play significant roles in human cancers. This study aims to explore the potential role of SMARCA4 with a view to providing insights on pathologic mechanisms implicated here.



Methods

The potential roles of SMARCA4 in different tumors were explored based on The Cancer Genome Atlas (TCGA), Genotype-tissue expression (GTEx), Tumor Immune Estimation Resource (TIMER), and Gene Set Enrichment Analysis (GSEA) datasets. The expression difference, mutation and phosphorylation status, survival, pathological stage, DNA methylation, tumor mutation burden (TMB), microsatellite instability (MSI), mismatch repair (MMR), tumor microenvironment (TME), and immune cell infiltration related to SMARCA4 were analyzed.



Results

High expression levels of SMARCA4 were observed in most cancer types. SMARCA4 expression in tumor samples correlates with poor overall survival in several cancers. Lung adenocarcinoma cases with altered SMARCA4 showed a poorer prognosis. Enhanced phosphorylation levels of S613, S695, S699, and S1417 were observed in several tumors, including breast cancer. SMARCA4 correlated with tumor immunity and associated with different immune cells and genes in different cancer types. TMB, MSI, MMR, and DNA methylation correlated with SMARCA4 dysregulation in cancers. SMARCA4 expression was negatively associated with CD8+ T-cell infiltration in several tumors. Furthermore, the SWI/SNF superfamily-type complex and ATPase complex may be involved in the functional mechanisms of SMARCA4, albeit these data require further confirmation.



Conclusions

Our study offers a comprehensive understanding of the oncogenic roles of SMARCA4 across different tumors. SMARCA4 may correlate with tumor immunity.





Keywords: SMARCA4, cancer, bioinformatics, immunity, oncogene, EMT



Introduction

The SMARCA subgroup of genes belong to the SWI1/SNF1 family and are responsible for chromatin remodeling and repair (1). SMARCA4 has been shown to be involved in developmental processes, transcriptional regulation, DNA repair, cell cycle control, and cancer (2). Inactivating mutations in SMARCA4 leads to loss of expression of protein within the nucleus and characterizes malignancies that are related, with SMARCA-deficiency. SMARCA4 was identified as a tumor suppressor gene; however, recent reports have revealed an oncogenic role of SMARCA4 (3). We conducted a pan-cancer genomic analysis of SMARACA4 across different cancer types using large-scale RNA-sequencing (RNA-seq) data from TCGA.

In the present study, through data mining analyses, we visualized the prognostic landscape of SMARCA4 expression and mutation across cancers and analyzed the expression of the SMARCA4 gene and its association with tumor-infiltrating immune cells (TIICs) and related immune markers. Our findings suggest that SMARCA4 influences the prognosis of cancer patients, while the role of SMARCA4 in different cancer types varies. Elevated SMARCA4 gene expression is detrimental to survival in some situations with contradictory results in other tumor types.

Taking these facts together, these data suggest SMARCA4 is a prognostic marker for both clinical outcomes and immune infiltration.



Material and Methods


Gene Expression Analysis of SMARCA4

The “Gene_DE” module of tumor immune estimation resource, version 2 (TIMER2) web server (http://timer.cistrome.org/) was explored with input of “SMARCA4.” The differences of SMARCA4 gene expression between tumor and normal tissues of TCGA datasets were explored. For some tumors without normal tissues (e.g., TCGA-diffuse large B cell lymphomas (DLBC), TCGA-glioblastoma multiforme (GBM), TCGA-low-grade glioma (LGG), etc.), “Expression Analysis-Box Plots” module of the gene expression profiling interactive analysis, version 2 (GEPIA2) web server (http://gepia2.cancer-pku.cn/#analysis) was used to obtain expression difference between tumor and normal tissues of GTEx database. p-Value cutoff = 0.01, log2 fold change (FC) cutoff = 1, and “Match TCGA normal and GTEx data” were set as criteria. Violin plots of the SMARCA4 expression in different pathological stages of TCGA tumors through the “pathological stage plot” module of GEPIA2 were obtained. The log2 (transcripts per million (TPM) +1) transformed expression data were applied for the box or violin plots.

UALCAN portal (http://ualcan.path.uab.edu/analysis-prot.html) was used to perform protein expression analysis of the clinical proteomic tumor analysis consortium (CPTAC) dataset (4). Expression level of total protein or phosphoprotein of SMARCA4 between primary tumor and normal tissues were explored. Datasets of six tumors were selected, including breast cancer, ovarian cancer, colon cancer, clear cell renal cell carcinoma (RCC), uterine corpus endometrial carcinoma (UCEC), and lung adenocarcinoma (LUAD).



Survival Prognosis of SMARCA4

Survival map of SMARCA4 across TCGA tumors were generated from the “Survival Map” module of GEPIA2, in terms of overall survival (OS) and disease-free survival (DFS). Cutoff value of 50% was set as expression threshold for separating high- and low-expression cohorts. The log-rank test was used in the hypothesis test, and the survival plots were generated via “survival analysis” module of GEPIA2.



Genetic Alteration Analysis of SMARCA4

The cBioPortal website (https://www.cbioportal.org/) was explored using “quick selection” section to investigate “TCGA Pan Cancer Atlas Studies”. “SMARCA4” was entered for queries of the genetic alteration. Alteration frequency, mutation type, and copy number alteration (CNA) results of all TCGA tumors were obtained from “cancer types summary” module. The “mutations” module was used to explore the mutated site of SMARCA4, which is displayed in the schematic diagram of the protein structure or the three-dimensional (3D) structure. The “comparison” module was used to generate the data on the overall, disease-free, progression-free, and disease-free survival of TCGA cases with or without SMARCA4 alteration. Kaplan-Meier plots with log-rank p-value were displayed.



Immune Infiltration Analysis of SMARCA4

We first evaluated the relationship between the level of SMARCA4 expression and the abundance of six types of TIICs, including CD4+ T cells, CD8+ T cells, B cells, neutrophils, dendritic cells (DCs), and macrophages. Results were exhibited in the form of these three kinds of scores: ImmuneScore, StromalScore, and ESTIMATEScore. The higher score estimated in ImmuneScore or StromalScore positively correlated with the ratio of immune or stromal, and it referred to the higher the respective score and the larger the ratio of the corresponding component in TME. ESTIMATEScore was the sum of both, denoting the integrated proportion of both components in TME. The ImmuneScore and StromalScore of multiple cancers were obtained via the “estimate” R package.

The purity of tumors was also quantified, and the differences of 22 immune cell subtypes were further explored using the “Immune-Gene” module of TIMER2 web server. The algorithms of TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, XCELL, MCPCOUNTER, and EPIC were used to estimate immune infiltration. The p-values and partial correlation values (cor) were obtained via the purity-adjusted Spearman’s rank correlation test. The ratio of immune-stromal component in tumor microenvironment (TME) to obtained explores the association of the estimated proportion of immune and stromal with SMARCA4 expression using Spearman’s correlation analysis.

Spearman’s correlation analysis was also used to evaluate the relationships between SMARCA4 expression and expression levels of the immune checkpoint markers. Gene markers of TIICs were analyzed including T cells (general), CD8+ T cells, B cells, monocytes, TAMs, M1 macrophages, M2 macrophages, DCs, neutrophils, natural killer (NK) cells, follicular helper T (Tfh) cells, T-helper 1 (Th1) cells, T-helper 2 (Th2) cells, T-helper 17 (Th17) cells, exhausted T cells, Tregs, and mast cells (5). These gene markers include BLTA, CD200, TNFRSF14, NRP1, LAIR1, TNFSF4, CD244, LAG3, ICOS, CD40LG, CTLA4, CD48, CD28, CD200R1, HAVCR2, ADORA2A, CD276, KIR3DL1, CD80, PDCD1, LGALS9, CD160, TNFSF14, IDO2, ICOSLG, TMIGD2, VTCN1, IDO1, PDCD1LG2, HHLA2, TNFSF18, BTNL2, CD70, TNFSF9, TNFRSF8, CD27, TNFRSF25, VSIR, TNFRSF4, CD40, TNFRSF18, TNFSF15, TIGIT, CD274, CD86, CD44, and TNFRSF9. All of the gene expression levels were log2 transformed.

Relationship between SMARCA4 and TMB or MSI was analyzed. The “maftools” R package was applied to analyze the somatic data (MAF data) in human pan-cancer from the TCGA database. The number of mutations of exons to identify the TMB was analyzed in each cancer. MSI score was obtained from the TCGA database. The analysis of the association between SMARCA4 expression and TMB or MSI was based on the Spearman’s method.



Analysis of SMARCA4 Expression and MMR Gene Mutation and DNA Methylation

MLH1, MSH2, MSH6, EPCAM, and PMS2 are five MMR genes, and their expression levels in multiple cancers were obtained from the TCGA database. The correlation of expression levels of these MMR genes with the expression levels of SMARCA4 was analyzed by the Spearman’s correlation method. In the present study, we also evaluated the expression levels of DNMT1, DNMT2, DNMT3A, and DNMT3B, and Spearman’s correlation was used to evaluate the correlation of the four methyltransferases with SMARCA4 expression.



Gene-Related Enrichment Analysis

The STRING website (https://string-db.org/) was used to query protein name “BRG1” and organism (“Homo sapiens”). The following main parameters were set as: minimum required interaction score [“low confidence (0.150)”], meaning of network edges (“evidence”), max number of interactors to show (“no more than 50 interactors” in 1st shell) and active interaction sources (“experiments”). Then, the available experimentally determined SMARCA4-binding proteins were obtained. The “similar gene detection” module of GEPIA2 was used to obtain the top 100 SMARCA4-correlated targeting genes of all TCGA tumor and normal tissues. The “correlation analysis” module of GEPIA2 was used to perform a pairwise gene Pearson’s correlation analysis of SMARCA4 and selected genes. The log2 TPM was applied for the dot plot. The p-value and the correlation coefficient (R) were indicated. The “Gene_Corr” module of TIMER2 was used to generate heatmap data of the selected genes, which contains the partial correlation (cor) and p-value in the purity-adjusted Spearman’s rank correlation test. Venn diagram was used to conduct an intersection analysis to compare the SMARCA4-binding and interacted genes.

Two sets of data were combined to perform Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis. The gene lists were uploaded to Database for Annotation, Visualization, and Integrated Discovery (DAVID) with the settings of selected identifier (“OFFICIAL_GENE_SYMBOL”) and species (“Homo sapiens”) and obtained the data of the functional annotation chart. Enriched pathways were visualized with R packages “tidyr” and “ggplot2.” Gene Ontology (GO) enrichment analysis was conducted using R package “clusterProfiler”. The data for biological process (BP), cellular component (CC), and molecular function (MF) were visualized as cnet plots, using the cnetplot function.

GSEA was performed in the high- and the low-expression groups to explore the biological signaling pathway. The top 5 terms of KEGG and HALLMARK analyses were exhibited. KEGG pathways with significant enrichment results were demonstrated on the basis of net enrichment score (NES), gene ratio, and p-value. Gene sets with |NES| >, NOM p < 0.05, and FDR q < 0.25 were considered to be enrichment significant (6).



Statistical Analysis

R language software (version 4.0.3) (https://www.r-project.org/) was used in this analysis. Differences between the two groups and among multiple groups were analyzed using the default Wilcoxon’s test and one-way analysis of variance (ANOVA), respectively. The differences in overall survival between groups were determined by Kaplan-Meier analysis and a log-rank test. The subtypes, clinicopathological features, risk scores, expression of immune checkpoints, and levels of immune infiltration were determined by a Pearson’s correlation test. Results were considered statistically significant when the p < 0.05.




Results


Analysis of Gene Expression

The expression level of SMARCA4 in tumor tissues was higher than the corresponding control tissues, including bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), stomach adenocarcinoma (STAD), thyroid carcinoma (THCA), UCEC (all p < 0.001) and cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC, p < 0.01), as shown in Figure 1A. The expression level of SMARCA4 in tumor tissues was significantly lower than control tissues of kidney renal clear cell carcinoma (KIRC, p < 0.001) and kidney chromophobe (KICH, p < 0.05).




Figure 1 | Expression level of SMARCA4 gene in different tumors and pathological stages. (A) The expression status of the SMARCA4 gene in different cancers or specific cancer subtypes was analyzed through TIMER2. *p < 0.05; **p < 0.01; ***p < 0.001. (B) For the type of DLBC, GBM, LGG, SKCM, TGCT, and THYM in the TCGA project, the corresponding normal tissues of the GTEx database were included as controls. The box plot data were supplied. **p < 0.01. (C) Based on the CPTAC dataset, we also analyzed the expression level of SMARCA4 total protein between normal tissue and primary tissue of breast cancer, ovarian cancer, colon cancer, clear cell RCC, and UCEC. ***p < 0.001. (D) Based on the TCGA data, the expression levels of the SMARCA4 gene were analyzed by the main pathological stages (stages I, II, III, and IV) of ACC, BLCA, COAD, KICH, LIHC, and SKCM. Log2 (TPM +1) was applied for log scale.



The expression differences of SMARCA4 between the tumor and normal tissues of lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), glioblastoma multiforme (GBM), brain lower grade glioma (LGG), skin cutaneous melanoma (SKCM), testicular germ cell tumors (TGCT), and thymoma (THYM) were also analyzed in GTEx dataset (Figure 1B, p < 0.001). The results of the CPTAC dataset showed higher expression of SMARCA4 total protein in the primary tissues of breast cancer, ovarian cancer, colon cancer, UCEC and LUAD (Figure 1C, p < 0.001) than in normal tissues.

We also used the “pathological stage plot” module of GEPIA2 to observe the correlation between SMARCA4 expression and the pathological stages of cancers, including adrenocortical carcinoma (ACC), BLCA, CESC, COAD, KICH, LUAD, pancreatic adenocarcinoma (PAAD), and THCA (Figure 1D, all p < 0.05).



Analysis of Survival Prognosis

As shown in Figure 2A, highly expressed SMARCA4 is linked to poor prognosis for cancers including ACC (p = 0.00034), mesothelioma (MESO, p = 0.00017), sarcoma (SARC, p = 0.011), and SKCM (p = 0.037) of TCGA datasets. DFS analysis (Figure 2B) shows high SMARCA4 expression is correlated with poor prognosis for the TCGA cases of ACC (p = 0.0023), BRCA (p = 0.034), and uterine carcinosarcoma (UCS, p = 0.017). The above data indicate that SMARCA4 expression is associated with the prognosis of cases with different tumors.




Figure 2 | Correlation between SMARCA4 gene expression and survival prognosis of cancers in TCGA. GEPIA2 tool was used to perform overall survival (A) and disease-free survival (B) analyses of different tumors in TCGA by SMARCA4 gene expression. The survival map and Kaplan-Meier curves with positive results are given.





Genetic Alteration Analysis

The genetic alteration status of SMARCA4 in different tumor samples of the TCGA cohorts were analyzed. As shown in Figure 3A, the highest alteration frequency of SMARCA4 appears for patients with uterine tumors with “mutation” as the primary type.




Figure 3 | Mutation feature of SMARCA4 in different tumors of TCGA. We analyzed the mutation features of SMARCA4 for the TCGA tumors using the cBioPortal tool. (A) The alteration frequency with mutation type is displayed. (B) Mutation sites are displayed. (C) The 3D structure of SMARCA4 was displayed. (D) The potential correlation between mutation status and overall, disease-specific, disease-free, and progression-free survival of UCEC using the cBioPortal tool. (E) The potential correlation between mutation status and overall, disease-specific, disease-free, and progression-free survival of LUAD using the cBioPortal tool.



The “amplification” type of CNA is the primary type in the ovarian cancer cases, which shows an alteration frequency of ~9% (Figure 3A). It is worth noting that all kidney cases (clear cell and nonclear cell carcinoma) with genetic alteration have SMARCA4 mutations. The types, sites, and case number of the SMARCA4 genetic alterations are further presented in Figure 3B. Missense mutation of SMARCA4 is the main type of genetic alteration. The R1192C/H alteration in the helicase_C domain is detected in 16 cases (Figure 3B). The 3D structure of SMARCA4 protein is shown in Figure 3C. The potential association between SMARCA4 alteration and the clinical survival prognosis of cases with different types of cancer was analyzed. The data in Figure 3D indicate that UCEC cases with altered SMARCA4 have better prognosis in PFS (p = 0.0387), but not OS (p = 0.158), DFS (p = 0.0762), and disease-specific survival (DSS) (p = 0.147), compared with patients without SMARCA4 alterations. Interestingly, the data of Figure 3E indicate that LUAD cases with altered SMARCA4 show worse prognosis in OS (p = 0.0348), PFS (p = 0.0387), DFS (p = 0.0762), and DSS (p = 0.147), compared with patients without SMARCA4 alterations.



Analysis of Protein Phosphorylation

The SMARCA4/BRG1 phosphorylation levels between tumor versus normal tissues of five types of tumors (breast cancer, clear cell RCC, LUAD, ovarian cancer, and UCEC) were analyzed using CPTAC dataset. SMARCA4 phosphorylation sites and the significant differences are summarized in Figure 4A.




Figure 4 | Phosphorylation analysis of SMARCA4 in different tumors. Based on the CPTAC dataset, the expression level of SMARCA4 phosphoprotein was analyzed between normal tissue and primary tissue of selected tumors via the UALCAN. (A) The phosphoprotein sites with positive results are displayed in the schematic diagram of SMARCA4 protein. (B) The box plots for different cancers are displayed.



The S613 locus of SMARCA4 exhibits a higher phosphorylation level in several tumor tissues compared with normal tissues, including breast cancer, colon cancer and UCEC (Figure 4B, all p < 0.05), followed by an increased phosphorylation level of the S695 locus for breast cancer (p = 3.65e−06), UCEC (p = 2.34e−09), and LUAD (p = 5.72e−33). Higher phosphorylation level in some tumor tissues were also observed in S699 and S1417 locus.



Immune Infiltration Analysis

ImmuneScore and StromalScore were integrated to evaluate the relationship between SMARCA4 expression and immune infiltration across cancers. According to the results, SMARCA4 expression was negatively correlated with the ImmuneScore in ACC, BLCA, BRCA, etc. (Figure 5A). Also, SMARCA4 expression positively correlates with the StromalScore in UVM, while negatively in ACC, BLCA, BRCA, COAD, etc. (Figure 5B). SMARCA4 expression is negatively correlated with ESTIMATEScore in most cancer types (Figure 5C). The top 3 tumors most significantly correlated with expression of SMARCA4 are BRCA, GBM, and PRAD (StromalScore); GBM, SKCM, and SARC (ImmuneScore); and GBM, SARC, and SKCM (ESTIMATEScore) (Figure 5D).




Figure 5 | Correlation of SMARCA4 expression with ImmuneScore, StromalScore, and ESTIMATEScore in various cancers. (A) Correlation of SMARCA4 expression with ImmuneScore. (B) Correlation of SMARCA4 expression with StromalScore. (C) Correlation of SMARCA4 expression with ESTIMATEScore. (D) Top 3 cancers by ImmuneScore, StromalScore, and ESTIMATEScore, respectively.



Algorithms of TIMER, CIBERSORT, CIBERSORT-ABS, QUANTISEQ, XCELL, MCPCOUNTER, and EPIC were further used to investigate the potential relationship between the infiltration level of different immune cells and SMARCA4 gene expression in diverse cancer types of TCGA. A statistically negative correlation was observed between the immune infiltration of CD8+ T cells and SMARCA4 expression in the tumors of ESCA, PAAD, SKCM, and SKCM-metastasis (Figure 6A) based on most algorithms. For example, SMARCA4 expression level in PRAD is negatively correlated with the infiltration level of CD8+ T cells (Figure 6B, cor = −0.152, p = 1.14e−03) based on the EPIC algorithm. A statistically positive correlation of SMARCA4 expression and the estimated infiltration value of cancer-associated fibroblasts is observed for the TCGA tumors of CESC and HNSC-HPV− but noted a negative correlation for TGCT and THYM (Figure 6C). For example, SMARCA4 expression level in HNSC-HPV− is correlated with the infiltration level of cancer-associated fibroblasts (Figure 6D, cor = 0.2, p = 5.46e−05) based on the MCPCOUNTER algorithm.




Figure 6 | Correlation analysis between SMARCA4 expression and immune infiltration of CD8+ T cell and cancer-associated fibroblasts base on analysis of 22 immune cell types. Different algorithms were used to explore the potential correlation between the expression level of the SMARCA4 gene and the infiltration level of (A, B) CD8+ T cell and (C, D) cancer-associated fibroblasts across all types of cancer in TCGA.



The correlation between SMARCA4 and immune checkpoint gene expression was analyzed. In LIHC, SMARCA4 expression is positively correlated with expression of CD200, NRP1, LAIR1, TNFSF4, LAG3, ICOS, CD48, CD200R1, HAVCR2, CD276, CD80, PDCD1, LGALS9, ICOSLG, TIGIT, etc. (Figure 7A).




Figure 7 | Correlations between SMARCA4 expression and immunity, including immune marker sets, TMB, and MSI in cancers. (A) Correlation between SMARCA4 expression and immune marker sets. (B) Radar map of correlation between SMARCA4 expression and TMB. The value in black reveals the range, and the curve in blue reveals the correlation coefficient. (C) Radar map of correlation between SMARCA4 expression and MSI. The value in black reveals the range, and the curve in red reveals the correlation coefficient. *p < 0.05, **p < 0.01, ***p < 0.001.



Association between SMARCA4 expression and TMB varies markedly among cancer types. SMARCA4 is positively correlated with TMB in BLCA, KICH, LIHC, LUAD, MESO, etc. (Figure 7B). On the contrary, SMARCA4 expression is negatively associated with TMB in UVM, THYM, CHOL, etc. SMARCA4 is positively correlated with MSI in UVM, KICH, SARC, STAD, LUSC, LUAD, etc. (Figure 7C). In contrast, SMARCA4 expression is negatively related to MSI in CHOL, READ, SKCM, UCS, etc. All these data together indicate that high SMARCA4 expression is widely associated with immunity in cancers.



SMARCA4 Is Associated With MMR Gene and DNA Methylation

In order to determine the potential role of SMARCA4 in tumor progression, we evaluated the association of the expression level of SMARCA4 with mutation levels of five MMR genes. The results shown in Figure 8A revealed that SMARCA4 is highly related to MMR genes in 31 cancers, except for READ and UCS. The relationships between SMARCA4 and four DNA methyltransferases were also evaluated. SMARCA4 expression is highly associated with these four DNA methyltransferases in multiple cancers, such as THYM, BLCA, COAD, etc. (Figure 8B). These results indicate that SMARCA4 may regulate the tumor progression by mediating repairment of DNA and DNA methylation across cancers.




Figure 8 | Expression levels of SMARCA4 correlate with five MMR genes and four DNA methyltransferases. (A) Spearman’s correlation analysis of SMARCA4 expression with expression levels of five MMR genes across cancers (*p < 0.05, **p < 0.01, ***p < 0.001). (B) Spearman’s correlation analysis of SMARCA4 expression with four DNA methyltransferases across cancers.





Enrichment of SMARCA4-Related Partners

A total of 50 SMARCA4-binding proteins were obtained which were supported by experimental evidence via STRING tool. Interaction network of these proteins is shown in Figure 9A. The top 100 genes that correlate with SMARCA4 expression were obtained via GEPIA2 tool to combine pan-cancer expression of TCGA. As shown in Figure 9B, SMARCA4 expression level is positively correlated with that of interleukin enhancer-binding factor 3 (IL-F3) (R = 0.68), Krev interaction trapped/cerebral cavernous malformation 1 (KRI1) (R = 0.61), C19orf52 (TIMM29) (R = 0.6), Peter Pan Homolog (PPAN) (R = 0.56), and phenylalanyl-tRNA synthetase alpha (FARSA) (R = 0.56) genes (all p < 0.001). The corresponding heatmap data also show a positive correlation between SMARCA4 and the above five genes in the majority of detailed cancer types (Figure 9C). Intersection analysis of the above two groups show three common members, namely, SMARCB1, SMARCD1, and HDAC2 (Figure 9D).




Figure 9 | SMARCA4-related gene enrichment analysis. (A) The available experimentally determined SMARCA4-binding proteins using the STRING tool were obtained. (B) The top 100 SMARCA4-correlated genes in TCGA were generated using GEPIA2, and the expression correlation between SMARCA4 and selected targeting genes were analyzed. (C) Heatmap data in the detailed cancer types are displayed. (D) An intersection analysis of the SMARCA4-binding and correlated genes was conducted. (E) KEGG pathway analysis based on the SMARCA4-binding and interacted genes. (F) The cnetplot for the molecular function data in GO analysis.



We combined the two datasets to perform KEGG and GO enrichment analyses. KEGG data suggest that “SWI/SNF superfamily-type complex” and “ATPase complex” might be involved in the effect of SMARCA4 on tumor pathogenesis, which was shown in Figure 9E. GO enrichment analysis indicate that most of these genes are linked to the pathways or cellular biology of chromatin, such as chromatin remodeling, chromatin DNA binding, nuclear chromatin, and others (Figure 9F).

GSEA was performed to identify the functional enrichment of high and low SMARCA4 expression (Figure 10). KEGG enrichment term exhibits that high expression of SMARCA4 is mainly associated with tyrosine kinase signaling pathways, including neurotrophin signaling pathway, ERBB signaling pathway, and GnRH pathway. HALLMARK terms indicated that high expression of SMARCA4 was associated with mitotic spindle, apical junction, and PI-3K/AKT/mTOR signaling pathways.




Figure 10 | GSEA for samples with high SMARCA4 expression and low expression. (A) The enriched gene sets in KEGG collection by the high SMARCA4 expression sample. (B) The enriched gene sets in KEGG by samples with low SMARCA4 expression. (C) Enriched gene sets in HALLMARK collection, the immunologic gene sets, by samples of high SMARCA4 expression. (D) Enriched gene sets in HALLMARK by the low SMARCA4 expression. Each line representing one particular gene set with unique color, and upregulated genes located in the left approaching the origin of the coordinates, by contrast the downregulated lay on the right of x-axis. Only gene sets with NOM p < 0.05 and FDR q < 0.06 were considered significant. Only several leading gene sets were displayed in the plot.






Discussion

The chromatin remodeling switch sucrose nonfermentable SWI/SNF complex is evolutionarily conserved and comprised of a catalytic subunit, either of BRG1 (also known as SMARCA4) or of BRM (also known as SMARCA2) (7). The SWI/SNF complex is involved in the pathogenesis cancer of several organs with therapeutic and prognostic value (8). SMARCA4, a key SWI/SNF chromatin remodeling gene, is frequently inactivated in cancers and is not directly druggable (9). SMARCA4 is regarded as a bona fide tumor suppressor and cooperates with p53 loss and Kras activation (10). Studies reveal that about 20% of human cancers contain mutations in SWI/SNF enzyme subunits, indicating that the enzyme subunits are critical tumor suppressors (11). On the other hand, the oncogenic role of SMARCA4 has been reported in several cancer types (12, 13). The role of SMARCA4 across cancers and whether it can serve as a prognostic biomarker remain to be determined. Therefore, the pan-cancer analysis of SMARCA4 is vital and useful for comparing the similarities and differences among different cancers.

The present work illustrated a comprehensive workflow for pan-cancer analysis and thoroughly investigated the role of the SMARCA4 in cancers. The results show that overexpression of SMARCA4 is correlated with a worse prognosis in some cancer types. SMARCA4 expression is closely associated with the levels of immune infiltration. Furthermore, SMARCA4 is aberrantly expressed in various cancers and significantly associated with MMR, MSI, DNA methylation, and TMB. Therefore, SMARCA4 may play an essential role in cancer prognosis and tumor immunity.

It was reported that loss of SWI/SNF protein expression in NSCLC is associated with aggressive clinicopathological features, PD-L1-positive status, and high TMB in NSCLC (14). Studies have also revealed that SMARCA4 expression was associated with poor prognosis of multiple cancer types, including liver hepatocellular carcinoma and kidney renal clear cell carcinoma (15), challenging the role of SMARCA4 as a tumor suppressor. While mammalian SWI/SNF enzyme function is highly context dependent and the enzymatic activity generates changes in chromatin accessibility, which can either negatively or positively affect chromatin utilization, therefore, overexpression of SMARCA4 may similarly cause initiation or acceleration of cancer, which is not unexpected (11).

SMARCA4 alterations can be divided into two clinically relevant genomic classes associated with differential protein expression as well as distinct prognostic and treatment implications (8). As loss of BRG1 expression requires bi-allelic inactivation, in NSCLCs with truncating SMARCA4 mutations, nearly half of these mutations resulted in BRG1 deficiency (16). SMARCA4 RNA splicing defects, expression of particular microRNAs, signaling pathway activation such as PI3K or AKT have been shown to downregulate SMARCA4 expression in lung cancer, therefore, screening strategies that exclusively rely on next-generation sequencing may fail to detect lung cancers with nonmutational mechanisms of BRG1 inactivation (16).

Mutations of SMARCA4 represent a genetic factor leading to adverse clinical outcome in lung adenocarcinoma (17). SMARCA4-mutant lung cancers may be more sensitive to immunotherapy (8), but other studies have contradictory results (18). The conflicting results on the role of SMARCA4 might be due to several reasons such as limited sample size, different treatment, and co-occurring mutations. Co-occurring mutations exist, such as STK11/KEAP1, and these genes were identified to be potentially associated with reduced efficacy of immunotherapy (KEAP1, PBRM1, SMARCA4, and STK11) (19). The discovery that the SMARCA4 plays an essential role in cancer immunology highlights the importance of future studies of larger cohorts of patients to further determine the clinical feasibility of immune checkpoint inhibitors.

SMARCA4 expression is negatively correlated with ESTIMATEScore in most cancer types. ESTIMATEScore indicates the purity of the tumor (5), and low purity suggests advanced stage and poor prognosis in cancer (20). In addition, SMARCA4 is positively correlated with expression of multiple immune checkpoint genes, and SMARCA4 expression is related to high TMB in some cancer types, such as lung adenocarcinoma. This result is consistent with that reported by Foundation Medicine (16) and other reports (20). These results indicate that SMARCA4 is involved intensely with tumor immune evasion. Furthermore, immune infiltration analysis of SMARCA4 reveal a negative correlation CD8+ T cells and SMARCA4 expression in the tumors of ESCA, PAAD, SKCM, and SKCM-metastasis, while the correlation of SMARCA4 and CD8+ T cells in other tumor types still needs further investigation.

The correlation of SMARCA4 with MSI in various cancer types was also investigated in our study. MMR genes play a vital role in maintaining the stability of the genome. In our analysis, SMARCA4 expression is related with the expression of MMR genes in multiple cancer types. We found that SMARCA4 expression is highly related to five MMR genes and to MSI in most cancer types. Previous studies also found SWI/SNF-mutated gastric cancer are correlated with MSI genotype (21). DNA methylation is an epigenetic mechanism and a novel predictor for tumorigenesis. SMARCA4 is a novel key epigenetic modulator of colorectal cancer (22), and SMARCA4 may directly influence the loss of DNA methylation, which provided insight of aberrant gene induction during tumor progression (23).

The phosphorylation findings from CPTAC dataset including six cancer types indicated that enhanced phosphorylation levels of S613, S695, S699, and S1417 were observed in several tumors. Whether these posttranslational modification sites have clinical significance remains to be determined. We also analyzed the key signaling pathways of SMARCA4. The results indicate that SMARCA4 is related with DNA repair pathway. SMARCA4 enhances sensitivity to drugs that target oxidative phosphorylation and inhibit SMARCA2, EZH2, CDK4, or CDK6 (16). BET inhibitor has also emerged as a promising drug for the treatment of SMARCA4-deficient hepatocellular carcinoma based on preclinical studies (24), indicating that this particular subtype of cancer patients may benefit from precision targeted therapy.

Our study has several limitations. Firstly, the mRNA level of SMARCA4 is assessed in our study, while its correlation with protein levels need to be validated in future studies. Secondly, additional validation in other public datasets is required to further support our present findings. Thirdly, as multiple information from diverse databases was retrieved for the analysis, systematic bias exists. More efforts are needed to explore the role of SMARCA4 in cancer and the value of SMARCA4 as a potential target of anticancer therapy.

Taken together, our first pan-cancer analysis of SMARCA4 indicated clinically significant correlation of SMARCA4 with prognosis, DNA methylation, protein phosphorylation, immune cell infiltration, and immunity markers as TMB and MSI, which help understand the role of SMARCA4 in tumorigenesis.



Conclusions

In summary, the present study reveals that SMARCA4 is correlated with the prognosis of patients with cancer and immune infiltration across diverse cancers. SMARCA4 gene expression is associated with MMR, MSI, TMB, and DNA methylation in multiple cancers. SMARCA4 gene expression was strongly associated with the gene expression of immunity in various cancers. SMARCA4 may play a key role as a prognostic biomarker.
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Background

The purpose of this study was set to investigate the prognostic role of plasmatic levels of heat shock protein 90 alpha (HSP90α) at diagnosis in advanced lung cancer patients treated with Programmed cell death protein 1 (PD-1)/Programmed cell death-Ligand protein 1 (PD-L1) inhibitors plus chemotherapy.



Methods

A total of 137 advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy admitted to the Guangxi Medical University Cancer Hospital were enrolled in this study. Smooth curve fitting was conducted to address the nonlinearity of HSP90α and progression-free survival (PFS) and overall survival (OS). We calculated the inflection point using a recursive algorithm. Kaplan–Meier survival analysis and Cox proportional hazards regression model were used to assess the prognostic value of HSP90α for PFS and OS. Subgroup analysis was performed to evaluate the relationship between high HSP90α and disease progression and death risk.



Results

The average age of patients was 58.6 ± 9.8 years, and 73.7% of them were men. We divided patients according to their plasmatic levels of HSP90α into low (HSP90α <52.7 ng/ml) group and high (HSP90α ≥52.7 ng/ml) group. Kaplan–Meier analysis showed a shorter PFS and OS for the high group with log-rank P < 0.05. Univariate and multivariate analyses indicated that high HSP90α was associated with an increased risk of disease progression and death after fully adjusting potential confounders with hazard ratio (HR) 1.8 (95% CI = 1.0–3.2) and HR 2.4 (95% CI = 1.1–5.1), respectively (P < 0.05). After stratification by subgroup analysis, the relationship between high HSP90α and the risk of disease progression and death was consistent across all patient subgroups.



Conclusion

Plasmatic levels of HSP90α at diagnosis can be considered a potential independent prognostic marker of advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy. A further large-scale prospective validation study is needed to determine whether these results are widely applicable.
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Introduction

Lung cancer is the leading cause of cancer-associated mortality all over the world (1), including non-small cell lung cancer (NSCLC) and small cell lung cancer (SCLC). Despite advances in lung cancer diagnostics and therapeutics, the survival rate of patients with advanced lung cancer, calculated based on 5 years, remains poor (2).

The standard systemic therapeutic plans for advanced lung cancer patients have made significant progress in recent years, such as chemotherapy, targeted therapy, and immune checkpoint inhibitors (ICIs). The combination of immunotherapy with a plethora of different agents (chemotherapy, antiangiogenic, and other immunotherapeutic drugs) was supported with ample evidence rationale. PD-1 and its ligand (PD-L1) extensively entered clinical practice for the management of advanced lung cancer patients. An overview of current clinical experimental results, including KEYNOTE-189, KEYNOTE-407, IMPOWER133, CASPIAN, and others (3–6), demonstrated that PD-1/PD-L1 inhibitors plus chemotherapy are gradually emerging as a novel therapeutic paradigm for advanced lung cancer patients. Currently, biomarkers that could discriminate patients who benefit from immunotherapies are still under investigation. Therefore, exploration of indicators to predict prognosis and immunotherapy response is urgently warranted, which would help clinicians to optimize subsequent treatment strategies.

Heat shock protein (HSP)27, HSP40, HSP60, HSP70, HSP90, and HSP110 are six prominent families of HSPs (7). HSP90 has two isoforms: HSP90α and HSP90β, the levels of plasma HSP90α are extremely low in normal. However, in many diseased states such as neoplasms, HSP90α can be secreted explicitly to the extracellular space, entering the blood circulation (8). A previous study indicated that plasmatic levels of HSP90α are significantly elevated in patients with lung cancer compared with those of healthy controls (9). Meanwhile, a multitude of studies have demonstrated that the HSP90α was associated with tumor cell migration, invasion, and metastasis (10–12).

However, whether plasmatic levels of HSP90α at diagnosis could predict PD-1/PD-L1 inhibitors plus chemotherapy efficacy remains unknown. Thus, this retrospective cohort study was conducted to assess the prognostic significance of plasmatic levels of HSP90α at diagnosis in advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy.



Materials and Methods


Study Design and Participants

A total of 205 advanced lung cancer patients treated with PD-1/PD-L1 inhibitors admitted to the Guangxi Medical University Cancer Hospital were collected in this study. The inclusion criteria of this study were the following: (1) pathologically confirmed primary lung cancer according to the third-version 2015 WHO histological classification of lung cancer; (2) clinical stage IIIB/IIIC or IV according to the eighth TNM staging system of lung cancer; (3) Eastern Cooperative Oncology Group (ECOG) score of 0–3 points for the physical status; (4) patients treated with PD-1/PD-L1 inhibitors. Exclusion criteria were as follows: (1) Follow-up information was unavailable and the cases with missing data; (2) patients with active infection or inflammatory diseases that may potentially interfere with the outcome analysis before blood biochemistry assay; (3) primary malignancies in other systems; (4) patients treated with PD-1/PD-L1 inhibitors alone or PD-1/PD-L1 inhibitors plus other drugs except for chemotherapy. After screening by inclusion and exclusion criteria, a total of 137 patients met the final analysis criteria. The screening process and results are shown in Figure 1.




Figure 1 | Flowchart of the study.



According to National Comprehensive Cancer Network (NCCN) guidelines for patients with lung adenocarcinoma, we routinely perform molecular testing on these patients, including epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), ROS proto-oncogene 1 (ROS1), mesenchymal to epithelial transition (MET), RET proto-oncogene (RET), BRAF gene (BRAF), kirsten rat sarcoma viral oncogene (KRAS), human epidermal growth factor receptor-2 (HER-2). According to the results of existing clinical trials, the efficacy of PD-1/PD-L1 inhibitors plus chemotherapy in patients with gene mutations is not apparent, and the corresponding gene mutations can be treated with targeted drugs. Therefore, among the patients enrolled in our experiment, the proportion of patients with mutations, as mentioned above, was relatively small. In addition, the types of mutation patients are not evenly distributed, and this experiment did not group them into groups based on gene mutations.

All selected patients received standard chemotherapy regimens in the combined treatment. For patients with non-small cell lung cancer, according to NCCN guidelines, we chose a platinum-based (cisplatin or carboplatin) chemotherapy regimen combined with pemetrexed, paclitaxel, paclitaxel liposome, albumin paclitaxel, or docetaxel for treatment. All small cell lung cancer patients received chemotherapy that consisted of platinum (cisplatin or carboplatin) plus etoposide combination in 4–6 chemotherapy cycles. In terms of PD-L1/PD-1 inhibitors, PD-L1 inhibitors included atezolizumab and durvalumab. PD-1 inhibitors included pembrolizumab, nivolumab, camrelizumab, tislelizumab, sintilimab, and toripalimab.

The patients were routinely followed up every 3 months. We maintained the follow-up by retrieving follow-up medical records stored in the outpatient database. The patients were followed by personal contact with our professional follow-up institution, which involved requests for information about tumor recurrence and survival status. Tumor lesions before and after PD-1/PD-L1 inhibitors plus chemotherapy were observed and measured by CT examinations to assess efficacy. The efficacy was classified as complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD) according to the Response Evaluation Criteria In Solid Tumors (RECIST) criteria (version 1.1).



Plasmatic Levels of HSP90α Analysis

The Quantitative Detection Kit for Heat Shock Protein 90α (ELISA) produced by Yantai Protgen Biotechnology Development Co., Ltd., was used to quantitate plasmatic levels of HSP90α; we strictly followed the manufacturer’s instructions for testing. The processes were as follows: 1) Collect peripheral venous blood from the enrolled patients and store it in EDTA-K2 anticoagulation tubes, centrifuge the blood to obtain a plasma sample. 2) Add the calibrator to 0.4 ml of analyte diluent to dissolve and mix and use the diluent to dilute the sample to be tested 20 times. 3) Set the calibrator hole and sample hole, add 50 μl of the calibrator and diluted sample respectively. 4) Add 50 μl of labeling solution for HSP90α to each hole and shake gently to mix. 5) Cover them with sealing film and incubate at 37°C for 60 min. 6) Remove the reaction solution, add 300 μl of washing solution to each hole, wash the plate six times in total. 7) Add 50 μl of color developer A and B to each hole, shake gently to mix, and incubate at 37°C for 20 min. 8) Add 50 μl of stop solution to each hole to stop the color development. 9) Record the optical density (OD) at 450-nm/620 (630)-nm wavelength within 10 min of adding the stop solution. 10) Use the software that comes with the instrument, take the logarithm of the concentration of the calibrator 1–5 as the X-axis and the logarithm of the calibrator’s OD value as the Y-axis, draw a standard curve, and substitute the logarithm of sample’s OD value into the regression equation to calculate the sample’s HSP90α value.



Data Collection

Data of all patients pertaining to clinicopathological variables and HSP90α were extracted from medical records, including histological type, sex, age, ECOG score, clinical stage, smoking history, and treatment plan.

Progression-free survival (PFS) was calculated from the start date of treatment to the date of objective disease progression; alternatively, if no disease progression was recorded, to the time of the last follow-up. Overall survival (OS) was defined as the time between treatment to the last follow-up or death date.

This study was approved by the ethics committee of Guangxi Medical University Affiliated Cancer Hospital. All procedures performed in this study involving human participants followed the ethical standards of our institution’s research committee.



Statistical Analyses

Continuous variables are expressed as mean ± standard deviation (SD) for normally distributed variables. Categorical variables are presented as frequency, percentage, or ratio. We used χ2 or Fisher’s exact test (categorical variables), Student’s t-test (normal distribution), or Mann–Whitney U test (skewed distribution) to test differences between HSP90α groups.

Cox proportional hazards regression model with cubic spline functions and smooth curve fitting (penalized spline method) was conducted to address the nonlinearity of pretreatment plasma HSP90α and PFS and OS. We calculated an inflection point of 52.7 ng/ml. The effects of plasmatic levels of HSP90α at diagnosis on PFS and OS were evaluated using Kaplan–Meier curves (log-rank test). Subgroup analysis was used to elaborate the relationship between high HSP90α and the risk of disease progression and death.

Cox proportional hazards regression model was used for univariate and multivariate analyses to validate the independent predictive role of plasmatic levels of HSP90α at diagnosis in PFS and OS. In multivariate analysis, we had adjusted the potential confounding covariates. The criterion for selecting covariates used for adjustment was that if the change in the effect estimate was more than 10% after an adjusted covariate or P value in the univariate analysis was less than 0.1, this covariate should be adjusted in Cox proportional hazards models.

All data analyses were undertaken using the statistical packages R (The R Foundation: http://www.r-project.org; version 3.4.3) and EmpowerStats software (http://www.empowerstats.com, X&Y Solutions, Inc.). A two-tailed P < 0.05 was considered statistically significant in all analyses.




Results


Baseline Characteristics of Selected Participants

Baseline clinical characteristics of patients disaggregated by pretreatment plasma HSP90α are listed in Table 1. A total of 137 patients were included in this study; the average patient age was 58.6 ± 9.8 years, and 73.7% were male. There were no significant differences in age, sex, smoking history, and ECOG-PS between the patients in the HSP90α <52.7 ng/ml group and those in the HSP90α ≥52.7 ng/ml group (all P > 0.05). However, there are more adenocarcinoma, extrathoracic metastasis, stage IV, and combination chemotherapy with pemetrexed patients in the HSP90α ≥52.7 ng/ml group (all P < 0.05).


Table 1 | Baseline clinicopathological features.





Curve Fitting of Plasmatic Levels of HSP90α and Risk of Disease Progression and Death

A nonlinear relationship between plasmatic levels of HSP90α and the risk of disease progression and death (Figure 2) after adjusting for age, sex, smoking history, ECOG-PS, pathological type, metastasis, stage, and combination chemotherapy was shown by the smooth curve and result of Cox proportional hazards regression model with cubic spline functions. The inflection (cutoff) point was determined to be 52.7 ng/ml, which was calculated by a two-piecewise Cox proportional hazards model and recursive algorithm.




Figure 2 | The curve fitting plot between plasmatic levels of HSP90α at diagnosis and the risk of disease progression (A) and death (B). The estimated values and corresponding 95% confidence intervals were represented by the solid line and dashed line. The inflection point of the curve was 52.7 ng/ml.





Univariate Analysis of the Relationship Between Plasmatic Levels of HSP90α and Disease Progression and Death Risk

Tables 2, 3 showed the univariate analysis results. The univariate Cox proportional hazards model showed that all P values of age, sex, smoking history, ECOG-PS, pathological type, metastasis, stage, and combination chemotherapy groups were not statistically significant in predicting PFS and OS. Gratifyingly, we found that hazard ratio (HR) of disease progression was increased by 80% in the high (HSP90α ≥52.7 ng/ml) group compared to that of the low (HSP90α <52.7 ng/ml) group with 95% CI = 1.0–3.2, P = 0.036. Meanwhile, the HR of death was increased by 150% in the high (HSP90α ≥52.7 ng/ml) group compared to that of the low (HSP90α <52.7 ng/ml) group with 95% CI = 1.2–5.2, P = 0.017. These results suggested that plasmatic levels of HSP90α at diagnosis is a favorable predictor for PFS and OS in advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy.


Table 2 | Univariate Cox regression analysis of the possible predictive factors for PFS.




Table 3 | Univariate Cox regression analysis of the possible predictive factors for OS.





Multivariate Cox Regression Analysis

According to the results of univariate analyses, plasmatic levels of Hsp90α at diagnosis is a favorable predictor for PFS and OS in advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy. To validate the independent predictive role of plasmatic levels of HSP90α in PFS and OS, multivariate Cox proportional hazards models were performed (Tables 4 and 5). After adjusting for potential confounders (age, smoking history, ECOG-PS, and metastasis), fully adjusted models showed that when compared with the low HSP90α group, the high HSP90α group was associated with increased risk of disease progression (HR = 1.8, 95% CI = 1.0–3.2) and death (HR = 2.4, 95% CI = 1.1–5.1), all comparisons were statistically significant with P < 0.05.


Table 4 | Unadjusted and adjusted Cox proportional hazards model for PFS.




Table 5 | Unadjusted and adjusted Cox proportional hazards model for OS.





Kaplan–Meier Survival Analysis

The Kaplan–Meier curves of PFS and OS in advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy stratified by HSP90α groups were shown in Figure 3. The Kaplan–Meier analysis showed a median PFS of 27.5 months for HSP90α <52.7 ng/ml group and 9.6 months for HSP90α ≥52.7 ng/ml group (log-rank P = 0.033); the median OS was 33.6 months with HSP90α <52.7 ng/ml group vs. 15.4 months with HSP90α ≥52.7 ng/ml group (log-rank P = 0.013).




Figure 3 | Kaplan–Meier (KM) curves of PFS (A) and OS (B) in advanced lung cancer patients treated with PD1/PD-L1 inhibitors plus chemotherapy stratified by HSP90α groups.





Stratified Analyses Using Potential Confounders as the Stratification Variables

Stratified analyses were performed to observe the trends of effect sizes on subgroups defined by covariables, including age, sex, smoking history, ECOG-PS, pathological type, metastasis, stage, and combination chemotherapy. The results of stratified and interaction analyses of the association between the high HSP90α group and the risk of disease progression and death are presented in Figure 4. In the high HSP90α group, patients who had no history of smoking had a higher risk of disease progression than those who had a history of smoking (HR  =  4.0 vs. HR  =  1.2, P for interaction  =  0.0475). Additionally, we observed that patients diagnosed in stage IIIB/IIIC in the high HSP90α group had a 40% lower risk for disease progression than those in the low HSP90α group. However, among patients who were diagnosed to be in stage IV, those in the high HSP90α group had a 140% higher risk for disease progression than those in the low HSP90α group; the P value for interaction analysis was 0.044, which means that the patients with high HSP90α had a significantly different HR for disease progression in different stages.




Figure 4 | Forest plot for presenting the hazard ratio of PFS (A) and OS (B) in high HSP90α group in advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy.





Confirmed Objective Response Rate

When we evaluated the efficacy in the two groups of patients, the confirmed objective response rates in the two groups were similar (Table 6). We observed an objective response rate (ORR) of 50% in the low group and 47% in the high group. The disease control rate (DCR) was the same in both groups, and the value was 98%. However, none of the patients in the two groups could have a complete response.


Table 6 | Summary of confirmed response assessed by RECIST version 1.1.






Discussion

As we all know, tumor progression not only depends on the tumor’s oncogene or tumor suppressor gene but also on host-related factors. HSPs are essential molecular chaperones in humans, which contribute to tumorigenesis, tumor cell viability, and tumor progression by regulating the biological function of several protein kinases, oncogenes, protein phosphatases, transcription factors, and cofactors (13–15). HSP90, an essential member of the HSP family, has two subtypes, including HSP90α and HSP90β. Under normal conditions, HSP90α and HSP90β are present in cells, with deficient levels in blood circulation; in a condition of hypoxia, injury, oxidation, and other stresses, HSP90α can be secreted explicitly to the extracellular space (16, 17). It has been demonstrated that plasma levels of HSP90α were higher in most patients with cancer, and the expression of HSP90α may be prognostic markers in several solid tumors, including lung cancer, liver cancer, and breast cancer (18–20). Thus, HSP90α is emerging as a hot topic in the research of cancer.

In the present study, we identified that high HSP90α was associated with poor PFS and OS in advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy after adjusting other covariates, suggesting that plasmatic levels of HSP90α at diagnosis may serve as a promising prognostic indicator in clinical practice. Meanwhile, we found that the patients with high HSP90α had a significantly different HR for disease progression in different stages.

We reviewed the literature in the Pubmed database and found that previous studies reported that HSP90α might be a prognostic marker of lung cancer. In the study by Shi et al. (9), plasma HSP90α protein levels could predict the responses of patients with lung cancer to chemotherapy. The research of Zhong et al. (8) indicated that plasma HSP90α was considered a valuable predictor of early chemotherapy effectiveness in advanced non-small cell lung cancer. In the study by Du et al. (21), HSP90α attenuates the efficacy of anticancer drugs in small cell lung cancer. However, no previous studies have focused explicitly on the relationship between plasmatic levels of HSP90α at diagnosis and the prognosis of advanced lung cancer patients treated with PD1/PD-L1 inhibitors plus chemotherapy. This is the first report studied on the predictive significance of plasmatic levels of HSP90α at diagnosis in advanced lung cancer patients treated with PD1/PD-L1 inhibitors plus chemotherapy.

Although the mechanism by which high HSP90α was associated with poor PFS and OS in advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy remains unknown, there were some plausible explanations. The HSP90α on the surface of autophagosomes Tumor-Released Autophagosomes (TRAPs) released by tumor cells stimulates CD4+ T cells to produce Interleukin-6 (IL-6) through the Toll-like receptors (TLR2)–myeloid differentiation factor88 (MyD88)–nuclear factor-k-gene binding (NF-κB) signal cascade, and the autocrine IL-6 induced by TRAPs further promotes the secretion of IL-10 from CD4+ T cells. And IL-21 CD4+ T cells triggered by STAT3 and TRAPs inhibit the function of CD4+ and CD8+ effector T cells in an IL-6- and IL-10-dependent manner, which affected the efficacy of immunotherapy (22). HIF-1α regulates the secretion of HSP90α (23), while hypoxia inducible factor-1 (HIF-1α) is a significant regulator of PD-L1 mRNA and protein expression in lung cancer (24, 25). Thus, we could speculate that the higher expression of plasma HSP90α, the more lung cancer tissues with HIF-1α positivity, which may affect the expression of PD-L1, affecting the efficacy of immunotherapy. A recent study showed that the efficacy of immunotherapy in lung cancer patients is closely related to the expression of HLA-A*01 and/or A*02 alleles (26). At the same time, a study had shown that HSP90 was related to the regulation of human leukocyte antigen (HLA) expression (27); this also gives a new direction to elucidate further the relationship between HSP90 and the efficacy of immunotherapy. Further research is required to elucidate the underlying mechanisms.

Generally, the optimal cutoff values can be determined by three methods: biostatistical software, cubic spline functions, and smooth curve fitting combined with flection-point calculation and receiver operating characteristic (ROC) curve. In our study, the optimal cutoff value of plasmatic levels of HSP90α at diagnosis was determined by cubic spline functions and smooth curve fitting combined with flection-point calculation. However, there is no consensus on the appropriate cutoff value of plasmatic levels of HSP90α at diagnosis for predicting prognosis. For example, Shi et al. (9) used a cutoff point of 56.33 ng/ml to predict the responses of patients with lung cancer to chemotherapy, which is close to the cutoff value in our study. On this basis, we are reasonably confident that the cutoff value of plasmatic levels of HSP90α at diagnosis in our study is reliable.

Our study had several strengths. First, this is the first study to evaluate the predictive value of plasmatic levels of HSP90α at diagnosis in advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy. Secondly, we used strict statistical adjustment to minimize residual confounders to elucidate the relationship between plasmatic levels of HSP90α and PFS and OS. Last but not least, we conducted a subgroup analysis to verify our robust and stable results in specific subgroups. Although these results are not enough to directly influence clinical practice at present, they would be helpful for future research on the establishment of diagnostic or predictive models of PFS and OS for advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy. They could not only serve as clinical monitoring indexes in clinical settings that may aid appropriate risk stratification and treatment decision-making but also further formulate individualized treatment schemes. A closer follow-up should be conducted once plasmatic levels of HSP90α ≥52.7 ng/ml are identified at diagnosis.

Despite our important findings, there were some limitations to the present study. First, the cases were collected from a single institute; because of the retrospective design of our study, it is easy to introduce selection bias and may distort the observed association. Second, we focused on the plasmatic levels of HSP90α at diagnosis but failed to analyze the dynamic changes in the HSP90α value during the whole process. Third, we excluded the patients who had an active infection or inflammatory diseases before blood examination, as they may influence the value of HSP90α, so that the conclusion of our study cannot be applied to these patients. Therefore, further large-scale prospective clinical trials and basic research studies are required to elucidate the relationship between plasmatic levels of HSP90α at diagnosis and poor prognosis in advanced lung cancer patients treated with PD1/PD-L1 inhibitors plus chemotherapy.



Conclusion

In conclusion, plasmatic levels of HSP90α at diagnosis can be considered a potential independent prognostic marker of advanced lung cancer patients treated with PD-1/PD-L1 inhibitors plus chemotherapy. A further large-scale prospective validation study is needed to determine whether these results are widely applicable.
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Immune checkpoint inhibitors (ICIs), including antibodies targeting programmed cell death protein-1 (PD-1) and programmed cell death ligand-1 (PD-L1), are being extensively used on advanced human malignancies therapy. The treatment with ICIs have acquired durable tumor inhibition and changed the treatment landscape in lung cancer. Immune-related adverse events including pneumonitis and thyroiditis have been well described, but less frequent events, such as ICIs-induced thrombocytopenia, are now emerging and may sometimes be severe or fatal. Since early detection and prompt intervention are crucial to prevent fatal consequences, it is of outmost importance that medical staff is aware of these potential toxicities and learn to recognize and treat them adequately. This review focuses on the epidemiology, clinical presentation, mechanisms, and clinical management of ICIs-induced thrombocytopenia in patients with lung cancer. We also present a patient with advanced lung adenocarcinoma who received the PD-L1 inhibitor atezolizumab and eventually developed severe thrombocytopenia. The case indirectly suggests that cytokine changes might contribute to immune dysregulation in ICIs-induced thrombocytopenia.
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Introduction

Immune checkpoint inhibitors (ICIs) lead to a significant improvement of overall survival (OS) in advanced non-small-cell lung cancer (NSCLC), and 8% of responded patients have achieved long-term survival (1). Atezolizumab, a humanized monoclonal antibody binding to programmed cell death-ligand 1, is currently approved for use against extensive small-cell lung cancer (SCLC) and has few treatment discontinuation rates due to adverse events (AEs) (2). Similar to other ICIs, atezolizumab can cause immune-related adverse events (irAEs), including endocrine, pneumonitis, hepatitis, thyroiditis, nephritis, and colitis. With the growing application of ICIs, the rate of hematologic toxicity has been observed in many cases (3, 4). In particular, ICIs-induced thrombocytopenia has been reported in a few cases with lung cancer (5). Herein, we reported a case of atezolizumab-induced immune thrombocytopenia and discussed the clinical management. We also review the epidemiology, clinical presentation, and prognosis of immune thrombocytopenia caused by ICIs in patients with advanced lung cancer.



Case Presentations

In a case report, a 76-year-old male with stage IV adenocarcinoma (cT2bN2M1b) without targetable genomic alterations, such as epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), rearranged c-ros oncogene 1 (ROS1), was diagnosed by right abdominal muscle surgical resection. Chest computed tomography (CT) revealed the tumor shadow in the right lower lobe of the lung, and it also demonstrated multiple swollen lymph nodes in the mediastinum (Figure 1). 18F-fluorodeoxyglucose positron emission tomography-computed tomography (PET/CT) showed multiple 18F-fluorodeoxyglucose (18F-FDG) uptake in the right abdominal muscle, L4, and right iliac bone. Baseline data showed that blood tests were normal, and Eastern Cooperative Oncology Group (ECOG) score was 1. The patient was recruited into a clinical study (IMpower 132) and received 6 cycles of carboplatin, pemetrexed, and atezolizumab (every 3 weeks) treatment. Then the patient showed a partial response indicated by a CT scan, and no severe toxicities were observed in February 2019, followed by 36 cycles of maintenance therapy with pemetrexed and atezolizumab. During the treatment, blood tests were performed every 3 weeks and no hematological abnormality was found. In November 2020, the patient developed thrombocytopenia (platelet level: 91×103/ul) with normal hemoglobin and normal white cell counts and received the interleukin-11(IL-11) therapy to enhance the proliferation of megalokaryocytes for 2 weeks. Unfortunately, his platelet count slightly declined, and no autoimmune or coagulation disorders were displayed. As a result, the diagnosis was presumed as ICIs-induced thrombocytopenia, and he was treated with prednisone for 2 weeks (0.5mg/kg). However, his thrombocytopenia became worse with a sudden decrease in platelet level to 35×103/ul. Thus, the pemetrexed and atezolizumab were discontinued. A bone marrow biopsy examination demonstrated no obvious morphological abnormalities, phagocytosis, or malignant invasion happened to this patient. Furthermore, antinuclear antibodies and other laboratory tests were negative, but antiphospholipid and antiplatelet antibodies were abnormal. After excluding chemotherapy, infection, pseudothrombocytopenia, or other drug-induced thrombocytopenia, atezolizumab-induced immune thrombocytopenia was finally diagnosed. Therefore, we gave him a high-dose steroid for 6 consecutive days and recombinant human thrombopoietin (TPO). However, his platelet count showed no improvement and stayed at the level of 23×103/ul. He then received four times of platelet transfusions, mycophenolate mofetil, and infusion of intravenous immunoglobulin (IVIG), but his platelets did not recover. The lowest platelet level was recorded on February 20, 2021, with a level of 20×103/ul. Interestingly, the level of serum interleukin-6 (IL-6) was significantly increased compared to the normal range, and we prescribed him an IL-6 receptor antagonist, tocilizumab, at 400 mg in addition to mycophenolate mofetil. Seven days later, his platelet counts started to increase and reach the normal range (100 to 300×103/ul) by 1 week (Figure 2). The patient stayed a partial response to the treatment during atezolizumab therapy interruptions.




Figure 1 | The pulmonary lesions and lymph node metastases before and after the PD-L1 treatment. (A1, A2) Right lower pulmonary lesions and swollen lymph nodes were revealed in the CT images before starting the chemotherapy in May 2018. (B1, B2) Partial response of the lesions in the right lower lobe and swollen lymph nodes was shown after 6 cycles of chemotherapy and atezolizumab treatment in August 2018; (C1, C2) the lesions showed continuous partial response after 36 cycles of pemetrexed and atezolizumab; (D1, D2) the lesions indicated a decreased size in March 2021.






Figure 2 | Longitudinal changes in PLT count or HGB over time. PLT, platelet; HGB, hemoglobin; MMF, mycophenolate mofetil; IVIG, intravenous immunoglobulin; TPO, thrombopoietin.





Epidemiology of ICIs-Induced Thrombocytopenia

ICIs-induced thrombocytopenia in patients with lung cancer have been reported in many studies (Table 1), and thrombocytopenia has been demonstrated to be one of the most important hematological toxicity of hematological irAEs (21). There is usually a favorable prognosis in patients with thrombocytopenia. However, it is difficult to separate from chemotherapy-induced thrombocytopenia; therefore, the absolute incidence of ICIs-induced thrombocytopenia cannot be calculated. In one retrospective study, the incidence of ICIs-induced thrombocytopenia was less than 1% on ICIs (22), but in the observation study, the frequency of immune thrombocytopenia seems to be relatively high, accounting for 25–29% of hematological irAEs (23, 24). Besides, combination therapy was also associated with significantly higher risks of immune thrombocytopenia (5).


Table 1 | Summary of reported lung cancer cases with immune thrombocytopenia after receiving ICIs.



Table 1 summarizes the reported cases of immune thrombocytopenia during ICIs therapy in patients with lung cancer. Most studies revealed that the onset of immune thrombocytopenia usually occurred within the first 12 weeks of ICIs initiation, but it can be at any time, even after cessation of treatment (25). Here, we reported the first case of one patient with lung cancer who developed late-onset immune thrombocytopenia during atezolizumab therapy. Similar to this case, delayed toxicity has been observed in other reports, which happened 1 to 2 years after monotherapy (26, 27). Generally, other irAEs have been shown to be associated with the efficacy of PD-1/PD-L1 inhibitors in patients with lung cancer (28, 29). Same as other irAEs, grade 1 thrombocytopenia during ICIs therapy is positively associated with Overall survival (OS), but lacks of Progression-free survival (PFS) benefit (30). Immune thrombocytopenia usually is not fatal, but deaths caused by the adverse events had been reported in uncommon cases (25). Thus, ICIs-induced thrombocytopenia is potentially life-threatening and should be paid close attention in clinical practice.



Mechanism of ICIs-Induced Thrombocytopenia

Although the mechanism of drug-induced thrombocytopenia has been well demonstrated, the underlying mechanism of ICIs-induced thrombocytopenia remains unclear (31). Reinvigoration of exhausted CD4+ helper T cells and CD8+ cytotoxic T cells activates inflammatory pathways and ultimately results in damage to hematopoietic stem cells. In addition, ICI-induced antiplatelet antibody production can promote platelet destruction, which is supported by high antiplatelet antibody levels in patients who suffered from ICIs-induced thrombocytopenia (7, 18). Furthermore, the expression of PD-L1 on platelets in lung cancer patients was significantly increased, which might render susceptible targets of antibody-based anti-PD-L1 therapies. As a result, the amount of PD-L1-expressing platelets dramatically decreased in the blood of patients receiving PD-L1 therapy (32). Another suggested mechanism was activation of T-cells, leading to the secretion of different cytokines from T-helper cells (33). In the present case, although the patient has a high level of platelet-associated immunoglobulin G antibody and other possible causes of thrombocytopenia, particularly a viral infection, were excluded and multiple treatments were used including steroid, platelet transfusion, IVIG, and mycophenolate mofetil, the platelet counts recovered slightly. Importantly, the serum level of IL-6 was significantly higher than that of the normal range, indicating that the potential mechanism of ICIs-induced thrombocytopenia was relying on the abnormal cytokine secretion of activated lymphocytes. Consequently, the IL-6 receptor antagonist tocilizumab has achieved a partial response.



Diagnosis and Treatment

ICIs-induced thrombocytopenia mimics virtually any other type of thrombocytopenia, making it a diagnosis of exclusion and is difficult due to the lack of specific testing. Any new platelet count decrease should be considered as immune thrombocytopenia for patients receiving ICIs therapy. Generally, bone marrow examination is necessary to exclude dysplasia or cancer invasion. In addition, other examinations should be administrated to distinguish ICIs-induced thrombocytopenia from other etiologic agents, such as drug-induced thrombocytopenia (heparin/HITT, chemotherapy, etc.), infections, hematological malignancies (myelodysplastic syndrome, etc.), platelet sequestration (spleen, liver diseases), platelet consumption (thrombotic thrombocytopenic purpura, etc.) (9, 34, 35). Furthermore, the presence of a high platelet-associated IgG titer may be helpful to diagnose ICIs-induced thrombocytopenia (14). Therefore, effective recognition and diagnosis for immune thrombocytopenia are important because of the different prognosis and therapeutic management. In our case, absence of liver, spleen, or rheumatologic disease; malignant infiltration of the bone marrow; and other causes of thrombocytopenia suggest that thrombocytopenia was induced by atezolizumab. Sometimes, the lack of efficacy of transfusions during and after ICI administration is indicative of ICIs-induced thrombocytopenia.

The targeted therapies are not well defined for immune thrombocytopenia induced by ICIs. According to the American Society of Clinical Oncology (ASCO) guidelines, grading treatment on severity classification is the current principle for immune thrombocytopenia (36). Generally, the management of grade 1 toxicities (<100×103/ul) should comply with the clinical and laboratory evaluation. Sometimes ICIs need not stop, and platelet changes should be continued with close monitoring. Withholding ICIs therapy is generally recommended for grade 2 toxicities (<75×103/ul) until the platelets recover to grade 1 toxicities, and oral corticosteroids (0.4–1 mg/kg/day of prednisone or equivalent) should be presented with 2–4 weeks and/or conjunctive use of IVIG. But the dose adjustment is not advised if ICIs therapy is re-administrated because irAEs are not dose-dependent (37). For grade 3 toxicities (<50×103/ul) or grade 4 toxicities (<25×103/ul), ICIs therapy must be definitively discontinued until return to grade 1 toxicities, with the administration of high-dose corticosteroids and optional IVIG, with permanent ICIs, withdrawal is necessary if platelet do not resolute to normal. Other therapy strategies include recombinant human TPO, romiplostim, platelet transfusion, and immunosuppressive agents, such as azathioprine and rituximab. Steroids are generally essential for treating immune thrombocytopenia by ICIs but are not always effective in severe thrombocytopenia. Many studies have demonstrated that the presence of specific single-nucleotide polymorphisms, such as PD-1 -606 AA genotype and +63379 TT genotype, affects the susceptibility to prednisolone treatment (38). In addition, HLA-DRB1*0410 or HLA-DRB1*0405 allele in the patients’ immune thrombocytopenia has been reported to contribute to steroid therapy resistance (20, 39). This can explain why the patient had a weak response to steroid therapy.



Conclusion

Although ICIs-induced thrombocytopenia is rare in patients receiving ICIs, we still need to pay more attention to this issue because of its life-threatening characteristic. Any new abnormality of platelet counts should be considered as a potential clinical significance for immunotherapy patients; thus, careful recognition and accurate diagnosis are extremely important. Although its response to steroids, IVIG, and platelet transfusion is relatively good, the underlying mechanism of immune thrombocytopenia remains elusive, and further study is awaited.
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Recently, tumor immunotherapy based on immune checkpoint inhibitors (ICI) has been introduced and widely adopted for various tumor types. Nevertheless, tumor immunotherapy has a few drawbacks, including significant uncertainty of outcome, the possibility of severe immune-related adverse events for patients receiving such treatments, and the lack of effective biomarkers to determine the ICI treatments’ responsiveness. DNA methylation profiles were recently identified as an indicator of the tumor immune microenvironment. They serve as a potential hot spot for predicting responses to ICI treatment for their stability and convenience of measurement by liquid biopsy. We demonstrated the possibility of DNA methylation profiles as a predictor for responses to the ICI treatments at the pan-cancer level by analyzing DNA methylation profiles considered responsive and non-responsive to the treatments. An SVM model was built based on this differential analysis in the pan-cancer levels. The performance of the model was then assessed both at the pan-cancer level and in specific tumor types. It was also compared to the existing gene expression profile-based method. DNA methylation profiles were shown to be predictable for the responses to the ICI treatments in the TCGA cases in pan-cancer levels. The proposed SVM model was shown to have high performance in pan-cancer and specific cancer types. This performance was comparable to that of gene expression profile-based one. The combination of the two models had even higher performance, indicating the potential complementarity of the DNA methylation and gene expression profiles in the prediction of ICI treatment responses.
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Introduction

Cancer immunotherapy based on immune checkpoint inhibitors (ICI), such as antibody-mediated interventions targeting cytotoxic T lymphocyte antigen-4 (CTLA-4), programmed death receptor-1 (PD-1) on T lymphocytes, and the principal ligand (PD-L1), has recently caught much attention in the field of cancer therapy for its high efficiency for reversing the tumor-induced immunosuppression and yielding a durable clinical response for a wide range of tumor types. ICIs are now used as single agents or combined with chemotherapies as first or second lines of treatment for about 50 cancer types (1). There are more than 3,000 active clinical trials evaluating ICIs by now, representing about 2/3 of all oncology trials (2).

A major limitation of tumor immunotherapy, especially those based on the ICI, lies in that only a fraction of cancer patients could respond to the therapy (3, 4), and severe immune-related adverse events (irAEs) are frequently seen in some patients undergoing the ICI therapy (5). These adverse events are mainly due to the inhibition of immune checkpoints that reinforce the normal physiological barriers against autoimmunity, leading to various local and systemic autoimmunity (5).

Therefore, the development of the biomarkers evaluating the responsiveness of a patient to the ICI therapy is key for the application of immune therapy in a wider range. Several biomarkers have been proposed, including the tumor mutation burden (TMB) (6), the neoantigens (7, 8), the overexpression of targeting genes such as PD-L1 (9, 10), and the amount and composition of the tumor-infiltrating immune cells (11, 12). However, the predictive powers of these biomarkers are still not applaudable with unwanted tumor type specificity. For example, TMB failed to predict the responsiveness to PD-L1 ICI treatment in non-small-cell lung cancer (NSCLC) (13, 14). The objective response rate to anti-PD-L1 treatment of colorectal cancer (CRC) patients with high microsatellite instability (MSI) values was also only about 40 to 70% (15).

Other than biomarkers mentioned above, DNA methylation could potentially be a rich source of biomarkers for ICI responsiveness (13). Besides its role in tumorigenesis by regulating gene expression (16, 17) and promoting somatic mutations and structural variations (18, 19), DNA methylation profiles have long been recognized as indicators for the status of tumor immune microenvironment as well. For instance, demethylation of transcription start sites (TSSs) of key effector genes, such as Interferon Gamma (IFNG), Granzyme B (GZMB), C-C Motif Chemokine Receptor 7 (CCR7), and Transcription Factor 7 (TCF7), indicates the stimulation of naive CD8+ T cells (20). Genome-wide DNA-methylation landscape defines specialization of regulatory T cells (21). Clonal expansion of T cells from naive T cells to effective T cells is associated with distinct DNA methylation landscapes (20). The tumor immune infiltration analysis based on DNA methylation profiles has been successful in a variety of tumor types (22). It has also been pointed out recently in an NSCLC cohort that the global DNA methylation loss is tightly related to the poor outcome of ICI therapy (13).

We first showed the potential of DNA methylation profiles in predicting the responsiveness to ICI therapy and then selected a combination of methylation sites with prediction power. Next, we built a machine learning model to predict immune therapy responsiveness based on the selected methylation features. The model has high prediction accuracy at both pan-cancer level and tumor type specific level. The performance was validated in an independent cohort and is comparable to that of previously reported models based on gene expression profiles. We also showed that the combination of DNA methylation and gene expression profiles overtops models based on single types of biomarkers, indicating the possibility to improve the prediction accuracy by combining different types of biomarkers.



Materials and Methods


Datasets

We downloaded the DNA methylation data measured by Illumina Infinium HumanMethylation450 BeadChip (β values), together with the gene expression data measured by RNA-seq (read counts), the somatic mutation data (MC3 public version), and the overall survival (OS) information of 32 tumor types from the Cancer Genome Atlas [TCGA, downloaded from the GDC data portal (portal.gdc.cancer.gov) in October 2020]. There were 7,131 cases in total. The name, abbreviations, and number of cases of each tumor type are listed in Supplementary Table S1.

The tumor mutation burden (TMB) was calculated as described before with some small modifications (23). In each case, mutations annotated as “Frame Shift Ins”, “Nonsense Mutation”, “Frame Shift Del”, and “Splice Site” were defined as truncation mutations, while those annotated as “Missense Mutation”, “In Frame Del”, “In Frame Ins”, and “Nonstop Mutation” were defined as non-truncation mutations. TMB value was then calculated as

	

The distribution of calculated TMBs is shown in Supplementary Figure S1.

The microsatellite instability (MSI) state for each case was calculated by the MSIpred package as stable or unstable (24).

The cases that simultaneously satisfy the following two criteria are defined as responsive to ICI treatment (positive), and the rest were defined as non-responsive to the treatment (negative). First, the TMB value of the case should be higher than the upper quartile of TMB values in all cases ignoring tumor types. Second, the transforming growth factor β (TGF-β) score [defined in (25) as the weighted average of normalized expression of genes in the TGF-β signaling pathway summarized in (26), taking the regularity direction between genes as weights] should be smaller than the median of the values in all cases ignoring tumor types. It has been shown that both the TMB and the TGF-β score were fine and independent measurements of the responsiveness to ICI treatment (27–31), and the combined measurement has also been successfully used in other pan-cancer studies (32). It is also a practical consideration to define the responsiveness indirectly since there is no large pan-cancer ICI treatment cohort with DNA methylation levels measured for building the models to the best of our knowledge. The number of cases labeled as positive in each tumor type is shown in Supplementary Figure S2. It was noticeable that this definition led to severe class imbalance, with 9.86% cases labeled as positive. This issue was solved by the random oversampling scheme in the model-building step described below.

The NSCLC validation cohort data were retrieved from literature (13) and (33). The clinical information was downloaded from the Supplementary Tables in corresponding literature. The DNA methylation profiles were downloaded from the associated datasets (GSE119144 and GSE126043) in Gene Expression Omnibus (GEO). Missing values were imputed as described in the raw pieces of literature (Supplementary Table S2).



Differential Analysis

To perform differential analysis of methylation data, each β value was first transformed into M-value by the transformation,  . Then differential analysis was carried out using limma package as common practices (34). Probes with absolute logFC > 1 and adjusted p-value less than 0.01 were determined as differential methylated probes (DMP).

RNA-seq read counts for each gene were directly inputted into the DESeq2 package for differential expression analysis (35). Genes with log2 fold change greater than 1 and adjusted p-value less than 0.01 were determined as differentially expressed.



Predictive Model Building


Feature Selection

There are two notable features of DNA methylation data that complicate the analysis. First, the data are high dimensional, with the number of probes (features) amounting to 480K in Illumina Infinium HumanMethylation450 BeadChip. Second, there was also strong collinearity among different probe groups. These two points made most popular ad hoc feature selection methods inefficient, which hindered the prediction model building process. Here we describe a feature selection process based on prior knowledge. The basic idea behind this process was that cases in most tumor types could be grouped into two clusters based on the immune infiltration analysis from DNA methylation profiles (22). The two clusters differed in the compositions of immune cells and potentially in the responsiveness to immune therapies. In particular, we applied the analysis pipeline described by Hyunchul et al. to the 32 TCGA tumor types separately (22). In each tumor type, cases were clustered using PAM clustering into two groups, and the group with longer mean survival time was set as cluster 2. The best number of clusters were inspected using a combination of 13 indicators with R package “NbClust,” and an optimal value 2 was observed in 20 out of 32 tumor types (36). For the remaining types, cases were also clearly separated into two groups by visual inspection.

To evaluate the potential relationship between the immune infiltration–based clustering of cases and the responsiveness of the ICI treatment, we selected three indicators of the responsiveness: the overall survival time (OS), the TMB, and the expression level of PD-L1 (CD274) gene. The three indicators were then subjected to appropriate tests for calculating the p-value of differences between the two clusters for each tumor type (log rank test for OS, Mann Whitney U test for TMB, and directly taken from the differential expression results for PD-L1 expression).

For each indicator, differentially methylated probes (DMPs) between the two clusters with significance together with the directions of the differences were extracted in each tumor type. DMPs with the same direction in half or more such tumor types were selected as features. We also added the 1152 probes in the signature used in the immune infiltration analysis with positive β value in at least one case (22) to make the final selected feature set.



Model Building

We evaluated a series of commonly used machine learning algorithms [logistic regression with L1 regularization (LR), support vector machine classifier (SVM), random forest (RF), and k-nearest neighbor classifier (kNN)]. The best parameter combinations for each model were selected by performing a grid search in their spaces. Each parameter combination was evaluated using 5-fold cross-validation. For the SVM model, we used the radial basis function as the measurement of the inner product. The scale parameter of the basis function was taken as the mean variance of all features, and only the multiplier λ was tuned for the tune of the scale parameter led to few improvements of the model performance (data not shown). In the model training step, a random oversampling step was added to deal with the severe class imbalance (37). This scheme resampled the positive training cases with replacement to the number of negative ones and then used these balanced training data for model training. The performance of the best models was evaluated by averaging the results of tests on 100 times’ random 80 vs 20% train test splits. The F1 score, Matthews correlation coefficient (MCC), and area under the receiver operating characteristic curve (AUC, if decision scores exist) were calculated as the measurements of the model performance in each test. These measurements were reported to be stable when the classes were severely imbalanced (38). The feature selection and model building processes were illustrated in Figure 1.




Figure 1 | The flow chart describing the process of the feature selection and model building.







Results


The Responsiveness of Tumor Cases to the Immune Checkpoint Inhibitor Was Highly Related to the Methylation Level of a Small Set of Methylation Sites

This study was focused on predicting the responsiveness of immune checkpoint inhibitor (ICI) at the pan-cancer level. To achieve this goal, the 7,131 TCGA cases from 32 tumor types with both DNA methylation (measured by Illumina Infinium HumanMethylation450 BeadChip, about 480K probes measured in total) and gene expression (measured by RNA-seq) data were downloaded (in October 2020). Cases with high tumor mutation burden (TMB, see the distributions of TMBs in Supplementary Figure S1) and low TGF-β expression were defined as responsive to ICI (positive) and the others as without responsiveness (negative) as previously suggested (Methods, see Supplementary Figure S2A for the number of cases marked as positive in each tumor type) (27–29, 32) since large pan-cancer tumor immunotherapy cohort with DNA methylation level measured was lacking. A series of well-known biomarkers, such as the concentration of CD8+ T cells, the expression level of PD-1 and CTLA4 genes, were significantly separated between positive and negative cases (all with p < 0.01, Supplementary Figures S2B–D), elucidated the rationality of our classification. It was reported that the clustering based on immune infiltration analysis using DNA methylation data in most tumor types grouped cases into two clusters, and the clusters were shown to be related to the outcome of immunotherapy (22). Based on this background knowledge, we designed an efficient feature selection scheme to select 1,495 methylation probes from the total 480K candidate methylation probes, which distinguished cases with ICI responsiveness and those without (see Methods for detail). In the first step of the feature selection, the analysis was restricted to tumor types with more than 5 cases marked as positive (13 types in total). Tumor cases were clustered into two clusters based on the immune infiltration profiles derived by the DNA methylation profiles. The size of the two clusters for each used tumor type is shown in Supplementary Table S1. Then we tested differences between the two clusters in each tumor type for three indicators for the responsiveness of ICI treatment, overall survival (OS), tumor mutation burden (TMB), and the PD-L1 gene expression level. After applying the Benjamini-Hochberg FDR correction scheme, we obtained 6, 7, and 7 tumor types with significant differences of these indicators, respectively (FDR<0.01, see Supplementary Figures S3A–C for each indicator Supplementary Figure S3D for the overlap of tumor types selected for the three indicators). For each indicator, we selected those methylation probes which differentially methylated with the same direction in at least half of these tumor types with significant differences in the indicators between groups. We got 890, 862, and 534 feature probes for the indicators OS, TMB, and PD-L1 expression, respectively (Supplementary Figure S3E). So far, 11 tumor types and more than 85% of positive cases are covered (Supplementary Figures S2A and S3D). We then merged the feature probes selected for each indicator to obtain 1,495 final probes (the selected features are listed in Supplementary Table S3). The 1,152 probes in the signature used in the immune infiltration analysis (22) were added and yielded a final feature set with 2,546 probes.

The efficiency of the 2,546 features was revealed by the distinct methylation profiles between cases with ICI responsiveness and those without by visual inspection of the methylation pattern of all cases clustered by the methylation pattern (Figure 2A). This pattern was also illustrated by the mutual dependence between the responsiveness of neighboring cases along the dendrogram of the hierarchical clustering (p < 10-52, χ2 test). Moreover, compared to randomly selected, equal-sized control feature sets, clustering based on methylation pattern of selected probes is much better at separating cases with and without ICI responsiveness. In 100 times of such comparisons, the selected features outperformed 92 and 99 random controls when the separation was measured using F1 score and Matthews correlation coefficient (MCC) score, comparing the responsiveness and cluster labels when clustering the cases into two clusters with the methylation patterns (Figure 2B). Also, a large portion of selected probes were under differential methylation between cases with and without responsiveness. When performing the differential methylation analysis among all 32 tumor types, there were 8.76% of selected probes with differential methylation, compared with 5.22 to 7.62% in the 100 randomly selected control features under the threshold of adjusted p-value less than 0.01 (Figure 2C). At last, the GO and KEGG enrichment analysis of genes in which the selected probes located showed enrichment of terms related to immune activity and immunotherapy outcome, such as “T cell activation”, “adaptive immune response”, and “regulation of lymphocyte activation” in the GO enrichment analysis, and “primary immunodeficiency” and “Th1 and Th2 cell differentiation” in KEGG enrichment analysis (Figure 2D).




Figure 2 | The methylation profiles of selected probes indicated the differences between cases with and without responsiveness to ICI treatment. (A) The methylation profiles (M-value) of selected probes of all samples. The samples (rows) and probes (columns) were all rearranged according to hierarchical clustering. Cases with responsiveness to ICI were marked as red at the right panel. (B) The comparison of separation between cases with and without responsiveness to ICI based on hierarchical clustering of methylation profiles of selected probes and the randomly selected probes as controls. (C) The volcano plot showing the results of differential methylation analysis of selected probes. (D) The functional enrichment analysis (left: GO, right: KEGG) of genes where the selected probes were located. The top 10 terms were shown. The size of circles represents the logged FDR values, while colors represent the p-values.





The Responsiveness of Cases to ICI Treatment Could Be Predicted by the Selected Probes

After the prediction potentials for the selected methylation sites for the ICI treatment responsiveness were elucidated, a prediction model was built and tested from various aspects. Here we tested a series of commonly used machine learning models, including the support vector machine (SVM), logistic regression with L1 regularization (LR), the random forest (RF), and k-nearest neighbor classifier (kNN). The hyper-parameters of each model were tuned by 5-fold cross-validation. In each model training, the positive cases were oversampled to the size of negative cases to deal with the severe class imbalance (37). The performances of the optimized models were assessed by randomly splitting the raw data into 80% training and 20% test datasets for 100 times. For comparison, we also added a naive predictor based on the clustering results derived from the immune infiltration analysis based on the DNA methylation profiles. In each tumor type, the naive predictor declared the cluster of cases with higher average TMB as positive and the other cluster as negative.

Among the four assessed models, SVM got the highest performance. The fine-tuned SVM model in the 5-fold cross validation (with λ = 13) outperformed the other three models (p = 0.041, 3.83×10-28 and 7.33×10-32 for LR, RF, and kNN, respective, paired t test) when the performance was measured using F1 score, and Matthews correlation coefficient (MCC, p = 0.011, 1.30×10-25 and 8.11×10-33, Figure 3A). All the machine learning–based models significantly outperformed the naive predictor in both measurements (all with p < 10-30, Figure 3A).




Figure 3 | The responsiveness of cases to ICI treatment were predicted by the selected probes. (A) The SVM model outperformed the other models when the performances were measured by F1 score or MCC score. (B) The SVM model performances when only probes selected by single indicator involved. (C) Differences of the model performances between SVM models trained from the selected probes and random chosen controls among all super-parameter λs searched in the cross-validation step of the model building. In each comparison, samples were randomly split into 80% training and 20% testing set. (D) Comparisons between performances of the trained models and those when the respondent (responsiveness) of the samples were randomly shuffled. “Predicted random” meant the predicting performance of SVM models with same setting when the respondent was shuffled. “Total random” meant direct measurement of the similarity of respondents before and after shuffling when the similarity was measured by F1 score or MCC score. (E–H) Differences of biomarkers for ICI treatment responsiveness which is independent with those used in model build for the cases predicted as positive and negative in the 100 random test sets. Each point represented the average value in one test set.



The prediction power of the model cannot be achieved by randomly selected probes. To show this, we randomly selected methylation probe sets of the same size as the selected probe set for 100 times. The performances were measured by repeatedly training models on 80% randomly chosen samples and tested on the other 20% 100 times along all the regularization parameter λ values of the SVM model searched in the cross-validation step (1 to 20). The performances of models based on the selected probes were consistently and significantly higher than those of random controls when the performance was measured by F1 score, while the same conclusion held under most λs (17 out of 20) when the performance was measured using MCC score (Figure 3B).

The probes selected by the four indicators were all important to the model performance. This was shown by retraining and evaluating the SVM model with probes selected by only one indicator. The performances were all significantly decreased compared to the full model no matter measured by the F1 score or the MCC score (Figures 3A, C, all with p < 10-4, paired t tests).

To exclude the possibility that the model performances were due to overfitting, we tested our prediction model with 100 randomly permuted datasets and expected a sharp shrink of model performances in these permutated datasets. We trained and evaluated SVM models with the same super-parameters in each permutated dataset as described above. The performances (measured by both F1 and MCC scores) of models in these permutated datasets were only slightly higher than the performance measurements calculated by comparing the responsiveness and its random permutation (Figure 3D).

At last, we assessed the separation of a series of well-known biomarkers for ICI responsiveness between groups predicted as positive and negative independent from those used to label the cases. The comparisons were made under the test sets of the 100 randomly trained models in the model evaluation step. First, the PD-1 and CTLA4 gene expression levels were significantly higher in cases predicted as positive than those predicted as negative (both with p < 10-32, Mann Whitney U test, Figures 3E, F). Second, there were also outstandingly more CD8+ T cells in cases in the positive cases than negative ones (p < 10-52, t test, Figure 3G). Last, there were higher proportions of cases with microsatellite instability (MSI) (39) in those positive cases than in those negative ones (p < 10-52, t test, Figure 3H).

In conclusion, the fine-tuned SVM model based on the selected probes came up with high performances in prediction of the ICI responsiveness in this pan-cancer cohort. The prediction accuracy is remarkably better than randomly selected probe sets of the same size, and we confirmed the improvement cannot be achieved by overfitting.



The Prediction Model Based on Methylation Data Was Comparable and Complementary to That Based on Gene Expression Profiles

It was reported previously that the ICI responsiveness could be predicted by the gene expression levels of genes indicating the immune state of the cases in the pan-cancer level (32). Here we compared the performances of the model based on DNA methylation levels with that of models based on gene expression level (32). The gene expression level–based model was built exactly the same as reported before (32), except for taking the advantage of random oversampling to account for the class imbalance. The accuracy of the native built model was consistently higher than that originally reported [the mean and 95% confident interval MCC score under the 100 random test splits were 0.445 (0.371, 0.501) and 0.296(0.287, 0.306), for the native built one and originally reported, respectively] (32).

The performance of the methylation-based model was competitive with that based on gene expression levels. When assessing the performances using 100 times random splits during the model evaluation step, the methylation-based model got better performances when measured by F1 score (with mean F1 score 0.4971 and 0.4844, p = 2.82×10-4 Wilcoxon signed rank test, Figure 4A). The performances were not notably different as measured by MCC score (with mean MCC score 0.4516 and 0.4446, p = 0.06, Figure 4B), while lower when measured using AUC score (with mean AUC score 0.8914 and 0.8949 p = 0.01, Figure 4C). The comparability between the performances of two models was also indicated by the closely located ROC curves between the two models (Figure 4D).




Figure 4 | The methylation-based model was comparable and complementary to the gene expression based one. (A–C) The performances of models based on methylation levels, the expression levels, and the combination of the two along the 100 times random split of the whole cohort into 80% trainings and 20% testing sets. (D) The ROC curves of the three models. The shades were 95% confidence intervals along the 100 times splits. (E) The top 10 enriched GO (left) and KEGG (right) terms of the genes involved in gene expression–based model.



The genes in which the selected methylation sites located were then compared with those selected in the gene expression–based model. An enormous distinction between the two gene sets was observed. Only 189 out of 2,023 genes selected in the methylation model were found in the genes selected in the expression-based model (2,614 in total). The two gene sets also enriched few common GO and KEGG terms (Figures 2D and 4E). These observations indicated that the prediction power of DNA methylation and gene expression profiles could be complementary, and combining the two profiles would further enhance the prediction power.

To validate our assumption of complementarity of DNA methylation and gene expression profile, we further developed an SVM model based on the combination of the methylation levels of the selected methylation sites and the gene expression levels in the gene expression–based models. The best super-parameter λ was selected using 5-fold cross-validation. Performances of the selected model were again assessed in a 100 times random split of the cases into 80% training and 20% testing sets.

The combined model surpassed both the methylation-based and gene expression–based ones under all performance measure [all with p < 10-10 for measurement F1, MCC, and AUC scores (Figures 4A–C), Wilcoxon signed rank test, with mean scores 0.5773, 0.5340, and 0.9327, respectively]. The high performance of the combined model was also validated by the ROC curves (Figure 4D).

These observations have implicated a scheme to enhance the predictive models of ICI responsiveness by assembling the multi-omics data.



The Methylation-Based Model Accurately Predicts ICI Responsiveness at Specific Tumor Type Level

To evaluate the performance of the methylation-based prediction model in each tumor type, we tested the model in tumor types with more than 5%, and 20 cases marked as positive (10 types in total: SKCM, BLCA, UCEC, CESC, COAD, LUAD, LIHC, STAD, LUSC, HNSC, ordered by the proportion of cases marked as position, Figure 5A).




Figure 5 | The methylation level–based prediction model was highly performed at specific tumor type level. (A) The proportions of cases marked as positive in the 10 investigated tumor types. Bars and error bars indicated the mean and 95% confident intervals among the 100 randomly split test sets. The distribution of the correlation coefficients of these proportions in each test set were shown in the embedded panel. (B) The differences of the performance measurements (F1 score and MCC score) in each tumor type among the 100 randomly split test sets (upper) measuring between model based on the selected probes and randomly selected probes. The significance of these differences (-log10 p-value) were shown in the lower panel. The dashed line marked p=0.1. (C) The ROC curve of the independent validation cohort. (D) The survival curves of cases predicted as responsive and non-responsive in the validation cohort.



One important characteristic of responsiveness to ICI treatment was that the effective rate differed from tumor type to tumor type (40). As in the TCGA dataset, the proportion of cases marked as positive varied largely, from 37% in SKCM to zero in five other types (Figure 5A and Supplementary Table S1). So, we first investigated that whether the methylation-based model could predict this variation. We calculated the proportion of cases in each tumor type predicted as positive and compared the numbers with the true proportions in the 100 times random test sets. Although due to the high false positive rate, which was the common characteristic of such kind of models (41, 42), the predicted proportion of cases marked as positive were always higher than the ground truths (Figure 5A), the two correlated tightly, with average Spearman’s correlation coefficient 0.74 [with 95% confidence interval (0.46,0.93) among the 100 random test sets, Figure 5A, embedded panel].

Next, we assessed the performances of the model in each tumor type using F1 and MCC scores. We compared the performances of the model based on the selected probes in the 100 randomly split train and test datasets with the performances of the models based on randomly selected probes of the same number, under the same hyper-parameter λ = 13, which was optimal for the selected probes-based model (Figure 5B, upper panel). A paired t test was used to compare the performance between the two types of models. As expected, in 4 out of 10 tumor types, the performance of model based on selected probes was notably higher than that of model based on randomly selected probes (with significant level p < 0.1, Figure 5B, lower panel). These tumor types included SKCM and HNSC, which were commonly admitted as tightly related to the immune checkpoint evasion and may benefit from the ICI treatment (Figure 5B, lower panel) (43, 44). On the other hand, only 2 and 3 tumor types were tested with significantly lower F1 and MCC scores than the random ones (p < 0.1) with the paired t test. This result further illustrated the high performance of the pan-cancer prediction model in tumor type level.

At last, we tested the performance of the methylation-based prediction model in an independent validation cohort. The cohort was taken from two newly published research on non-small-cell lung carcinoma (NSCLC) patients accepting anti-PD-1/PD-L1 treatments with clinical responses measured (13, 33). There were 60 and 18 cases included in the two datasets, with 14 and 6 being identified as responsive to the treatments, respectively. It was worth noticing that this cohort was not included in the TCGA cohort used for model building, and mutation burden was tested as a poor predictor for treatment responsiveness (13). This was the only publically available tumor immunotherapy cohort with DNA methylation levels measured to the best of our knowledge. The methylation levels in this cohort were measured using Illumina Infinium HumanMethylation850 BeadChip. We extracted the probes in the feature set existing in this chip and retrained the model in TCGA data. No significant drop of the performance of the model was observed (with average F1 and MCC score 0.4949 and 0.4503, with standard deviation 0.0288 and 0.0308). After applying the retrained model in this cohort, it got F1 = 0.4255, MCC = 0.1899, and AUC = 0.6742. The performance was also indicated in the ROC curve (Figure 5C). The progression-free survival time (PFS) was also significantly prolonged for cases predicted as positive compared with the negative ones (Figure 5D), though the p-value (p=0.06, log rank test) was not so significant due to the limited positive cases (only 20 cases predicted as positives). The performance of the model in this totally independent cohort demonstrated its efficiency at both pan-cancer level and for specific tumor type. It also indicated that the information the model caught was indeed the responsiveness itself other than its indicators such as TMB since the model retained its performance when TMB was not predictable to the responsiveness (13).




Discussion

In this work, we first proposed the potential of the DNA methylation profiles to predict case responsiveness to the immunotherapy using the immune checkpoint inhibitors. Then we designed a feature selection scheme to extract the methylation sites with the prediction power based on the commonly used Illumina Infinium HumanMethylation450 BeadChip measurements of the methylation levels in the pan-cancer level on 32 types of TCGA data. Next, we built a machine learning prediction model for the responsiveness using the methylation levels of these selected sites. The performance of this model was shown both at pan-cancer level and for specific tumor types. The model performance was also compared with that of the existing pan-cancer model based on the gene expression profiles and proved to be comparable and complementary to that model. The combination of the two models was shown to perform better than the single ones. At last, the performance of the model was further shown using a cohort of NSCLC patients. Neither the patients nor the tumor type was involved in the model-building process.

The uncertainty of the outcome and possibility of severe immune-related adverse events were the major issues for the immunotherapy based on the ICIs (3–5). There has been a large number of biomarkers for the prediction of the responsiveness both at genome level and at transcriptome level, such as the tumor mutation burden (6), the microsatellite instability (39), the neoantigens (7, 8), the PD-L1 expression (9, 10), and the tumor immune microenvironments based on the gene expression profiles (11, 12). But the discussion of such biomarkers based on epigenetic signals were far less discussed. The tight relationship between the DNA methylation profiles and the responsiveness to the ICI treatment was only recently shown in separated tumor types (13, 14). Although the close correlation between the DNA methylation profile and the tumor immune microenvironments in the pan-cancer level has been introduced recently (22), there are no direct, systematic discussion of the prediction power to the cases’ responsiveness at this level to the best of our knowledge. Our conclusion of the high performance of the methylation level–based model both at the pan-cancer level and for specific tumor types further illustrated the close relationship between the DNA methylation profiles and the tumor immunotherapy. It also directly offered a framework for outcome prediction of cases that received the ICI treatment. Moreover, it shows the important role of the epigenetic markers in the tumor immunotherapy. On one hand, we should also acknowledge that despite the model performance was applaudable, it still got a high false positive rate, just like other pan-cancer models did (32). This major issue would be improved by the ensemble of multiple types of biomarkers, and we also showed the power of this kind of ensemble by integrating the methylation level and gene expression profiles. On the other hand, other frameworks such as the anomaly detection may help in tumor types with small proportions of cases responding to ICI treatment. The integration of these supervised and unsupervised frameworks may further improve the model performance. Finally, the performance of the model would certainly be improved with the appearance of large tumor immunotherapy cohorts with direct measurements of the responsiveness to the treatments.

The models involved in these studies were all commonly used ones with limited simplicity. We admitted that the model performance would be further improved if more complicated models such as deep neural networks were applied. We did not apply the deep neural networks because the main goal of this study was to deduce the feasibility of the DNA methylation profiles in the prediction of responsiveness of patients in ICI treatments and to introduce the model-building framework. The SVM model, whose performance was high, comparable with and complementary to that of the gene expression–based ones, was suitable enough for these goals. The more powerful models will be discussed in follow-up studies when more high-quality immunotherapy cohorts are available.

We should also acknowledge that the indirect definition of the responsiveness to the ICI treatments introduced irremediable bias of the model. This, together with limited samples in the NSCLC cohort, led to the degradation of the model performance. Unfortunately, there were few currently available tumor immunotherapy cohorts with responsiveness annotated in the pan-cancer level. It is unpractical to build such models with directly defined responsiveness now.

Compared with the state-of-the-art biomarkers, the epigenetic markers such as DNA methylation profiles, histone modifications, chromatin structure, accessibility, and the nucleosome positioning come up with a lot of advantages, such as the low patient invasiveness. For many of epigenetic markers can be measured in liquid biopsies and body fluids (45), contain rich information of life habits and conditions of patients (46), and reveal the origin and evolution of a given disease they carried (47). Their close correlation with the tumor immune microenvironment and importance in the tumor immunotherapy have received more and more attention recently. A series of epigenetic biomarkers for immunocompetent phenotypes have also been established (48). The thorough study of the roles of these markers will certainly mark a new dawn in the tumor immunotherapy.

In conclusion, the DNA methylation profiles were predictable to the responsiveness to the ICI treatments. The built SVM model were well-performed both at pan-cancer level and for specific tumor types. The performance of our model was comparable with and complementary to that of the gene expression–based model.
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Approximately 60%–70% of patients with malignant tumours require radiotherapy. The clinical application of immune checkpoint inhibitors (ICIs), such as anti-PD-1/PD-L1, has revolutionized cancer treatment and greatly improved the outcome of a variety of cancers by boosting host immunity.However, radiotherapy is a double-edged sword for PD-1/PD-L immunotherapy. Research on how to improve radiotherapy efficacy using PD-1/PD-L1 inhibitor is gaining momentum. Various studies have reported the survival benefits of the combined application of radiotherapy and PD-1/PD-L1 inhibitor. To fully exerts the immune activation effect of radiotherapy, while avoiding the immunosuppressive effect of radiotherapy as much as possible, the dose selection, segmentation mode, treatment timing and the number of treatment sites of radiotherapy play a role. Therefore, we aim to review the effect of radiotherapy combined with anti-PD-1/PD-L1 on the immune system and its optimization.
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Introduction

Radiotherapy is the main treatment option for tumours. Approximately 60%–70% of patients with malignant tumours require radiotherapy. The radiosensitivity of tumour cells is the key to its curative effect. Radiotherapy can directly act on tumour cell DNA, killing the cells, and it can also change the tumour microenvironment by producing in situ tumour vaccines that induce immune activation, triggering anti-tumour responses, and inducing the potential of tumour regression in non-irradiated areas, which is called abscopal effect (1–5). In some cases, the specific anti-tumour effect induced using radiotherapy is limited and radiotherapy efficacy is unsatisfactory. Additionally, while radiotherapy kills tumour cells, it can also damage the immune cells in the irradiated area. Therefore, radiotherapy is considered to be a double-edged sword. Radiotherapy can up-regulate PD-L1 expression and inhibit T cell activity (6). Radiotherapy can also activate the anti-tumour immune response (7–10). For example, radiotherapy can release a large number of tumour-related antigens by killing tumour cells, inducing an increase in tumour-infiltrating lymphocytes, and enhancing the anti-tumour immune response mediated by CD8+ T cells (9). Moreover, radiotherapy can promote the activation and maturation of dendritic cells. It also promotes antigen presentation by up-regulating MHC I expression tumour cell surface (7, 8). Therefore, it is feasible to combine radiotherapy and immunotherapy based on the immune-stimulating properties of radiotherapy.PD-1/PD-L1 inhibitor has been approved for the treatment of oesophageal, head and neck, melanoma, kidney, bladder, lung cancers and other tumours. Some tumours are treated with PD-1/PD-L1 inhibitor alone, which has good sensitivity and efficacy rate < 25% (11–33). Some tumours are almost ineffective, such as microsatellite stable colorectal cancer and EGFR (+) lung cancer (1, 34). The combined applications of PD-1/PD-L1 monoclonal antibody and radiotherapy have been reported to have good efficacy (35). Such combination therapies can enhance the body’s anti-tumour immune response and increase the abscopal effect on distant tumour inhibitions (36). However, when radiotherapy is combined with PD-1/PD-L1 treatment, it is necessary to consider the maximization of the immune activation effect of radiotherapy and avoidance of the immunosuppressive effect of radiotherapy. Therefore, the segmentation mode, dosage, combined action mechanism, and radiotherapy treatment part numbers need to be studied. For patients with multiple metastatic tumours, the practice of irradiating a single metastasis and expecting the abscopal effect should be abandoned. Instead, systemic therapy based on the PD-1/PD-L1 inhibitor and multi-site radiotherapy to enhance its efficacy should be considered (37). This article reviews the optimization of the combined PD-1/PD-L1 and radiotherapy treatment option (Figure 1).




Figure 1 | Microenvironment Modifiers(Radiation).





Mechanism of PD-1/PD-L1 Promoting Radiotherapy Efficacy

Clinically, immunotherapy can be combined with radiotherapy. Radiotherapy can induce tumour antigen release, enhance tumour cell immunogenicity, activate immune cells, secrete immune factors and promote tumour-related antigen presentation, and thereby effectively activating the anti-tumour immune response. Moreover, studies have shown that radiotherapy can up-regulate the expression of PD-1 on T cells and PD-L1 on tumour cells, leading to the inactivation and depletion of CD8+ T cells, suppression of immune responses and development of radiotherapy tolerance (38). If PD-1/PD-L1 monoclonal antibody is administered at the early stage of radiotherapy, it can restore T cell activity and enhance the anti-tumour immune response. Various studies have reported that TGF-β secretion increases after radiotherapy, leading to Treg infiltration and immune response suppression (39, 40). Radiotherapy combined with immunotherapy can reduce Treg numbers, increase CD8+T/Treg ratio and enhance tumour cell killings (41). Additionally, radiotherapy can promote HMGB1 release, stimulate calreticulin transportation to the cell surface and induce immunogenic cell death(ICD). Radiotherapy can increase protein breakdown, induce increased MHC I expression on the tumour cell surface and promote TAAs recognition by CTL cells. Radiotherapy causes tumour cell death, inducing the release of DAMPs, TAAs and inflammatory cytokines in cell debris and activating antigen-presenting cells, such as dendritic cells, to present TAAs to immune cells in the lymph nodes. Therefore, combined immunotherapy can enhance the radiotherapeutic immune induction and cooperates with radiotherapy to inhibit tumour growth, achieving an effect of 1 + 1 > 2 (42, 43). Additionally, radiotherapy also plays various roles in combination therapy for tumours of different stages and types. When the tumour burden is small and limited, radiotherapy can be used as a local radical treatment, aiming to cooperate with a systemic PD-1 inhibitor for curing cancer. In other cases, such as massive metastases or multiple metastatic tumours, radiotherapy can be used as an adjuvant for PD-1/PD-L1 inhibitors. Therefore, the combination of radiotherapy and PD-1/PD-L1inhibitor is diversified (Figure 2).




Figure 2 | PD-1/PD-L1 Promoting Radiotherapy.





Efficacy of Different Combinations of Radiotherapy and PD-1/PD-L1

The dose and division mode of radiotherapy combined with PD-1/PD-L1 have attracted widespread attention. Precise irradiation using hypofractionated radiotherapy (HFRT) can minimize the damage to the surrounding normal tissues. HFRT can induce a stronger immune response and abscopal effect than conventional radiotherapy. It is more suitable for combining with immunotherapy, and this theory has been confirmed by various studies. In 2020, Professor Lu You reported that HFRT can induce stronger local and systemic anti-tumour immune effects than conventional fractionated radiation therapy (CFRT) by inhibiting the VEGF/VEGFR signalling pathway, reducing MDSCs recruitment to the tumour microenvironment, mediating lower PD-L1 expression, decreasing tumour cells for immune escape through the PD-L1/PD-1 axis, increasing CD8+ T cell levels around tumour tissues and in peripheral blood and maintaining their tumour cell killing activity (44). Studies have further reported that HFRT combined with anti-PD-L1 antibody therapy can significantly improve the tumour (local and radiotherapy field lesions) control rate and survival rate in tumour-bearing mice (44). Clinically, the increase in Tregs affects the local control at 15 Gy/F and 1 F. The 7.5~10.0 Gy/F, 2~3 F regimen can maintain a low level of Treg, and it can better stimulate the body’s immune response safely (45, 46). The PEMBRO-RT study used 8 Gy/F, 3 F mode combined with PD-1 inhibitor to treat advanced non-small cell lung cancer (NSCLC). The ORR rate at 12-weeks was 36%, which increased more than once, compared with the control group’s progression-free survival (PFS) and overall survival (OS) rates (47). But, McBride et al. shown no improvement in response and no evidence of an abscopal effect with the addition of SBRT to nivolumab in unselected patients with metastatic HNSCC. Although the efficiency of immunotherapy may be improved by combined with radiotherapy, but the ORR of PD-1 antibody monotherapy for HNSCC is high, so it is necessary to further expand the sample size to reflect the difference between the experimental and control groups.

A consensus is yet to be reached over the optimal timing for the use of the combination therapy of radiotherapy and PD-1/PD-L1 inhibitor. Dovedi et al. found that simultaneous administration of anti-PD-1/PD-L1 antibody with conventional split RT has a higher survival rate than that of sequential administration (38). A phase I clinical study for advanced metastatic urothelial carcinoma reported that the effect of the simultaneous treatment group using PD-1 inhibitor receiving 8 Gy/F, 3F stereotactic body radiation therapy (SBRT) before the third cycle was significantly better than that of the sequential treatment group (48). The COSINR Phase I trial evaluates the simultaneous or sequential application of CTLA-4 inhibitor, PD-1 inhibitor and SBRT in patients with stage IV NSCLC. The trial’s latest data showed that the median PFS period of the sequential and contemporaneous groups was 5.9 and6.2 months, respectively (49). However, a study by Herter-Sprie et al. reported that the OS was similar to that of sequential administration (PD-1 antibody administration on the 7th day after radiotherapy) regardless of the simultaneous administration from either the 1st or 5th day of radiotherapy (50). Some preclinical studies report contradictory results on the simultaneous or sequential use of radiotherapy combined with PD-1/PD-L1 inhibitor; however, an incline towards simultaneous use is observed. The subgroup analysis of the PACIFIC study showed that the PFS benefit trend of receiving PD-L1 monoclonal antibody within 14 days after concurrent radiotherapy and chemotherapy for stage III unresectable NSCLC was more significant than that of receiving PD-L1 antibody treatment for14 days (51–53). Radiotherapy combined with immune checkpoint inhibitors (ICIs) in patients with melanoma brain metastases showed that the combined ICI therapy within 4 weeks after treatment with stereotactic radiosurgery (SRS) had significantly better results than those in patients with SRS > 4 weeks (54). Evidence indicates that sequential treatment and PD-1/PD-L1 inhibitor administration after radiotherapy can increase the clinical benefit.

The timing of radiotherapy combined with anti-PD-1/PD-L1 therapy is affected by adverse effects along with therapeutic effectiveness. In the MDACC study, two patients with simultaneous HFRT or SBRT combined with PD-1 inhibitor had Grade 4 adverse effects, which may be attributed to the simultaneous medication. A study by ESMO 2020 showed that the administration of anti-PD-1 drugs before or during radiotherapy for thoracic tumours increased the incidence of radiation pneumonitis (60% 28%, P = 0.01) compared with the administration of anti-PD-1 drugs after radiotherapy (55, 56). However, the occurrence of adverse effects is closely related to factors such as radiotherapy dose, volume and location. Therefore, whether synchronization will increase adverse reactions than sequential treatment needs to be further confirmed by clinical studies.

For multiple metastatic tumours, there have been no large randomized controlled data on the number of lesions irradiated for the generation of the greatest monosensitization effect. Current methods include the partial irradiation of large tumours (46, 57), SBRT combined with low-dose irradiation (58, 59) and multiple periodic irradiations of different metastatic lesions. You et al. proposed for the first time a combination group of primary tumours receiving HFRT and secondary tumours receiving low-dose radiation therapy (LDRT), combined with ICIs. Compared with HFRT alone, secondary tumour growth in mice receiving LDRT combined treatment showed a significant decline in growth. LDRT strongly promotes the local infiltration of T cells into tumours and induces the lower recruitment of MDSCs; however, LDRT also promotes the up-regulation of immune activation related gene expression (antigen presentation related genes and T cell activation related genes) and T cell-related chemokine expression. It has also been confirmed in mouse CT26 and MC38 colon cancer models that the triple treatment group achieved the best secondary tumour growth control. Therefore, it has been proposed that the secondary tumour receiving LDRT can promote the migration of effector T cells into the tumour, reshape the local tumour microenvironment, amplify the abscopal effect of HFRT and increase the efficacy of combined immunotherapy.



Radiotherapy Combined With Immunotherapy Increase Abscopal Effect

The abscopal effect was proposed by Mole in 1953. The abscopal effect is achieved through the activation of the immune system, which may be closely related to the increase in T cell activating factors, increase in existing tumour-specific antibodies and formation of new anti-tumour antibodies (60) The production of the abscopal effect by radiotherapy alone is rare in clinical practice and has been reported only in a few individual cases. Recently, radiotherapy combined with immunotherapy has caused a significant increase in the abscopal effect, but the mechanism of action remains unclear. Studies have found that PD-1/PD-L1 monoclonal antibody combined with radiotherapy can inhibit distant tumours through the abscopal effect. A study of melanoma (B16-OVA) mice reported that PD-1 monoclonal antibody combined with Stereotactic ablative brachytherapy (SABT) can decrease the primary lesion close to CR, and the tumour volume at the non-irradiated site is also reduced by 66% (61–63). SBRT can easily induce the abscopal effect compared to the conventional segmentation mode and is more suited for combining with immunotherapy (64). Attesting to this, Deng et al. reported that breast cancer mice receiving radiotherapy combined with PD-L1 monoclonal antibody treatment showed a reduction in the volume of distant tumours outside the radiotherapy site, and thereby producing a lasting immune memory (65). You et al. reported, for the first time, that HFRT induces primary tumour cell apoptosis, produces an “in situ vaccination” effect and sensitizes tumour-specific T cells. Moreover, LDRT promotes the migration of tumour-specific T cells into the secondary tumour. The combination of these two therapies (HFRT and LDRT) produces CD8+T cell-dependent immune effects. Meanwhile, PD-1 inhibitor restores the tumour-killing activity of T cells by releasing the “inhibitory brake” on the surface of T cells, further enhancing the systemic anti-tumour immune effect (58). Additionally, the results from the 2015 “Lancet” clinical trial on local radiotherapy combined with immunotherapy confirmed the production of the abscopal effect in approximately a quarter of patients with advanced tumours (including NSCLC, breast cancer and thymic cancer). Patients producing the abscopal effect had more obvious survival rates (60, 66).



Alternate Methods to Enhance Radiotherapy Efficacy

Enhancement of the radiotherapy-related anti-tumour immune response can be performed via various methods as elucidated by the reports on the treatment mode of PD-L1 and CTLA-4 monoclonal antibodies combined with radiotherapy (67). In melanoma mice receiving radiotherapy combined with CTLA-4 monoclonal antibody, the tumour cell PD-L1 expression was significantly up-regulated. Therefore, the combination of PD-L1 monoclonal antibodies can restore the function of T cells, increase the ratio of CD8+T/Treg and increase the CR rate of mice to 80%. This study aims to reveal that triple therapy synergistically enhances the anti-tumour effects. Additionally, IL-2, granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon-α and tumour necrosis factor-α (TNF-α) participate at different steps in the synergistic effect of radiotherapy and immunotherapy on tumour cells. IL-2 can promote the proliferation and activation of T cells and also activate NK cells. Radiotherapy can up-regulate the expression of MHC-I molecules and promote the formation of memory T cells. In the models of mouse melanoma, colon cancer and breast cancer, HFRT combined with IL-2 complex can produce a significant synergistic effect, enhancing the anti-tumour effects of CD8+ T and NK cells (68). Phase I clinical studies have reported that combining SBRT with IL-2 for the treatment of metastatic renal cell carcinoma and melanoma has a remission rate of 66. 6%. The response rate of melanoma was 71.4% (69, 70). Moreover, the combination of IL-2 and radiotherapy can synergistically control the combined treatment of local and distant lesions (69–73). GM-CSF promotes monocytes/M1 macrophage and DC differentiation, enhances antigen presentation and amplifies the body’s immune effect (74). A clinical trial has reported that local radiotherapy combined with GM-CSF subcutaneous injection induced the abscopal effect at a rate of 22.2% in NSCLC and OS showed significant prolongation (60). A clinical study of patients with advanced cholangiocarcinoma who received PD-1 inhibitor combined with GM-CSF showed that the 6-month PFS rate reached 35% (75). A prospective clinical study of single-arm HFRT combined with PD-1 inhibitor and GM-CSF in the treatment of advanced multiple metastatic solid tumours is being carried out. The median PFS stage is 4.0 months. The current study is still in progress (ChiCTR1900026175) (76).

TNF-α is produced by activated macrophages and can induce immune cell activation. A phase I clinical study found that the combined treatment of TNF-α and radiotherapy improved OS and PFS in oesophageal cancer, head and neck cancer and other solid tumours (77).



Conclusion

Immunotherapy has a dramatic impact on the field of oncology. Many pre-clinical data show that radiotherapy combined with immunotherapy enhances tumour killing through the vaccine effect, attraction effect and fragility effect. The synergistic effects of PD-1 and PD-L1 monoclonal antibodies combined with radiotherapy have been confirmed in various preclinical trials. Such combination therapies can enhance the body’s anti-tumour immune response and increase the abscopal effect on distant tumour inhibitions. However, this treatment model is still in its infancy, it is necessary to consider the maximization of the immune activation effect of radiotherapy and avoidance of the immunosuppressive effect of radiotherapy (78). Radiotherapy dose, segmentation method, irradiation site, radiotherapy volume, intervention point of immunotherapy, selection of immunodrugs and disease/patient all need to be demonstrated by more sufficient clinical trial data. There are many clinical studies at home and abroad that are actively trying to add radiotherapy to various immunotherapy strategies to determine the best therapy combination (Table 1). Further studies on answering the current problems in combination therapy and making radiotherapy combined with immunotherapy clinically effective are required.


Table 1 | Immunotherapy agents under clinical investigation in combination with radiation.
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Background

Malignant tumors accompanied with malignant pleural effusion (MPE) often indicate poor prognosis. The therapeutic effect and mechanism of intrapleural injection of anti-programmed cell death protein 1 (PD1) on MPE need to be explored.



Methods

A preclinical MPE mouse model and a small clinical study were used to evaluate the effect of intrapleural injection of anti-PD1 antibody. The role of immune cells was observed via flow cytometry, RNA-sequencing, quantitative PCR, western blot, immunohistochemistry, and other experimental methods.



Results

Intrathoracic injection of anti-PD1 monoclonal antibody (mAb) has significantly prolonged the survival time of mice (P = 0.0098) and reduced the amount of effusion (P = 0.003) and the number of cancer nodules (P = 0.0043). Local CD8+ T cells participated in intrapleural administration of anti-PD1 mAb. The proportion of CD69+, IFN-γ+, and granzyme B+ CD8+ T cells in the pleural cavity was increased, and the expression of TNF-α and IL-1β in MPE also developed significantly after injection. Local injection promoted activation of the CCL20/CCR6 pathway in the tumor microenvironment and further elevated the expression of several molecules related to lymphocyte activation. Clinically, the control rate of intrathoracic injection of sintilimab (a human anti-PD1 mAb) for 10 weeks in NSCLC patients with MPE was 66.7%. Local injection improved the activity and function of patients’ local cytotoxic T cells (CTLs).



Conclusions

Intrapleural injection of anti-PD1 mAb could control malignant pleural effusion and the growth of cancer, which may be achieved by enhancing local CTL activity and cytotoxicity.





Keywords: malignant pleural effusion (MPE), intrapleural injection, anti-PD1, cytotoxic T lymphocyte (CTL), tumor microenvironment (TME)





Graphical Abstract | This study demonstrates that the anti-tumor effects triggered by intrathoracic injection of anti-PD1 antibody are confined to the “local” tumor microenvironment of the pleural cavity, rather than a systemic effect.




Background

Malignant pleural effusion (MPE) refers to pleural effusion caused by the metastasis of primary pleural tumor or other malignant tumor to the pleura (1). Approximately one-third of MPEs are attributed to non-small cell lung cancer (NSCLC) (2). The median survival of MPE patients is less than 1 year (3). Combined presentation with NSCLC reduced the median survival of MPE patients to 74 days (60–92 days) (4). MPE patients often experience symptoms including shortness of breath, chest tightness, asthma, and cough due to a large amount of effusion and massive primary cancer lesions (5). The European Respiratory Society (ERS/EACT) (6) and the American Thoracic Society have both issued new MPE management guidelines (7) recommending immediate pleural puncture for patients with large effusions (7). This is the simplest and most important treatment for MPE. However, this has the disadvantage of easily causing recurrence and also leads to frequent visits to the hospital (3). To ensure long-term relief of pleural effusion symptoms (8), experts currently advocate the use of talc (9) and other local pleural intervention therapy (10) for MPE patients (11), even if patients with malignant tumors have received systemic treatment.

However, the medical talc powder that can be injected into the chest cavity has not been produced and sold in China; it is only available as a product for external use. Clinically, to reduce the recurrence of pleural effusion, the current view is that systemic treatment combined with local intervention in the pleural cavity (12) is also in line with ethical treatment. Intrapleural injection of cisplatin (13), IL-2 (14), and other treatments for MPE had cases to follow. Our team demonstrated that endostar could reduce MPE by inhibiting angiogenesis and lymphangiogenesis (15). Chloroquine has also been determined to inhibit tumor growth in animal models to lessen the production of MPE (16). Currently, there is no consensus on the local intervention scheme for MPE.

The environment of MPE is highly similar to that of the tumor microenvironment (17). The formation of effusion is related to the imbalance of a number of immune cell varities (18), and chemokine-induced inflammatory cell changes have also been determined to increase the amount of pleural effusion (19, 20). Blockage of the PD-1/programmed-death ligand 1(PD-L1) pathway has been shown to restore the interrupted antitumor immune responses (21). We have observed that expression of PD-L1 in pleural effusion cell blocks of NSCLC patients with MPE was higher than that of non-MPE patients (unpublished). A trend of longer overall survival was observed in MPE patients with PD-L1 TPS < 50% than those with TPS ≥ 50% (20.0 vs. 13.8 months) (22). At present, there are no reports describing the use of immune checkpoint inhibitors for local treatment of MPE. Therefore, there is an urgent requirement to explore whether intrapleural injection of anti-PD1 monoclonal antibody (mAb) can treat MPE.



Materials And Methods


MPE Animal Model Establishment and Treatment Schedule

Mouse Lewis lung carcinoma cell line (LLC) was purchased from Shanghai Cell Bank of Chinese Academy of Sciences. The MPE mouse model (C57BL/6J, six-week-old, male; Model Animal Research Center of Nanjing University) has been previously described (18, 20) (Figure S1). Mice were reportedly administered with an intrathoracic injection of 200μg anti-PD1 mAb (InVivoMab anti-mouse PD-1 (CD279), Bioxcell)/0.9% normal saline on the 7th and 14th day of the model. We then injected 50 μL anti-CD8 mAb (4 mg/kg, InVivoPlus anti-mouse CD8A, Bioxcell) intraperitoneally multiple times to achieve CD8 depletion. The fixed mouse tissues were successively scanned using a CT machine (Siemens Somatom Sensation 16).



Patients and Assessments

From September 2019 to March 2020, nine advanced NSCLC patients with MPE who were hospitalized in the Department of Respiratory and Critical Care, Jinling Hospital, Nanjing University School of Medicine, were recruited for this clinical study. The research was approved by the Ethical Committee and Institutional Review Board of the Jinling Hospital, which is affiliated to Nanjing University School of Medicine (Ethical code:2018NZKY-031-03). All patients were assessed by CT and then underwent thoracic puncture drainage (less than 100 ml/d, for 2 consecutive days). IBI308 (sintilimab,100 mg) was then diluted in normal saline and injected after adequate drainage. Patients were required to return to the hospital for chest CT review at 5 and 10 weeks after discharge for assessment. NCI-CTC AE version 4.03 standard was used to evaluate the safety of drugs. Pleural fluid was collected from all patients before and after treatment.



Flow Cytometry

Cancerous nodules in the thoracic cavity of mice were collected after dissection and digested with the addition of Ca2+ collagenase (Sigma–Aldrich). Lymphocytes were isolated from the patient’s pleural effusion using blood density gradient centrifugation. The following antibodies were used: fixable viability dye eFluor 780, Alexa Fluor®488 anti-mouse CD3 antibody, mouse CD3E PERCP mAb 0.025 mg 145-2C11, PE/Cy7 anti-mouse CD45 antibody, FITC anti-mouse CD8b (Ly-3) antibody, APC anti-mouse CD69 antibody, Alexa Fluor®647 anti-mouse CD4, PE anti-mouse IFN-γ antibody, APC anti-human/mouse granzyme B recombinant antibody, APC-Cy™7 mouse anti-human CD3, FITC mouse anti-human CD8, FITC mouse anti-human CD4, PerCP mouse anti-human CD69, and PE mouse anti-human CD279.



RNA-Sequencing (RNA-Seq) and Quantitative PCR (qPCR)

RNA extraction from tumor tissues in the mouse pleural cavity was performed using TRIzol™ Reagent (Invitrogen). RNA purity (NanoPhotometer) and concentration (Qubit 2.0 Fluorometer) were determined, and RNA integrity was then assessed (Agilent 2100 Bioanalyzer). The Illumina ® UltraTM RNA Library Prep Kit was used to construct the library. Gene Ontology (GO) enrichment analysis and Reactome database analysis were performed. qPCR (Takara SYBR Premix Ex TaqTM) experiment was performed on a qPCR instrument (Quantagene q225). Primer sequences are shown in Supplementary Table 1.



ELISA, Western Blot, Immunohistochemistry (IHC), and LDH Release Experiment

The levels of TNF-α and IL-1β (Novus Biologicals, Inc.) in pleural effusions and the blood of mice were determined. Anti-CD8 antibody (Abcam), anti-PD1 antibody (EPR20665, Abcam), anti-PDL1 antibody (EPR20529, Abcam), anti-GAPDH antibody (ab8245, Abcam), and anti-β-actin antibody (13E5, CST) were used for antigen detection. Lymphocyte and tumor cell lines were co-cultured in 96-well plates at a ratio of 20:1. The LDH release experiment was then performed using the lactate dehydrogenase cytotoxicity test kit (Beyotime Biotechnology).



Statistical Analysis

After collecting the clinicopathological data of the patients, statistical classification was summarized by using Excel. Flow cytometry results were re-aggregated and analyzed using FlowJo. SPSS and GraphPad prism 5.0 were used for statistical plotting. All experiments were performed with ≥ 3 biological replicates. The independent sample t-test was used to compare data between two groups. *P < 0.05, **P < 0.01, ***P < 0.001 were considered to be of significant difference, whereas ns showed no significant difference.




Results


Decreased MPE in Mice After Intrapleural Injection of Anti-PD1 mAb

The median survival of MPE model mice treated with intrapleural injection of anti-PD1 mAb was approximately 1.345-fold compared to that of the control mice treated with 0.9% saline (39 days vs. 29 days, log-rank p = 0.0098) (Figure 1A). In addition, the average volume of pleural effusion in the anti-PD1 mAb group was less than 300 μL and that in the NS group was more than 500μL (P=0.003) (Figure 1B). The size and number of cancerous nodules in the treatment group were determined to be lower than those in the NS group (P = 0.0043) (Figure 1C). Although both groups experienced dramatic weight loss at the later stage of the model, no significant difference was detected (Figure 1D). The levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), and creatinine (Cre) in the blood of mice did not vary significantly (Figure 1D), suggesting that no obvious toxic or side effects were observed when intrapleural injection of anti-PD1 mAb was administered.




Figure 1 | Intrathoracic injection of Anti-PD1 monoclonal antibody could effectively control MPE in mice. (A) Kaplan-Meier survival curve showed that the overall survival of mice receiving Anti-PD1 treatment (blue) was significantly prolonged. (B) Two groups of mice with MPE were photographed; Histogram of the amount of MPE in the treatment group (blue) and the control group (black). (C) Cancerous nodules were seen in the pleural cavity of two groups of mice; Comparison of scatter plots of cancer nodules in the treatment group (blue) and the control group (black). (D) The fold chart of weight change at day 3, 6, 9, 12, 15 and 21 after modeling; Levels of ALT (U/L), AST (U/L) and Cre (μmol/L) in the blood were compared after treatment in the two groups. *P < 0.05; **P < 0.01, ***P < 0.005; ns, P > 0.05.





Intrapleural Injection of 200μg Anti-PD1 Mice Produced the Longest Period of Survival

Intrapleural injection of 500μg high-dose anti-PD1 mAb was the most effective dose for MPE (P = 0.0008) (Figure 2A); it also limited the proliferation of cancer nodules to the greatest extent (P = 0.0003). However, even one-tenth (50μg) of the administered dose could also limit the amount of MPE and the number of cancerous nodules (Figure 2B). The weight of mice in the high-dose group (500μg) was observed to decrease gradually from the second week (Figure 2C), considering the obvious side effects. Log-rank analysis showed that each dose group had an extended survival period (P = 0.0178) (Figure 2D). Mice treated with 200μg anti-PD1 mAb achieved the longest median survival period.




Figure 2 | Intrapleural administration had little effect on liver enzymes. (A) The average MPE amount of mice in different dose groups. (B) The number of tumor nodules in the thoracic cavity of mice in different dose groups. (C) Weight change of mice in different dose groups (T test was used for comparison between two groups, and two-factor analysis in multiple groups was used for 2way ANOVA analysis of variance). (D) Kaplan-Meier survival curves of mice in different dose groups. (E–G) Comparison of MPE amount, number of cancerous nodules and weight change in each group of mice with different drug administration methods. (H) AST (U/L) level in mice after tail vein injection administration. (I) MPE amount and (J) number of tumor nodules in the contralateral and weight changes in-situ and NS groups were compared. *P < 0.05; **P < 0.01, ***P < 0.005; ns, P > 0.05.



Interestingly, intrathoracic and caudal intravenous injections yielded similar results (Figures 2E, F). Local administration (Figures S2A, B) compensated for the issues with poor safety with systemic administration (Figure 2G). Systemic administration was determined to have a greater impact on AST than intracavitary administration (P=0.0069) (Figure 2H). Surprisingly, contralateral intrapleural administration (Figure S2C–F) could also reduce the amount of MPE produced in mice (Figure 2I) and the number of cancerous nodules (Figure 2J).



Local CD8+ T Cells Participated in Intrapleural Administration of Anti-PD1 mAb

Lymphocytes were involved in treating MPE with anti-PD1 mAb (Figure 3A) and accounted for higher local CD8+ T cell infiltration (Figure 3B). Flow cytometry showed that the proportion of CD3+ CD4+ T cells in the spleen of mice treated with the different methods was maintained at 20%–30% (Figure 3C). There was also no difference in the proportion of CD3+ CD4+ T cells in tumors of these mice (Figure 3D).




Figure 3 | The therapeutic effect of Anti-PD1 mAb in MPE is mainly related to local CD8 + T cells. (A) LDH release experiment was used to detect the mortality of LLC after co-culture of lymphocyte-LLC in Anti-PD1 treatment group and NS group. (B) Immuno-histochemical staining (400X) of CD8 in tumors of mice through tail vein injection, intrapleural injection, tail + intrapleural injection of Anti-PD1 mAb and NS group. (C) Flow cytometry was used to observe CD3+CD4 + T cell population in the spleen of systemic therapy, local therapy, combined therapy, and NS group. (D) The histogram showed the proportion of CD3 + CD4 + T cells in all lymphocytes in the spleen and tumors of each group. (E) According to the body weight (g) of mice, CD8 monoclonal antibody (4mg/kg) was continuously given to mice for “CD8 depletion” modeling. Mice were injected intraperitoneally with CD8 mAb on days -4, -1, 1, 4, 8, 11, 15, and 18 of MPE modeling. The mice were evaluated every week and were sacrificed on the 21st day. (F) Flow cytometry was used to observe the proportion of CD8 + T cells in the spleens of Anti-CD8 group, Anti-CD8 + Anti-PD1 group, Anti-PD1 group and NS group. (G) IHC results (400X) of CD8 in mice tumors of Anti-CD8 group, Anti-CD8 + Anti-PD1 group, Anti-PD1 group and NS group. Randomly count the number of ≥3 positive cells in 200X field of view. (H) Photographs of the diaphragm of the above four groups of mice (circled in red) and histogram of MPE amount. (I) Photographs of cancer nodules and counts of cancer nodules in the chest of the above four groups. *P < 0.05; **P < 0.01, ***P < 0.005; ns, P > 0.05.



CD8 depletion in mice was achieved by continuous intraperitoneal injection of anti-CD8 antibody (Figure 3E), resulting in a sharp drop of CD8+ T cells in the spleen to less than 10% of the original level (P < 0.001) (Figure 3F). The CD8 depletion group obtained the lowest number of CD8+cells. There was no fluctuation of local CD8 infiltration even after anti-PD1 treatment (Figure 3G). The mice in the anti-PD1 group had the least amount of MPE. However, despite simultaneous clearance of CD8 and immunotherapy, there was no improvement in controlling excessive MPE (Figure 3H). The number of cancer nodules remained significant (P = 0.0013) after CD8 depletion, and subsequent anti-PD1 treatment did not resolve the substantial number of cancerous nodules in the chest (P = 0.0187) (Figure 3I).



Local Cytotoxic T Lymphocyte (CTL) Antitumor Effect Was Enhanced After Intrapleural Injection of Anti-PD1 mAb

CD69 (23) and intracellular factor IFN-γ are both important markers reflecting the activation of CD8+ T cells (24). Due to the absence of CD8, the number of CD8+ T cells expressing CD69 in pleural cavity was also extremely low (Figure 4A). Intrapleural injection with anti-PD1 after CD8 depletion did not prevent the weakened IFN-γ secretion by CTLs (P = 0.0064) (Figure 4B). The activity of CD8+T cells at the tumor site was most enhanced in the anti-PD1 mAb treatment group, via intrapleural injection, compared with those of other groups (P = 0.0337). Using flow cytometry, we observed that the proportion of CD8+ T cells releasing granzyme B peaked in the tumors of mice receiving anti-PD1 treatment (Figure 4C). In the spleen, after CD8 depletion, IFN-γ and granzyme B secreted by CD8+ T cells were not much (Figure S3). In the pleural effusion of mice receiving intrapleural injection, the levels of TNF-α (P = 0.0004) and IL-1β (P = 0.0422) were significantly higher than those of the NS group (Figure 4D). However, the concentration of these factors in the peripheral blood of mice did not differ before or after treatment (Figure 4E). Local anti-PD1 treatment failed to change the levels of systemic inflammatory factors in mice.




Figure 4 | Anti-PD1 treatment of MPE could increase the local anti-tumor response of CTL. (A) Density map showed the CD8 + CD69 + cell population in tumors of Anti-CD8 group, Anti-CD8 + Anti-PD1 group, Anti-PD1 group and NS group. The histogram showed the proportion of CD8+ CD69+ T cells in these four groups of local cancers in all lymphocytes. (B) The percentage of CD8+IFN-γ+ cells in all lymphocytes was compared among the four groups of local cancers. (C) The ratio of Granzyme B-releasing CD8 + T cells in all the lymphocytes among the four groups of local cancers. (D) ELISA was used to determine the release levels of TNF-α and IL-1β from the supernatant of mouse pleural effusion. (E) The levels of TNF-α and IL-1β released from the peripheral blood supernatant (plasma) of mice. *P < 0.05; **P < 0.01, ***P < 0.005; ns, P > 0.05.





Local Tumor Microenvironment (TME) Was Affected by Intrapleural Injection of Anti-PD1 mAb

In total, 420 genes were upregulated and 189 downregulated (red and green, respectively, in volcano plot, Figure 5A) in the treatment group compared with those in the NS group. The Venn diagram showed that these two groups co-expressed more than 120,000 genes, of which 970 were unique in the treatment group and 442 were unique in the control group (Figure 5B). After local anti-PD1 treatment, a large number of genes including human latent-transforming growth factor beta-binding protein 2 (Ltbp2) and lymphocyte antigen 6 complex (Ly6D), and chemokine ligand 20 (Ccl20) were rapidly upregulated; while the expression of the programmed-death receptor gene Pdcd1(P = 0.031), granzyme F (Gzmf), Hba-a1, and Clec10a, etc. were all significantly down-regulated (Figure 5C).




Figure 5 | Differentially expressed genes enriched in the chemokine family after local Anti-PD1 treatment. (A) The volcano map compared the differential gene distribution of the two groups with or without Anti-PD1 treatment. The abscissa indicates the fold change of gene expression in the treatment group and the control group (log2FoldChange), and the ordinate indicates the significance level of the gene expression difference between the two groups (-log10padj or -log10pvalue). Up-regulated genes are indicated by red dots and down-regulated green. (B) Wayne graph shows the number of differential genes shared between the treatment group and the NS group. (C) The bar chart lists the top 10 genes that were most significantly up-regulated (red on the right) and down-regulated (green on the left) in the treatment group than in the NS group. (D) Scatter plots were used to map the 30 most significant pathways in GO analysis of up-regulated (left) and all (right) differential gene enrichment. GeneRatio is the ratio of the number of different genes to the total number of different genes. The ordinate lists the name of the GO pathway, and the size of the dots represents the number of genes in each pathway. The shade of color represents saliency. (E) Immune-related pathways significantly enriched in GO analysis. The P values are arranged from small to large from top to bottom. The abscissa is the number of annotated genes (red up, green down), and the ordinate is the GO Term name. (F) Some Reactome pathways related to immunity. (G) The expression level of CCL20 and CCR6 mRNA in tumor tissue of systemic administration, local administration, combined administration and NS group. (H) CCL20 and CCR6 mRNA expression levels in AntiCD8, AntiCD8 + AntiPD1, AntiPD1, NS group. *P < 0.05; **P < 0.01, ***P < 0.005; ns, P > 0.05.



In the GO and Reactome enrichment analysis of upregulated differential genes, the genes annotated to the chemotaxis pathway were the most numerous with the greatest significant difference in expression levels (Figures 5D–F). CCL20 is the ligand of CCR6 on the surface of immune cells (B cells, T cells, immature DC) (25). The mRNA level of Ccl20 with intrapleural injection of anti-PD1 mAb was 3.84-fold higher than that of the control group (P = 0.0303); additionally, the level of Ccr6 mRNA was also significantly increased (P = 0.0074) (Figure 5G). Following CD8 clearance, expression of Ccl20 mRNA was slightly lower than that of the treatment group; however, expression of Ccl20 increased with both CD8 clearance and local anti-PD1 treatment. The expression of Ccr6 in the treatment group was highest (P = 0.0373), whereas this did not increase in the CD8-cleared group (Figure 5H).

CXCR5 (26), TCF7, LEF1, and BTLA are all involved in T lymphocyte activation pathway (27). After anti-PD 1 treatment, Tcf7 (P = 0.0092), Lef1 (P = 0.0007), and Btla (P = 0.0002) mRNA expression increased more than 4 times. Expression of Cxcr5 in the control group was only 34.4% compared to that of the treatment group (P = 0.028) (Figure 6A). There was significant inhibition of expression of Tcf7, Lef1, and Btla mRNA following CD8 depletion, and anti-PD1 therapy has increased this effect (Figure 6B).




Figure 6 | Local anti-PD1 treatment affected the expression of immune-related molecules. (A) Tcf7, LEF1, CXCR5, and BTLA mRNA expression levels of tumors in the thoracic cavity of the systemic, local, co-administered, and NS groups. (B) The expression levels of Tcf7, LEF1, CXCR5, and BTLA genes in AntiCD8, AntiCD8 + AntiPD1, AntiPD1, and NS group. (C) 50μg, 200μg, 500μg Anti-PD1 treatment group and NS group MPE model mice PD-1 immunohistochemistry in the chest cavity. The histogram compared the PD-1 integral optical density of tumor nodules in the chest cavity of mice in different doses group. (D) Comparison of PD-L1 IHC results and optical density values in the above four groups. (E) Western Bolt was used to detect the PD-1 protein level in 50μg, 200μg, 500μg Anti-PD1 treatment group and NS group tumor in the thoracic cavity of mice, and the gray value was compared. (F) PD-L1 protein expression in the thoracic cavity of the above four groups of mice. All experiments were performed with ≥3 biological replicates. The independent sample T test was used to compare data between two groups. *P < 0.05, **P < 0.01, ***P < 0.001 were considered statistically significant.



Interestingly, with IHC staining of cancerous nodules on the pleura of different groups of mice, PD-1 staining in the low-dose group (P < 0.0001), the medium-dose group (P = 0.0419), and the high-dose group (P = 0.0021) was not as clear as that in the NS group (Figure 6C). PD-L1 expression was also suppressed to a certain extent after receiving anti-PD1 treatment (Figure 6D). We verified via western blots that PD-1 and PD-L1 protein expressions in the treatment group were significantly inhibited in adjacent tissues (Figure 6E) and tumor tissues (Figure 6F) in comparison with those in the control.



Intrapleural Injection of Anti-PD1 mAb Had a Favorable Effect on NSCLC Patients With MPE

The clinicopathological characteristics of the nine advanced NSCLC patients with MPE included in this study are summarized in the table below (Table 1). After adequate drainage, we injected human anti-PD1 (sintilimab) into the pleural cavity, and its effectiveness and safety in treating MPE were then evaluated (Figures 7A, B). After 5 weeks of intrapleural administration, pleural effusion volume decreased substantially in seven out of nine patients. Following a further 10 weeks of intrapleural administration, the control rate of pleural effusion was still 66.7% (Table 1). Adverse reactions were rare in these patients, with grade III adverse reactions occurring in only a few cases (Figure 7C). After treatment, consistent with the results of animal experiments, there was a significant increase in the levels of CD69 (P = 0.0391), a molecule closely related to CD8+ T lymphocyte activation (Figure 7D), and IFN-γ, which is secreted by CTLs, (P = 0.0252) (Figure 7E). The proportion of CD8+ T cells positive for molecular granzyme B also has significantly increased following intrapleural injection of anti-PD1 mAb (P = 0.0187) (Figure 7F). The expression of PD-1 on the surface of CTL in MPE showed a decreasing trend (Figure 7G). The activity and killing capacity of CD8+ T cells in peripheral blood were noted to increase, but lacked significant difference (Figure S4).


Table 1 | Clinical characteristics of MPE patients.






Figure 7 | Pleural effusion in lung cancer patients with MPE decreased after intrapleural injection of Anti-PD1 mAb. (A) The patient is a 51-year-old male who has been receiving a systemic treatment regimen of Pemetrex + Nedaplatin since his diagnosis of adenocarcinoma (T4N0M1c). The baseline length of the lesion was 47mm. Chest CT recorded about 4000 ml of fluid in the left chest before receiving local Anti-PD1 treatment. On the fifth week after administration, he was returned to the hospital for evaluation of the lesion with a diameter of 44 mm, and no pleural effusion was drained. The effusion did not drain out at 10 weeks after treatment, and the length of the lesion was 49 mm. The condition of the two assessments was SD, maintaining the original systemic treatment plan. During treatment, there was a decrease in lymphocyte count (CTCAE II °) and recovery after receiving granulocyte stimulating factor. (B) A 55-year-old male adenocarcinoma patient with EGFR 19 exon deletion mutation (T2bN1M1c). After the diagnosis, the patient received 1 chemotherapy (Pemetrex+ Carboplatin), and then began oral administration of Osimertinib for systemic treatment. Five months after the diagnosis, the patient first found that the right pleural effusion was about 2500m. The pleural effusion almost disappeared after 5 weeks of pleural administration, and the effusion could not be drained after 10 weeks. The baseline of the focal length of the lesion was 34 mm, and the condition was stable in the subsequent two evaluations, with no change in the focal length. During the treatment, the patient had experienced drug-induced dermatitis (CTCAE III), which was relieved after receiving symptomatic hormone therapy. (C) Monitoring of adverse reactions in 9 lung cancer patients with MPE. (D–G) Flow analysis of CD8+ CD69+ cell population, CD8+ IFN-γ+ cell population, CD8+ Granzyme B+ cell population, CD8+ PD-1+ in MPE before and after intrapleural injection of Anti-PD1. Independent sample T test. *P < 0.05; **P < 0.01, ***P < 0.005; ns, P > 0.05.






Discussion

Delaying the recurrence of malignant pleural effusion and improving survival have always been problems that need to be overcome, and there is no uniform standard in the industry. For the first time, our team attempted to improve MPE by intrathoracic injection of immune checkpoint inhibitors. Here, the median survival time of the mice in the treatment group was 10 days longer than that in the control group. Intrapleural injection of anti-PD1 mAb was demonstrated to have a therapeutic effect on MPE in mice.

Intraperitoneal injection of a localized low-dose anti-CTLA-4 mAb has controlled the growth of colorectal cancer in mice and was not inferior to the administration of a systemic high-dose treatment (28). Our study reached a similar conclusion regarding the management of MPE. Intrapleural injection of anti-PD1 therapy is a favorable alternative to systemic administration and has minimal systemic effect. The control of MPE and nodules in the contralateral pleural cavity was a surprising result. However, we considered that it was related to bilateral pleural effusion caused by extensive metastasis of primary carcinoma.

We first observed extensive infiltration of CD8+ T cells in the tumor area after intrapleural injection. After CD8 removal, the effect of anti-PD1 treatment group was decreased, which further explained the critical role of CD8+ T cells in treating MPE with anti-PD1 mAb. Due to the activation effect of CD8+ T cells, CTLs are required to produce a lasting and effective antitumor immune response in MPE (29). We found that the proportion of CD8+ CD69+ and CD8+ IFN-γ+ T cells in the treatment group was significantly higher than that in the NS group. After CD8 clearance, low localized CTL activation could not be corrected, even if anti-PD1 treatment was received afterward. These results show that CTLs that infiltrated into the local (cancer area) of mice were activated. The perforin/granzyme pathway is one of the systems used by CTLs to kill tumor cells (29). The increase in the number of CD8+ T cells releasing granzyme B is an evidence of improved killing function of CTLs in the local pleural cavity. There was no significant difference in the ratio of CTL expressing CD69 and IFN-γ in the spleen of mice, and the ratio of CD8+ granzyme B + cell population was relatively stable. Therefore, we believe that local immunotherapy has little effect on the activity and function of systemic CTLs.

We have also examined the effect of treatment on two pro-inflammatory factors, TNF-α and IL-1β. The use of combined immunotherapy, including anti-PD1 therapy, can enhance the release of TNF-α and other factors from T cells to induce stronger and more effective antitumor effects (30). In our experiments, the large increase in TNF-α and IL-1β levels in the pleural fluid after intrapleural injection can be attributed to the bystander effect (30). However, there was no increase in the levels of pro-inflammatory cytokines in the peripheral blood of mice before and after treatment, which we believe is consistent with the results of flow cytometry analysis of mouse spleen cells. We speculate that the antitumor effect of intrapleural injection is limited to the local environment of the pleural cavity, rather than being systemic.

MPE, like the immune microenvironment of other malignancies, has a complex interplay of cells and molecules (17). The role of the CCL20/CCR6 pathway in tumor immunity is a controversial topic in light of current known studies. For instance, CCR6/CCL20 is involved in the occurrence and progression of tumors (31). However, some researchers believe that this pathway is also involved in the restoration of antitumor immune effects (32). Here, the CCL20/CCR6 pathway was clearly activated after treatment with anti-PD1 mAb in the local pleural cavity but remained at a low level in the CD8 clearance group. Thus, intrapleural injection may promote local infiltration of CTLs through the activation of CCL20/CCR6 pathway in the local microenvironment, but the role of immune cell recruitment, such as DCs, remains to be explored.

CXCR5 has been identified as the receptor for CXCL13, which is expressed in T- follicular helper cells (Tfh) (33) and follicular cytotoxic T cells (Tfc) (27). The deletion of the genes Lef1 and Tcf7, which encode the transcription factors LEF-1 (34) and TCF-1 (35), would then cause defects in T cell development, including that of CD8+ T cells (36). The levels of Cxcr5, Tcf7, and Lef1 mRNA were all significantly increased after intrapleural injection, indicating that the local treatment with anti-PD1 mAb may affect the activation of Tfh and Tfc cells in the local microenvironment. PD-1 and BTLA are evolutionarily related and are co-expressed on human and mouse tumor antigen-specific CD8+ T cells (37). The explanation for the high expression of Btla gene is that the function BTLA can substitute for that of PD-1.

Both IHC and western blot data show that the expression of PD-1 in intrapleural cancer and adjacent cancer areas was significantly reduced, which may be due to the activation of PD-1 insufficient expression induction (38). A significant decrease in the expression of PD-L1 in local and adjacent cancers was also observed. We hypothesized that the expression of PD-L1 might be closely related to the response (39) after immune checkpoint inhibitor treatment. The resistance of some patients to immunotherapy may be related to the decreased expression of PD-L1.

Sintilimab (a human anti-PD1 mAb) has been approved for second-line systemic treatment in lymphoma by the National Medical Products Administration of China, and it has demonstrated advantages in treating NSCLC [ORIENT-11 (40)]. The control rate of pleural effusion in NSCLC patients with MPE after 5 weeks of intrapleural injection of sintilimab was 77.8%. The results of low cytometry analysis of samples from pleural effusion in patients were consistent with the results of animal experiments, which verified the improved activity and function of CTLs in the local pleural cavity.

At present, our hypothesis of local administration and experimental design are still relatively new attempts in the clinical tumor field of immunotherapy for MPE. We comprehensively considered this hypothesis first in a single-arm exploratory study, and the efficacy of the 9 patients included in the study was acceptable. Of course, we will also try to carry out a larger sample size multi-center study in this direction under the condition of ethical approval, and design a randomized controlled test to verify this hypothesis.

From the point of view of economic cost, it is well known that the most commonly used pleurodesis is talc, the price is very cheap. However, medical talc, which can be injected into the chest, is not yet produced and sold in China. Immunotherapy is indeed more expensive than many drugs used for intraperural injection, such as cisplatin, IL-2 and endostatin. However, based on the gradual promotion and application of anti-PD1 therapy in various tumor treatments, with the gradual optimization of relevant drug production technology and the support of the government, we believe that it will become an affordable and cost-effective drug for more people in the near future.

Our study is the first to propose intrapleural injection of immune checkpoint inhibitors for treating MPE, and it was experimentally validated in animal models and clinical patients. Moreover, we preliminarily revealed the complex local tumor microenvironment of MPE. To expand on these results, the application of other immune checkpoint inhibitors in pleural diseases will be explored in future work.
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Purpose

Considering the limited data, we aimed to identify the greatest immune activation irradiated site of common metastases and response to immune checkpoint inhibitors simultaneously in non-small cell lung cancer (NSCLC).



Methods

A total of 136 patients with advanced NSCLC who had received radiation to a primary or metastatic solid tumor were enrolled. We recorded blood cell counts in three time periods, before, during, and after radiotherapy (RT), and derived some blood index ratios including monocyte-to-lymphocyte ratio (MLR), neutrophil-to-lymphocyte ratio (NLR), platelet-to-lymphocyte ratio (PLR), and systemic immune-inflammation index (SII). The delta-IBs were calculated as medio-IBs ÷ pre-IBs − 1. We analyzed the changes before and during RT using Spearman rank correlation test, Kruskal–Wallis rank sum test, and logistic regression analyzing their correlation with efficacy.



Results

The medians of delta-MLR and delta-PLR were both the lowest while the median of delta-L was the highest in brain. Therapeutic effect evaluation showed that the objective response rate (ORR) of 48.65% (18/37) in the brain irradiation group was the highest, compared with 17.07% (7/41) in bone and 41.94% (13/31) in lung.



Conclusions

In this study, results suggested that irradiation to brain has the best immune activation effect and patient outcome compared with other organs in NSCLC, and when the earlier-line ICIs were combined with RT, a better patient outcome was reached. Prospective studies are also necessary to provide more convincing evidence and standards for clinical irradiation metastases selection.
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Introduction

Advanced NSCLC is the most common pathological type in lung cancer with a 5-year survival rate of less than 5% (1). After the great success of targeted therapy, immune checkpoint inhibitors (ICIs) mainly targeting programmed cell death receptor-1 (PD-1)/programmed cell death receptor-ligand 1 (PD-L1) have shown great survival improvement in advanced NSCLC in recent years (2). The facilitation of augmenting immunotherapy includes increasing the release of tumor antigens and T-cell infiltration and enhancing antigen presentation (3). However, as a solution to overcoming immunotherapy resistance, radiotherapy seems more effective (4–6). Current lines of evidence indicate that ionizing irradiation (IR) seems inadequate to maintain antitumor immunity due to common local relapses (3, 7). However, stereotactic body radiation therapy (SBRT) is a novel mode of radiotherapy that achieves local control rate range from 70% to 90% compared with conventionally fractionated radiotherapy (CFRT) especially in early-stage and oligometastatic NSCLC patients (8–10). SBRT combined with ICIs can make mutual significant progresses respectively, achieving the goal of “1+1>2”. However, there is little study related to the specific number and localization of irradiated lesions for advanced NSCLC patients with multiple metastases, which should be considered as stratification factors (11).

RT mainly activates immune system by enhancing antigen presentation, as well as increasing the infiltration of inflammatory cells (3). Studies revealed that in the development and progression of cancer, inflammation is also a major driver including the fighting among neutrophils, macrophages, lymphocytes, and tumor cells in immunotherapy (12–14). In recent years, a variety of clinical studies have shown inflammatory cells and some derived ratios are strongly associated with the prognosis of patients in solid tumors, which is lack of biomarkers except for PD-L1 and tumor mutational burden (TMB) that is not prospectively validated though (15–18). Considering the limitations of a clinical retrospective study in NSCLC, the inflammatory indicators we collected can indirectly reflect the activation of immune system during RT. Studies have reported that once the anti-cancer therapy works, the immune status of patients must be improved by increasing lymphocyte counts and decreasing monocytes, resulting in an increase of lymphocyte counts and LMR (19). Moreover, lower PLR may be associated with a better survival and higher response rates in immunotherapy and negative prognostic value is shown in SII as well, which might help guide therapeutic strategies in immunotherapy (17, 20, 21). When irradiation was involved in combination with immunotherapy, the above inflammatory biomarkers changed characteristically due to the difference radiosensitivity in immune cells (22). Hypofractionated stereotactic radiation therapy (HSRT) can not only increase the frequency of lymphocytes, especially CD8+ T cells, but also decrease inhibitory Tregs, which has an impact on the immune activation and functional properties of T lymphocytes in cancer patients (23, 24).

In terms of lung cancer, common distant metastatic sites include brain, bone, liver, adrenal gland, contralateral lung, and draining lymph node, which indicate a poor outcome frequently (25). However, as the genetic heterogeneity between the primary and metastatic lesions, different irradiated sites differing in inducing immunogenic cell death (ICD) and durable anti-tumor immunity (26). Temporal variability and the inter- and intra-tumoral spatial heterogeneity including mutation profiles and tumor immune microenvironment are also found to be different (27). Studies have revealed the site-specific metastatic timing, indicating that lymph node is susceptible to early metastatic seeding but pleura and some distant sites tend to seed lately (28). Unique genetic alterations are identified for different metastatic locations, which result in altered molecular pathways and protein expressions, responding to immunotherapy, respectively (29, 30). Immunotherapy as well as RT for different metastases can make different immune system changes. A study has suggested that stereotactic ablative radiation therapy (SAR) induced systemic immunologic changes dependent on irradiated sites (31), which indicated that the combination therapy of RT to different organs and immunotherapy probably affects synergistically. The purpose of this study is to figure out the greatest immune activation effect among different irradiated sites during immunotherapy, so as to provide more beneficial clinical options for advanced NSCLC patients.



Methods


Patients

This retrospective study intended to find out the strongest irradiated sites in immune activation effect and treatment response with immunotherapy in advanced NSCLC. A total of 136 patients were included in the analysis, who had received radiation to any organ for a primary or metastatic solid tumor during immune monotherapy or combined with chemotherapy or vascular endothelial growth factor receptor (VEGFR) therapy in Shandong Cancer Hospital from July 2018 to February 2021. The inclusion criteria included age, gender, height, weight, smoking, drinking, Karnofsky performance status (KPS), TNM staging, pathological pattern, treatment stage, medication of immunotherapy, and the modality of RT. The exclusion criteria included SCLC patients, age under 18 years old, KPS score under 70, III or earlier-stage NSCLC, and radiotherapy before or after immunotherapy. The patients were all staged according to the American Joint Committee of Cancer eighth edition TNM classification and staging system (32). The data in this retrospective study did not require ethical certification.



Treatment Characteristics

All patients were treated with ICIs intravenously every 3 weeks regardless of the expression of PD-1 or PD-L1. Some of them were subjected to combination chemotherapy and the regimens included pemetrexed, docetaxel, and gemcitabine, with or without platinum. VEGFR was added to some patients, and several patients were treated with the combination of the above three therapeutic regimen. As for the VEGFR, the representations are mainly Bevacizumab and Anlotinib. During the immunotherapy, patients underwent 10 to 30 fractions of CFRT at 1.7–4.5 Gy per fraction, or 5 to 10 fractions of SBRT at 5.0–10.0 Gy per fraction for cancer of any histologic type and site (including brain, bone, lung, liver or adrenal gland, and other organs) simultaneously. These sites were irradiated according to patients’ symptoms or clinical relevance preferentially, once daily, five fractions per week. Radiation plans were normalized in that 95% of the plan tumor volume received 100% of the prescribed dose. Besides, doses of organs at risk (OARs) were limited within the safe range.



Blood Index Collection

Blood cell counts were recorded for all patients in three time periods. The first stage was about 1 month before RT, during which the blood indicators were called pre-inflammatory biomarkers (pre-IBs). The other two stages were during and after radiotherapy, called medio-inflammatory biomarkers (medio-IBs) and post-inflammatory biomarkers (post-IBs), respectively. Pre-IBs were specifically defined as from the first day of immunotherapy to the beginning of radiotherapy. Medio-IBs simply referred to the blood indicators between the first and last day of radiotherapy. While considering the memory effect of immunotherapy, post-IBs were defined as the period from the end of radiotherapy to 2 months after the end of immunotherapy, before the next line treatment. We recorded blood cell counts more than once in each period and then averaged or derived them, including neutrophils, lymphocytes, monocytes, platelets, MLR, NLR, PLR, and SII. The delta-IBs were calculated as follows:

	



Response Evaluation

The evaluation of the RT to different sites during immunotherapy was based on immune response criteria in solid tumor (iRECIST) (33). The enhanced magnetic resonance imaging (MRI) and computed tomography (CT) of brain, neck, chest, and abdomen of all patients were evaluated by at least two deputy or chief physicians in the Department of Imaging and Radiation, respectively, according to iRECIST. Tumor control included complete response (CR) and partial response (PR), which were classified as objective responders, while stable disease (SD) and progressive disease (PD) were defined as non-responders. Clinical benefit rate (CBR), including SD, PR, and CR, was used considering the limited number of responders.



Statistical Analysis

We converted the continuous variables in the study into binary variables by using receiver operating characteristic (ROC). Spearman rank correlation test was used to compare the correlation between blood indexes and different irradiated groups and short-term efficacy. If the correlation coefficient is greater than 0.2, it is considered to have statistical correlation. Kruskal–Wallis rank sum test was used to determine which indicators have differences within groups and then to compare pairwise with a corrected α, whose significance was assumed at less than 0.0083 (0.05/6). Univariate logistic regression analysis was performed to evaluate the effect of independent variables on short-term efficacy. We also conducted the factors whose p-value were lower than 0.05 into multivariate analysis in case of missing indicators that might have clinical significance. IBM SPSS Statistics software, version 25.0 (SPSS Inc., Chicago, IL), was used for statistical analysis.




Results


Patient Characteristics

Clinical baseline characteristics of the 136 patients enrolled are summarized in Table 1, which were divided into 6 groups according to different irradiated organs, namely, brain, bone, lung with or without drainage area lymph node, liver, adrenal gland(s), and soft tissue. Delta-MLR, delta-NLR, delta-PLR, delta-SII, delta-L, and delta-M of three patients and delta-EOS of eleven patients were lost. Short-term response after radiotherapy was evaluated availably in 128 patients.


Table 1 | Demographics and patient baseline characteristics.





Irradiated Organs Correlation With Blood Indicators

Spearman rank correlation test suggested that four of seven delta-IBs have correlation with groups, among which delta-MLR, delta-PLR, and delta-SII were positive (r = 0.339, 0.383, and 0.271, p < 0.001) and delta-L was negative (r = −0.381, p < 0.001). After Kruskal–Wallis rank sum test, it was found that three of these four indicators have inter-group differences, namely, delta-MLR, delta-PLR, and delta-L (p = 0.001, 0.001, and 0.000). Then, we performed pairwise comparison among groups based on the three indicators, and significance was assumed at p less than 0.05 (Table 2). We found that the brain irradiation group has statistical difference with the lung and adrenal gland group in delta-MLR (p = 0.000 and 0.002). The median was lowest in the brain group, but highest in adrenal gland (medians = 0.208, 0.780, and 0.871). Similarly, in delta-PLR, there was statistical difference between the brain group compared with the bone, lung, and adrenal gland group (p = 0.002, 0.004, and 0.000), and the medians of the four groups increased in turn (medians = −0.029, 0.307, 0.302, and 0.543). However, it was the highest in brain in terms of delta-L (medians = −0.104, −0.300, −0.340, and −0.457), which statistically differed from bone, lung, and adrenal radiotherapy groups as well (p = 0.001, 0.000, and 0.000). Besides, there were subtle differences between lung and bone in meaningful indicators (Figure 1).


Table 2 | Correlation between blood indexes and RT groups as well as short-term efficacy.






Figure 1 | Statistical differences among groups exist in three inflammatory indicators. The medians of delta-MLR and delta-PLR were the lowest and the median of delta-L was the highest in the brain radiation group during immunotherapy, while they were similar in bone and lung. which were both better than adrenal gland. MLR, monocyte-to-lymphocyte ratio; PLR, neutrophil-to-lymphocyte ratio.





Irradiated Organs Correlation With Immune Response

Among the 128 evaluated patients, no patient reached CR. A total of 41 patients reached PR (18 in brain, 7 in bone, 13 in lung, 1 in liver, and 2 in adrenal gland), 72 patients were SD (15 in brain, 30 in bone, 17 in lung, 4 in liver, 4 in adrenal gland, and 2 in soft tissue), and 15 patients were PD (4 in brain, 4 in bone, 1 in lung, 2 in liver, 2 in adrenal gland, and 2 in soft tissue), yielding an ORR of 32.03% (41/128) and a CBR of 88.28% (113/128).

In the univariate analysis of Binary logistic regression, we found that two factors were significantly associated with short-term efficacy, which were groups [OR, 1.312; 95% CI, 1.041–1.652; p = 0.021] and treatment stage [OR, 5.436; 95% CI, 1.955–15.118; p = 0.001] (Table 3). Besides, no relationship was discovered between all blood indicators and immune response. The two independent variables with p < 0.05 in univariate analysis were conducted to multivariate analysis. We found that treatment stage [OR, 4.859; 95% CI, 1.723–13.700; p = 0.003] was the only one independent factor associated with response in multivariate analysis. After sub-group univariate analyses according to different irradiated sites, it was found that brain, bone, and lung had statistically significant correlations with short-term efficacy, with p < 0.05. As for treatment line, first-line to third-line therapy all statistically associated with therapeutic efficacy (p = 0.000, 0.000, and 0.009; OR = 0.077, 0.091, and 0.393).


Table 3 | Univariate analysis of clinical characteristics and inflammatory parameters in correlation with short-term efficacy.



The therapeutic evaluation of each group showed that the ORR of 48.65% (18/37) in the brain irradiation group was the highest, compared with 17.07% (7/41) in the bone group and 41.94% (13/31) in the lung group (Figure 2). The CBR reached 92.9%, 91.7%, and 71.8% in the first-, second-, and third-line therapy, respectively.




Figure 2 | Short-term efficacy differs statistically in three groups. The result showed that the ORR of brain irradiation group was the highest compared with bone and lung. ORR, objective response rate; CR, complete response; PR, partial response; SD, stable disease; PD, progressive disease.






Discussion

The combination of radiotherapy and immunotherapy seems to be a major treatment in NSCLC in the future. However, compared with more regulated immunotherapy, the irradiated site and modality of radiotherapy are still inconclusive to date (4). In clinical practice, in addition to palliative RT for patients with obvious symptoms, the intervention of RT for multiple metastases has always been questionable, regardless of the timing, mode, or site (11).

The results of this analysis that enrolled 136 patients showed that the medians of delta-MLR and delta-PLR were the lowest and that of delta-L was the highest in the brain radiation group during immunotherapy. Considering the significance of blood indicators in the immune system (34), we hypothesize that irradiation to brain has the strongest activation effect and anti-tumor response on inflammatory. Moreover, in the subgroup analysis of short-term efficacy in different irradiation sites, it was also found that patients with brain RT had the best disease control, reaching an ORR over 48%. About the reason, we thought that it may be due to the fact that the blood–brain barrier (BBB) was broken with RT. However, the ORR was significantly lower in bone than that in lung, the reason for which might have depended on patients’ subjective feeling instead of the obvious visible lesion reduction radiographically, leading mostly to SD. On the contrary, more PR and CR were reached in the lung group. Therefore, considering blood indicators are more intrinsic, we assumed that the immune activation effect was equal in bone and lung. Based on the analyses, we hypothesized that there were statistical differences in irradiated sites in the activation of immune system and short-term survival during immunotherapy in advanced NSCLC. However, due to the limitation of this retrospective study, the mode, dose, and targeted area of brain RT are also the direction for future studies.

Studies have revealed that primary metastases had various levels of genomic heterogeneity to distinct tumor migration patterns (35). Related genes were enriched in different metastatic locations, which would alter tumor microenvironment and related inflammatory cell distribution and finally influence the response to ICIs (28, 29). The presence of liver metastases (LMs) is associated with lower prognosis in immunotherapy compared to metastases in other organs (36). Hepatic tumor is hyper-vascularized and VEGFR is highly expressed on endothelium, which resulted in the accumulation of MDSCs, the decrease of cytotoxic T cells, and the increase of Tregs (37). Similarly, the negative prognosis in response to ICIs was also shown in bone metastases (38). Though the definitive data were absent, ICIs in patients with stable brain metastases represented a better therapeutic option (39). As mentioned before, not only in immunotherapy do the responses of metastases differ, RT for different organs can also make various immune system changes. A prospective study suggested that irradiation to lung and liver induces a decrease in total and cytotoxic NK cells and an increase in activated CD4+ and CD8+ T cells, while these changes were not seen in nonparenchymal sites (31). However, considering tumor heterogeneity, it is found that, in single NSCLC, evidence characterizing the systemic immune response after RT to different metastatic sites is limited. Our study showed significantly different immune responses after RT to primary or metastatic sites during immunotherapy in advanced NSCLC. As a strategy for RT combined with immunotherapy, patients with stable disease should consider brain metastases irradiation to achieve the greatest immune activation effect and short-term efficacy during ICIs, which is followed by bone, lung, and adrenal gland, successively.

In recent years, RT especially SBRT for oligometastases (OMs) made a big progress in NSCLC. The concept of OMs was firstly proposed in 1995 by Hellman and Weichselbaum, of which the consensus was established by the ESTRO and ASTRO committee in 2020 referring to 1–5 metastatic lesions, with a controlled primary tumor being optional and all metastatic sites being safely treatable (40, 41). Many non-randomized studies have shown that SBRT for OMs is safe and effective with a local control rate of about 80% (42). However, the standard optimal dose, fraction, and lesion number of SBRT are still not clear in clinical NSCLC. Conventional views suggest that SBRT to single-site lesion was enough, but there were recent concerns that question whether multisite therapy was superior to single lesion therapy (43). Due to the organs’ own specific heterogenetic tumor-associated antigens, multisite SBRT may broadly enhance the outcome of immunotherapy by facilitating more antigen released (28, 44). Apart from the number of sites to be verified by prospective clinical trials, the localization of SBRT combined with ICIs also remains unclear. The results of this study can provide a reference for patients with oligometastatic advanced NSCLC. As the immune-activated effects of brain, bone, lung, and adrenal radiation declined in sequence, the selection of SBRT to optimal location may bring greater clinical benefit to patients. There were 6 patients subjected to SBRT in our study; 2 from the brain, 1 from the lung, and 1 from the adrenal gland group reached PR, and 1 from the liver group had SD. The CBR reached 87.5% (5/8), and just one patient irradiated at liver had PD. The considerable results showed SBRT to brain and lung seems more beneficial though it was limited by the small number of patients.

Another concept of “Dissociated Response” (DR) was defined as the coexistence of responding and non-responding lesions within the same patient in the evaluation of cancer systemic therapies (33). The incidence of DR was reported to be about 21.5% in solid tumors and approximately 10% in immunotherapy, which occurs more often in advanced NSCLC (IIIB-IV) than in earlier stages (45). As for subsequent therapy for DR patients, continuing the initial ICIs instead of switching to the next-line antitumor therapy indicated a better survival (46, 47). However, is it necessary to select the locoregional RT site(s) among multiple metastases to achieve more clinical benefits when continuing ICIs? This knowledge may be crucial to refine ongoing and future clinical studies combining RT and immunotherapy in advanced NSCLC, especially in patients with DR.

By means of this clinical retrospective study, we can further explore the mechanism of this phenomenon performed as an immune activation effect of different irradiated sites during ICIs. Understanding the differences of related molecular pathways, inflammatory cell infiltration, and protein expression plays a guiding role in discovering irradiated organs’ heterogeneity, which could maximize the benefit of radioimmunotherapy. In future prospective research, attention should be focused on the following points: firstly, the choice of time point, the best choice of patients treated firstly in order to reduce interference with the results; secondly, the screening of clinical indicators and laboratory molecular phenotypes; and finally, the proper statistical analysis of results.

To date, this is the first study in advanced NSCLC to evaluate the differences between immune system activation and short-term efficacy of radiotherapy for primary lesion or distant metastases during immunotherapy. However, there are several limitations in this study. As it is a retrospective analysis, the characteristics of clinical cases were complex. For example, earlier multi-line treatments and local radiotherapy were involved, which might have delayed the effect on immunotherapy subsequently. Also, there are various kinds of ICIs and regimens, which may influence the efficacy of immunotherapy. Prospective clinical trials are warranted to provide more convincing evidence and specific standards for combination therapy with RT and immunotherapy in advanced NSCLC.



Conclusion

We have seen the differences in systemic immune activation after RT to the brain, bone, lung, liver, adrenal gland, and soft tissue during immunotherapy synchronously. The lowest medians of delta-MLR and delta-PLR, the highest median of delta-L, and the greatest ORR suggested that irradiation to brain may have the strongest activation effect and best short-term efficacy compared to other organs, which could provide clinical guidance for patients with oligometastases undergoing SBRT and patients with DR. Moreover, we discovered that when the earlier-line ICIs were combined with RT, a better patient outcome was reached. Surely, we could not exclude the fact that the dose, volume, and modes for irradiated sites influenced the observed results. What we hypothesized was that RT to brain compared to other organs may be more immunomodulatory with simultaneous systemic immunotherapy. However, considering the limitations of this study, future prospective studies and lines of evidence are essential for standardizing the specific irradiated metastases, which could maximize the benefits of radioimmunotherapy in advanced NSCLC patients.
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N6-methyladenosine (m6A) RNA modification is a reversible mechanism that regulates eukaryotic gene expression. Growing evidence has demonstrated an association between m6A modification and tumorigenesis and response to immunotherapy. However, the overall influence of m6A regulators on the tumor microenvironment and their effect on the response to immunotherapy in lung adenocarcinoma remains to be explored. Here, we comprehensively analyzed the m6A modification patterns of 936 lung adenocarcinoma samples based on 24 m6A regulators. First, we described the features of genetic variation in these m6A regulators. Many m6A regulators were aberrantly expressed in tumors and negatively correlated with most tumor-infiltrating immune cell types. Furthermore, we identified three m6A modification patterns using a consensus clustering method. m6A cluster B was preferentially associated with a favorable prognosis and enriched in metabolism-associated pathways. In contrast, m6A cluster A was associated with the worst prognosis and was enriched in the process of DNA repair. m6A cluster C was characterized by activation of the immune system and a higher stromal cell score. Surprisingly, patients who received radiotherapy had a better prognosis than patients without radiotherapy only in the m6A cluster C group. Subsequently, we constructed an m6A score model that qualified the m6A modification level of individual samples by using principal component analysis algorithms. Patients with high m6A score were characterized by enhanced immune cell infiltration and prolonged survival time and were associated with lower tumor mutation burden and PD-1/CTLA4 expression. The combination of the m6A score and tumor mutation burden could accurately predict the prognosis of patients with lung adenocarcinoma. Furthermore, patients with high m6A score exhibited greater prognostic benefits from radiotherapy and immunotherapy. This study demonstrates that m6A modification is significantly associated with tumor microenvironment diversity and prognosis. A comprehensive evaluation of m6A modification patterns in single tumors will expand our understanding of the tumor immune landscape. In addition, our m6A score model demonstrated that the level of immune cell infiltration plays a significant role in cancer immunotherapy and provides a basis to increase the efficiency of current immune therapies and promote the clinical success of immunotherapy.
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Introduction

Lung cancer remains one of the most difficult-to-treat cancers, and its morbidity and mortality are rising rapidly (1). Lung adenocarcinoma (LUAD) accounts for approximately 40% of all lung cancers (2). Driver genes in LUAD include RTKs (aberrantly expressed), EGFR/KRAS (mutations), ALK (rearrangement), and others (3–6). Despite recent advances in surgery, radiotherapy, chemotherapy, targeted therapy, and immunotherapy, the prognosis of patients with LUAD is still unsatisfactory (7). LUAD is a complicated disease with complex pathogenesis and high heterogeneity (8). Therefore, having a good understanding of the molecular mechanisms underlying LUAD is necessary for the selection of optimal therapeutic strategies.

N6-methyladenosine (m6A) RNA modification has recently been identified as a regulatory mechanism for controlling eukaryotic gene expression (9). As a dynamic reversible epigenetic modification, m6A modification exists in mRNAs, microRNAs, circular RNAs, and long noncoding RNAs, accounting for 80% of all RNA methylation modifications in eukaryotic cells (10). m6A modification is mediated by three subtypes of regulatory proteins: methyltransferases (writers), binding proteins (readers), and demethylases (erasers) (11). The modification is mainly regulated by the following components: writers, which catalyze m6A methylation, such as methyltransferase-like 3/14/16 (METTL3/14/16) (12–14), zinc finger CCCH domain-containing protein 13 (ZC3H13) (15), ELAV-like RNA-binding protein 1 (ELAVL1) (16), Cbl proto-oncogene-like 1 (CBLL1) (17), RNA-binding motif protein 15/15B (RBM15/15B) (17, 18), WT1-associated protein (WTAP) (19), and VIR-like m6A methyltransferase associated (KIAA1429) (20). Erasers are proteins involved in maintaining the balance of the m6A content in the transcriptome and include fat mass and obesity-associated protein (FTO) (21) and AlkB homolog H5 (ALKBH5) (22). Readers are proteins that recognize the m6A consensus motif (DRACH) and promote stimulatory and inhibitory effects on translation dynamics, such as YTH domain family 1/2/3 (YTHDF1/2/3) (23, 24), YTH domain containing 1/2 (YTHDC1/2) (25, 26), IGF2 mRNA-binding proteins 1/2/3 (IGF2BP1/2/3) (27, 28), Fragile X mental retardation 1 (FMR1) (29), leucine-rich pentatricopeptide repeat containing (LRPPRC) (29), heterogeneous nuclear ribonucleoprotein C (HNRNPC) (30), and heterogeneous nuclear ribonucleoprotein A2/B1 (HNRNPA2B1) (31). m6A regulators posttranscriptionally modify RNA molecules and are associated with many biological processes, including carcinogenesis, immune response, cell differentiation, neurodevelopment, and stress responses (9). In addition, m6A mRNA modification may play a significant role in the occurrence and development of human cancers (32), such as lung cancer, hepatic cell carcinoma, and glioblastoma. METTL3 directly promotes YAP translation and increases its activity, which induces resistance to nonsmall cell lung cancer drugs and metastasis (33). Moreover, the upregulation of WTAP contributes to hepatocellular carcinoma tumorigenesis by repressing ETS1 expression (34). Furthermore, the m6A demethylase ALKBH5 maintains the tumorigenicity of stem-like cells by supporting cell proliferation and FOXM1 expression in glioblastoma (35). However, the relationship between m6A modulators and tumors, especially immunotherapy, remains unclear. Therefore, further elucidation of m6A regulatory factors could provide an attractive perspective for cancer therapy (36).

Immune checkpoint therapy has shown unprecedented efficacy for various malignancies by boosting the immune system to fight cancer (37). Immune checkpoints refer to a plethora of inhibitory or stimulatory molecules that maintain self-tolerance, prevent autoimmunity, and control the duration and extent of immune responses, which are hijacked by cancer cells to evade immune eradication (38–40). Immune checkpoint inhibitors (ICIs) target these checkpoints and show remarkable clinical efficacy in a broad spectrum of tumors. Unfortunately, only a considerable proportion of patients receive clinical benefits from ICIs (41). In recent years, many studies have demonstrated the correlation between tumor-infiltrating immune cells and m6A modification patterns, which cannot be explained by RNA degradation mechanisms. Wang et al. reported that the inhibition of m6A modification could enhance the response to anti-PD-1 therapy in pMMR-MSI-L CRC and melanoma (42). ALKBH5 gene expression and mutation status are correlated with response to immunotherapy in melanoma patients, demonstrating that m6A erasers influence the therapeutic effects of immunotherapy (43). However, the overall impact of all m6A regulators on the immune microenvironment and their effect on the response to immunotherapy are still unclear.

In this study, we analyzed genomic information from 936 patients with LUAD to determine their methylation modification patterns. In addition, we constructed an m6A score model to quantify the m6A modification patterns of individual tumors and predict the clinical response to ICI treatment. Our findings clarify the important role of m6A methylation in LUAD and provide clues for improving the efficiency of current immune therapies, which will contribute to the selection of an effective personalized immunotherapy strategy.



Materials and Methods


Data Source and Processing

The expression matrices and corresponding clinical characteristics of LUAD samples were obtained from the Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) databases. We excluded patients without survival, information, or incomplete clinicopathological characteristics from further assessment. A total of 936 patients were enrolled, including the cohorts GSE68465 (N = 438) and TCGA-LUAD (N = 498). The four validation databases were downloaded from the GEO database, including GSE11969, GSE13213, GSE37745, and GSE50081. The expression matrix data of the TCGA-LUAD cohort (FPKM format) were downloaded from the Genomic Data Commons platform, and FPKM units were converted to transcripts per kilobase million (TPM) units. The “Normalized Between Arrays” function of the R package “Limma” was performed for data standardization. Genome mutation data of TCGA-LUAD (including somatic mutation and copy number variation (CNV)) were downloaded from the UCSC Xena platform. Based on previous studies, we collected 24 m6A regulators, including 10 writers (CBLL1, ELAVL1, METTL3, METTL14, METTL16, KIAA1429, RBM15, RBM15B, WTA, and ZC3H13), two erasers (ALKBH5 and FTO), and 12 readers (YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, FMR1, HNRNPA2B1, HNRNPC, IGF2BP1, IGF2BP2, IGF2BP3, LRPPRC). Clinicopathological information and clinical immunotherapy scores (IPS) were obtained from the TCIA database.



m6A Modification Pattern

Based on mRNA expression levels, 19 m6A regulators were extracted from the TCGA-LUAD and GSE68465 cohorts, and the samples were divided into diverse subtypes based on transcriptome data with the R package “Consensus Cluster Plus.” A thousand repetitions were performed to guarantee the stability of the classification (44).



Pathway Enrichment Analysis

To investigate the difference between m6A modification patterns in the biological process, we explored the variation in signaling pathways between each of the two subtypes of m6A regulators by using “Gene set variation analysis (GSVA)” R packages (45). We downloaded the gene set file “c2.cp.kegg.v7.4.symbols” from the MSigDB database for the GSVA analysis. An adjusted p-value of less than 0.05 was considered statistically significant.



Analysis of Immune Cell Infiltration

To estimate the relative abundance of 23 immune cell types in the tumor microenvironment of LUAD, single-sample gene set enrichment analysis (ssGSEA) was used to calculate the enrichment scores and represent the relative abundance of each tumor-infiltrating immune cell type in each sample. The set of genes used to label each tumor-infiltrating immune cell type was obtained from the study by Charoentong (46).



Identification of Differentially Expressed Genes Among Subtypes of m6A Regulators

The patients were divided into three subtypes according to the expression level of 19 m6A regulators. We identified differentially expressed genes (DEGs) among different subtypes using the empirical Bayesian method in the R package “Limma,” and selected p-values less than 0.001 as DEG candidates for further analysis (47).



Construction of the m6A Score Model

To quantify the level of m6A modification in a single tumor, we established an m6A score model by performing principal component analysis (PCA). The procedure for the established m6A score model was as follows: first, overlapping DEGs were identified from different m6A clusters, and significant prognosis-related genes were identified by univariate Cox regression analysis; second, PCA was performed on the gene expression profile, and the principal components 1 and 2 were extracted as feature scores. This method minimized the deprivation of information contained in the original index and reduced the indicators to be analyzed, thereby allowing a comprehensive analysis of the collected data; lastly, the m6A score was defined by performing a formula similar to that used in previous studies (48, 49). m6A score = ∑ (PC1i + PC2i), where i is the expression of m6A phenotype-related genes.



Statistical Analysis

All statistical analyses were performed with R software (version 4.0.3). The R package “Limma” was used for differential gene expression analysis. Spearman’s correlation analysis was used to calculate the correlation coefficients between the levels of different tumor-infiltrating immune cell types and the expression of m6A regulators. Kruskal-Wallis test and one-way analysis of variance were used to compare differences between more than two groups. The Kaplan-Meier (KM) method was used to draw the survival curve (5-year survival rate), and univariate Cox regression analysis was used to calculate the hazard ratios (HRs) for m6A regulators and m6A phenotype-related genes. LUAD samples were divided into high and low m6A score subgroups using the “surv-cutpoint” function in the R package “survival.”




Results


Genetic m6A Regulator Variation in LUAD

Twenty-four m6A RNA methylation regulators were selected for LUAD according to previous studies, including 10 writers, 12 readers, and two erasers (Table S1). We summarized the dynamic reversible epigenetic modification behavior of these m6A regulators and their biological functions in RNA, including mRNA export, mRNA translation, mRNA decay, and mRNA degradation/stability (Figure 1A). Somatic mutations in m6A regulators were found in 151 (26.63%) of 567 samples. ZC3H13 had the highest mutation frequency, followed by KIAA1429 and IGF2BP1, while no CBLL1 mutations were found in the samples (Figure 1B). In addition, YTHDC1 was significantly positively correlated with ZC3H13, YTHDC2, FMR1, and HNRNPA2B1 (Supplementary Figure S1B). There was widespread CNV in the 24 regulatory factors; METTL16, RBM15B, METTL14, ELAVL1, and RBM15 had copy number losses, while YTHDF1, KIAA1429, FMR1, IGF2BP2, and METTL3 showed numerous copy number gains (gene amplification) (Figure 1C). The locations of the CNVs in the 24 m6A regulators were labeled on the chromosomes (Figure 1D). Tumor samples were distinguished from normal samples by three-dimensional PCA (3D-PCA) of the 24 m6A regulators. The results showed that the two groups were completely separated from each other (Figure 1E). We then compared mRNA expression in normal and tumor samples to explore whether the expression levels of the m6A regulators were affected by the above gene variation. Seventeen of the 24 m6A regulators showed significant overexpression or downregulation in LUAD samples. YTHDF1, KIAA1429, HNRNPC, and METTL3 were most significantly upregulated in tumor samples, and METTL16 and METTL14 were markedly downregulated (Figure 1F). These results showed that the CNV was an important factor in controlling the expression of m6A regulators. Most m6A regulators underwent remarkable expression changes in LUAD, suggesting that the abnormal status of m6A regulators is involved in the development of LUAD.




Figure 1 | Gene mutation profile and expression of m6A regulators in lung adenocarcinoma (LUAD). (A) The dynamic and reversible modification process of m6A RNA methylation mediated by 24 m6A regulators and their major biological functions. (B) The mutation frequency of 24 m6A regulators in 567 patients with LUAD. Each column represents each individual patient. The upper bar plot represents TMB. The number on the right represents the mutation frequency in each regulator. The bar graph on the right shows the proportion of each variant type. The stacked bar chart below shows the conversion of each sample. (C) Histogram reflecting the CNV of the m6A regulators. The height of the bar indicates the frequency of variation. Gain, blue; loss, red. (D) The specific location of the CNVs in m6A regulators on 23 chromosomes. (E) Principal component analysis of 24 m6A regulators adapted to distinguishing tumors from normal samples. Tumor was marked with blue and normal with golden. (F) Differences in the expression of the 24 m6A regulators between normal and LUAD tissues. The asterisks show the statistical p-value (**p < 0.01; ***p < 0.001).





Identification of m6A Modification Patterns in LUAD

Meta-analysis was performed using TCGA-LUAD and GEO (GSE68465) datasets to further elucidate the modification characteristics of the m6A regulators in LUAD. This algorithm finally identified 19 m6A regulators through data consolidation. To examine whether the 19 m6A regulators could be used as prognostic markers for LUAD, we used univariate Cox regression analysis (Supplementary Figures S1C and S2A–S). Eight of the 19 genes were significantly correlated with prognosis, including HNRNPA2B1, HNRNPC, IGF2BP2, IGF2BP3, LRPPRC, RMB15, WTAP, and ZC3H13 (HR >1). The prognostic significance of 19 m6A regulators in LUAD, the connection to the regulator, and the interactions are shown in the m6A regulator network (Figure 2A). The results showed a remarkable correlation among writers, readers, and erasers, and this crosstalk was essential for the generation of different m6A modification modes. The landscape also suggested that the occurrence and progression of LUAD are related to m6A regulators. Effective immune infiltration in tumors is considered a key factor in carcinogenesis and prognosis (50, 51). The correlations between individual regulators and each tumor-infiltrating immune cell type were analyzed using Spearman’s correlation analysis (Figure 2B). All m6A regulators were significantly correlated with some types of tumor-infiltrating immune cells, suggesting that m6A regulators are critical for immune infiltration in tumors. Most m6A regulators were significantly positively correlated with immune infiltration, while WTAP, an m6A methyltransferase, was negatively correlated.




Figure 2 | m6A methylation patterns and related biological processes. (A) The interplay among the m6A regulators in LUAD. The m6A regulators in three RNA modification types were indicated by the different colors in the circle left. Favorable factors for patients’ survival were indicated by grass green in the circle right and risk factors indicated by blue in the circle right. The circle size indicates the influence of each regulator on prognosis, and the range of values calculated by Log-rank test was represented by the size of each circle. The lines connecting the regulators show their interplay, and the thickness indicates the strength of the association between the regulators. Negative correlation was marked with blue and positive correlation with red. (B) Analysis of the relationship between each tumor-infiltrating immune cell type and each m6A regulator in LUAD using Spearman’s analysis. Red indicates positive correlation; blue indicates negative correlation. *p < 0.05, **p < 0.01. (C) Survival analyses for the three m6A modification patterns in from TCGA-LUAD and GSE68645, including 208 cases of m6A cluster A, 240 cases of m6A cluster B, and 282 cases of m6A cluster C. Log-rank test, p < 0.0001. (D) Heatmap showing the correlation between the three m6A clusters and the clinicopathological characteristics. Clinicopathological information including age, gender, fustat, and tumor stage, as well as the m6A cluster, is shown in annotations above. Red represents high expression, and blue represents low expression. (E) Heatmap showing the biological processes in different m6A modification patterns obtained by GSVA enrichment analysis. Red shows activated pathways and blue shows inhibited pathways. m6A cluster A vs. m6A cluster B.



Based on the expression of the 19 m6A regulators, the R package “Consensus Cluster Plus” classified patients into various m6A modification patterns. Consequently, the unsupervised consensus clustering algorithm revealed that patients were well defined when k = 3 (Supplementary Figure S3A). Thus, three distinct patient clusters were identified based on m6A modification patterns, including 253 cases of cluster A, 324 cases of cluster B, and 359 cases of cluster C. The Kaplan-Meier analysis of the three clusters revealed that cluster A had the worst prognosis, while cluster B had a significant survival advantage (Figure 2C). Next, the expression levels of the m6A regulators in the three clusters were analyzed; the expression profiles of most m6A regulators significantly differed among the three clusters. Cluster A was upregulated compared with the other two clusters, including CBLL1, ELAVL1, FMR1, HNRNPA2B1, HNRNPC, IGF2BP2, IGF2BP3, LRPPRC, METTL3, RBM15, RBM15B, WTAP, YTHDF1, and ZC3H13 (Supplementary Figure S3B). The expression levels of IGF2BP2 and IGF2BP3 were significantly downregulated in cluster B but upregulated in cluster A (Figure 2D). These results indicate that IGF2BP2 and IGF2BP3 are the dominant risk factors for malignant progression. Based on the KEGG gene set, GSVA enrichment analysis was used to explore the biological processes of the two m6A modification patterns (Figure 2E; Supplementary Figures S3C, D). We found that cluster A was clearly enriched in the process of DNA repair, such as nucleotide excision repair, mismatch repair, DNA replication, and base excision repair; cluster B was prominently enriched in metabolism-associated pathways, such as fatty acid metabolism, amino acid metabolism, arachidonic metabolism, drug metabolism cytochrome P450, and primary bile acid biosynthesis. Cluster C was enriched in pathways associated with immune activity, including intestinal immune network production, antigen processing and presentation, and cytokine receptor interaction.



Immune Landscapes With Distinct m6A Modification Patterns

Subsequently, the correlation between 23 tumor-infiltrating immune cell types and three m6A cluster subsets was examined by ssGSEA analysis. The results showed that cluster C was associated with more adaptive and innate immune cell infiltration, including CD8 cells, NK cells, Tregs, MDSCs, macrophages, and B cells (Figure 3A). Consistently, cluster C exhibited a comprehensively elevated expression of MHC molecules (Figure 3B). Immune cell infiltration in the three m6A cluster subsets was assessed using the ESTIMATE algorithm. The results showed that cluster C exhibited higher immune and stromal scores, indicating that cluster C had significantly increased immune cell infiltration (Figures 3C, D), which was mainly due to increased immune infiltration and high MHC expression.




Figure 3 | The immune landscape in three m6A modification patterns. (A) The relative abundance of 23 tumor-infiltrating immune cell types in three m6A modification patterns. The upper and lower ends of the boxes represented interquartile range of values. The lines in the boxes represented median value, and black dots showed outliers. The asterisks represented the statistical p-value (**p < 0.01; ***p < 0.001). (B) The expression of MHC molecules in three m6A modification patterns. The upper and lower ends of the boxes represented interquartile range of values. The lines in the boxes represented median value, and black dots showed outliers. The asterisks represented the statistical p-value (ns p > 0.05; **p < 0.01; ***p < 0.001). (C) Box plot showing the immune scores of the three m6A clusters. (D) Box plot showing the stromal score of the three m6A clusters.





m6A Phenotype-Related DEGs in LUAD

To further elucidate the underlying biological processes and functional annotation of a single m6A modification pattern, seventy-three m6A phenotype-related DEGs were identified using the R package “Limma” and represented on a Venn diagram (Figure 4A). GO enrichment analysis for DEGs was performed using the R package “Cluster Profiler.” Surprisingly, these genes were remarkably related to nuclear division and organelle fission (Supplementary Figure S3E). To further validate this regulatory mechanism, we obtained 68 prognosis-related DEGs using univariate Cox regression analysis. Unsupervised cluster analysis was performed on the 68 prognosis-related DEGs, which were divided into three subgroups: gene clusters a, b, and c. We performed PCA on the expression of the 68 DEGs, showing that the three groups were completely separated from each other (Figure 4B). The results showed 226, 193, and 311 patients in gene clusters a, b, and c, respectively. Patients in gene cluster a were associated with a worse prognosis, patients in gene cluster b had a better prognosis, and patients in gene cluster c had a moderate prognosis (Figure 4C). m6A regulator expression was significantly different between the three gene clusters, which was the same as that of the m6A modification patterns (Figure 4D).




Figure 4 | Identification of m6A phenotype-related differentially expressed genes (DEGs) and construction of gene clusters. (A) Venn diagram showing 73 m6A phenotype-related DEGs between three m6A clusters. (B) Principal component analysis of three gene cluster patterns. (C) Kaplan-Meier curves showing the overall survival of the patients in the three gene clusters, including 193 cases of gene cluster a, 226 cases of gene cluster b, and 311 cases of gene cluster c. Log-rank test, p < 0.001. (D) Expression of the 24 m6A regulators in the three gene clusters. The upper and lower ends of the boxes represented interquartile range of values. The lines in the boxes represented median value, and black dots showed outliers. The asterisks represented the statistical p-value (*p < 0.05; **p < 0.01; ***p < 0.001).





Construction of an m6A Score Model

To predict the immune status and prognosis in a single patient, we sought to develop an m6A score based on the 68 DEGs identified. Therefore, patients were divided into high- or low-m6A score groups based on the cutoff value. The high m6A score group had a better clinical survival profile (Figure 5A). In addition, we externally verified m6A score model to predict the prognosis of patients with lung adenocarcinoma from GSE11969, GSE13213, GSE37745, and GSE50081 datasets (Supplementary Figures S4A–D). An alluvial diagram was used to illustrate the workflow of the m6A score construction and to visualize the attribute changes in individual patients (Figure 5B). The results indicated that gene cluster b was associated with a high m6A score, whereas gene cluster c was associated with a lower m6A score. Notably, most patients who were still alive were included in the high m6A score group. Most patients with m6A cluster A were defined as low m6A, while patients with m6A cluster B had a high m6A score. The m6A cluster C was similarly distributed (Figure 5C). The group with a statistically low m6A score had more advanced patients (Figure 5D). We also examined the relationship between the above subtypes and the m6A score. Kruskal−Wallis analysis revealed that m6A cluster B and gene cluster b exhibited the highest m6A score, while m6A cluster A and gene cluster a showed the lowest score (Figures 5E, F). Multimodel crossvalidation suggested that the m6A score could serve as a prediction model for LUAD. Based on Spearman’s analysis, a heat map demonstrated a positive correlation between the m6A score and tumor-infiltrating immune cells (Figure 5G). Furthermore, the high m6A score group also exhibited a comprehensively elevated expression of MHC molecules (Figure 5H). These results indicated that the m6A score may be used as a model to predict the immune status in LUAD.




Figure 5 | Construction and characteristics of the m6A score. (A) Kaplan-Meier curves showing the differences in survival of the high (n = 230) and low (n = 500) m6A score groups in LUAD. Log-rank test, p < 0.001. (B) Changes in m6A clusters among groups with different gene clusters, m6A score, and fustat (alive, dead) are shown through an alluvial diagram. (C) The proportion of the three m6A modification patterns in high and low m6A score groups. (D) The proportion of patients with different stages in high and low m6A score groups. (E) Differences in the m6A score between the three m6A clusters. The asterisks represented the statistical p-value (***p < 0.001). (F) Differences in m6A score between the three gene clusters. The asterisks represented the statistical p-value (***p < 0.001). (G) Correlations between the m6A score and tumor-infiltrating immune cells using Spearman’s analysis. The positive and negative correlations are marked with red and blue, respectively. (H) Differences in the expression of MHC molecules between the high and low m6A score groups. The upper and lower ends of the boxes represented interquartile range of values. The lines in the boxes represented median value, and black dots showed outliers. The asterisks represented the statistical p value (ns p > 0.05; *p < 0.05; **p < 0.01; ****p < 0.0001).





Characteristics of Tumor Somatic Mutations in Patients From the High and Low m6A Score Groups

Several studies have confirmed correlations between tumor somatic mutations, genomic alterations, and immunotherapeutic effects. Therefore, we evaluated the distribution of the tumor mutation burden (TBM) in different m6A score groups. A box and scatter diagram showed that the high m6A score group had a lower TMB and that the m6A score was negatively correlated with TMB (Figures 6A, B). K-M survival analysis showed that TMB alone was not sufficient to accurately predict the prognosis of LUAD (Figure 6C). To further understand the relationship between TMB, m6A score, and survival outcomes, a K-M survival analysis based on the combination of m6A score and TMB was performed. The results revealed that the low TMB and low m6A score subgroups were associated with poor prognosis. The combination of the m6A score and TMB could accurately predict the quality of life of patients with LUAD (Figure 6D). These data emphasize the impact of the m6A score and TMB on cancer development. A list of the somatic mutations in the high- and low-m6A score groups is shown (Figures 6E, F). The low m6A score group presented more extensive TMB than the high m6A score group, except for KRAS (22% vs. 31%).




Figure 6 | Characteristics of m6A modification in tumor mutation burden (TMB). (A) Differences in TMB distribution between the high and low m6A score groups. (B) Correlation between TMB and m6A score. (C) Kaplan-Meier curves showing the differences in survival between the high (n = 126) and low (n = 326) TMB groups. Log-rank test, p = 0.107. (D) Survival analyses for subgroup patients stratified by both m6A score and TMB using Kaplan-Meier curves. H, high; L, low. TMB, tumor mutation burden. Log-rank test, p < 0.001. (E, F) Waterfall plot of tumor somatic mutations in patients with high (E) and low (F) m6A score. Each column represents each individual patient. The upper bar plot represents TMB. The number on the right represents the mutation frequency in each regulator. The bar graph on the right shows the proportion of each variant type. The stacked bar chart below shows the conversion of each sample.





Strong Association of the m6A Score With Clinicopathological Characteristics in LUAD

We examined the relationship between the m6A score and clinicopathological characteristics, and observed that the m6A score significantly differed between patients by stage, node (N), but not tumor (T) and metastasis (M) (Figures 7A–D). In this study, the prognostic value of the m6A score was determined for different clinicopathological characteristics, and it was found that patients with high m6A score had significantly longer overall survival than patients with low m6A score in stages I/II, T1/2, N0, and M0 (Figures 7E–L). Therefore, we considered the m6A score to be a possible prognostic factor for LUAD.




Figure 7 | Relationship between the m6A score and different clinical characteristics. (A−D) Box plot showing differences in m6A score among patients with different clinical characteristics. (A) Stages I–II vs. stages III–VI; (B) T 1–2 vs. T 3–4; (C) N 1–3 vs. N 0; (D) M 0 vs. M 1+X. (E−I) Kaplan-Meier curves showing the differences in survival depending on the m6A score and different clinical characteristics. (E) Stages I–II. (F) Stages III–VI; (G) T 1–2; (F) T 3–4; (I) N 0; (J) N 1–3; (K) M 0; (L) M 1+X. The asterisks represented the statistical p-value (ns p > 0.05; *p <0.05; **p < 0.01).





The Role of the m6A Score in Predicting Benefits From Radiotherapy and Immunotherapy

The prognostic value of the m6A score was investigated for patients with LUAD who accepted radiotherapy. Surprisingly, only in the m6A cluster C group did patients with radiotherapy had a better quality of life than those without radiotherapy (Figures 8A–C). Interestingly, patients with radiotherapy had a better quality of life than those without radiotherapy in the high m6A score group. The survival advantage from radiotherapy in the low m6A score group was virtually zero (Figures 8D, E).




Figure 8 | The m6A score model predicts the benefits of radiotherapy and immunotherapy. (A–C) Kaplan-Meier curves of overall survival for patients in m6A cluster A (A), m6A cluster B (B), and m6A cluster C (C) based on acceptance/rejection of radiotherapy. Log-rank test. (D, E) Kaplan-Meier curves of overall survival for patients with a high (D)/low (E) m6A score based on acceptance/rejection of radiotherapy. Log-rank test. (F, G) Comparison of the PD-1 (F)/CTLA4 (G) expression levels between the high and low m6A score groups. Log-rank test. (ns p > 0.05;*p < 0.05; **p < 0.01; ***p < 0.001). (H) Differences in the expression of other immune checkpoints between the high and low m6A score groups. Log-rank test. (*p < 0.05; **p < 0.01; ***p < 0.001). (I–L) Box plot representing the relative distribution of the immunophenoscore between the low and high m6A score groups in LUAD patients based on TCIA database, (I) CTLA4− PD1−; (J) CTLA4− PD1+; (K) CTLA4+ PD1−; and (L) CTLA4+ PD1+. The asterisks represented the statistical p-value (*p < 0.05;  ***p < 0.001).



Furthermore, the expression levels of PD-1 and CTLA4 were examined, and a remarkable elevation was observed in the low m6A score group (Figures 8F, G). The levels of other immune checkpoints were then compared in the high and low m6A score groups. The high m6A score group exhibited higher expression of CD27, CD28, LGALS9, TNFSF14, and TNFSF18, while the low m6A score group had higher expression of CD70, IDO1, LAG3, PDCD1LG2, and PVR (Figure 8H). In addition to the well-known TMB and checkpoint, IPS is one of the newly discovered predictive factors that is widely used and is strongly suggested to assess patients’ reaction to immunotherapy (52, 53). Compared with patients with low m6A score, patients with high m6A score exhibited significant clinical benefits from anti-PD-1/CTLA4 immunotherapy (Figures 8I–L). These findings confirmed that the levels of tumor m6A modification modes play a significant role in the regulation of the expression of immune molecules.




Discussion

m6A methylation, the most common form of mRNA modification, plays an indispensable role in posttranscriptional regulation. In recent years, increasing studies have demonstrated the importance of m6A modification in congenital immunity and inflammation, and its antitumor effects through coaction with unequal m6A regulators (54–56). Many studies have focused on single m6A regulators or tumor-infiltrating immune cell types; however, the association between overall tumor microenvironment characteristics and integrated m6A regulators remains poorly understood. Therefore, the distinction of inverse m6A modification modes in tumors will contribute to understanding the relationship between m6A regulators and the antitumor immune response. Here, we constructed a prognostic model for effective therapeutic strategies.

Based on the presentation level of 21 m6A regulators, this study revealed three m6A modification modes with different characteristics. The m6A cluster A was characterized by a poor prognosis and enrichment in the process of DNA repair. The m6A cluster B was characterized by a favorable prognosis and enrichment in metabolism-associated pathways. The m6A cluster C was characterized by activation of the immune system and a higher stromal cell score. Previous studies have reported that the immune microenvironment plays a key role in tumor evolution and immunotherapy (57). The characteristics of tumor immune infiltration, including the activity of CD4 and CD8 T cells, macrophages, and natural killer cells, are associated with immunotherapeutic efficacy (58–60). Here, we verified that the m6A cluster C was significantly associated with elevated immune cell permeation and high stromal cell infiltration. Previous studies demonstrated that tumors with immune-excluded phenotype showed the presence of abundant immune cells, whereas these immune cells do not penetrate the parenchyma but instead are retained in the stroma that surrounds nests of tumor cells (61). Moreover, stromal cells affect the killing effect of IL-12 delivery, empowering CAR-T immune infiltrating cells (62). Thus, it was not surprising to find that m6A cluster C aroused congenital immunity but a poor prognosis.

DEGs that discerned disparate m6A modification patterns were deemed to be m6A phenotype-related gene signatures. Parallel to the m6A clustering construction, three gene cluster types were constructed according to the m6A-related DEGs, which were significantly related to distinct clinical outcomes and landscapes of immune infiltration. These findings suggest that m6A modification is involved in tumorigenesis, tumor development, and immune cell infiltration. To qualify the m6A modification patterns of individual samples, a quantitative model named “the m6A score” was constructed. As a result, m6A cluster B and gene cluster b exhibited higher m6A score, while m6A cluster A and gene cluster a exhibited a lower m6A score. We found that the m6A score was positively associated with immune cell infiltration. Surprisingly, the high m6A score group also exhibited elevated expression of MHC molecules and lower expression of PD-1 and CTLA4.

Our analysis also demonstrated an obvious subtractive association between the m6A score and TMB. Unlike the results of previous studies, there was no disparity in survival between the high and low TMB groups in LUAD, while the incorporation of the m6A score and TMB level could refine the clinical outcomes of patients with LUAD. We also confirmed that the m6A score could be used to evaluate the clinicopathological characteristics of patients involving the clinical stage. Exhaustive associations between the m6A score and clinicopathological characteristics could be discovered in this study. Similarly, the m6A score could play a role as a stand-alone prognostic biomarker for prognosis. A high m6A score and the m6A cluster C subgroup were beneficial to radiotherapy and anti-PD-1/CTLA4 immunotherapy, which was due to increased immune cell infiltration and immunocompetence. The m6A score model could predict the power of adjuvant radiotherapy and the clinical effect of the patient type on the response to anti-PD-1/CTLA4 immunotherapy. These findings provide new insights into the relationship between tumor-infiltrating immune cells and cancer immunotherapy, and increase our capacity to select clinical immunotherapy strategies.

We compiled a list of 24 identified m6A regulators; however, newly recognized regulators must be integrated into the model to achieve the highest precision with the m6A modification patterns. Furthermore, the m6A modification patterns and m6A score were distinguished by employing retrospective data collection; therefore, a future cohort of patients with LUAD accepting immunotherapy is required to confirm our findings. In addition, since immunotherapy showed strong clinical advantages in a fraction of patients with high m6A score, more clinical cases and tumor types should be introduced into the predicted models to increase precision.



Conclusion

In conclusion, we systematically analyzed m6A modification patterns among 936 LUAD samples considering 24 m6A regulators, and comprehensively evaluated their prognostic value and correlation with tumor-infiltration immune cell characteristics. The comprehensive analysis of individual tumor m6A modification patterns will greatly enhance our understanding of the tumor microenvironment and the characterization of immune cell infiltration. This study provides a basis for improving current immune therapies and promoting the clinical success of immunotherapy. However, due to the small number of samples and the clinical heterogeneity of the study cohort, large-scale cohort studies and prospective studies are necessary to verify the predictive value of the m6A score in the clinical treatment and prognosis of LUAD.
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Supplementary Figure S1 | The correlation and prognostic analysis of 19 m6A regulators. (A) Overview of this analysis. (B) Correlation analyses for 19 m6A regulators. Red indicates positive correlation; blue indicates negative correlation. (*P < 0.05; **P < 0.01; ***P < 0.001). (C) Prognostic analyses for 19 m6A regulators using univariate Cox regression analysis. Hazard ratio >1 indicated risk factors for survival and represent by red. hazard ratio <1 indicated risk factors for survival and represented by blue.

Supplementary Figure S2 | Prognostic analysis of 19 m6A regulators. (A–S). Kaplan-Meier survival curves are used to analyze the survival difference between high and low gene expression groups of 19 m6A regulators. High gene expression groups indicated by red. Low gene expression groups indicated by blue.

Supplementary Figure S3 | Consensus clustering of 24 m6A regulators in lung adenocarcinoma. (A) Consensus clustering matrix for k = 3. (B) Expression of the 24 m6A regulators in the three m6A clusters. The upper and lower ends of the boxes represented interquartile range of values. The lines in the boxes represented median value, and black dots showed outliers. The asterisks represented the statistical p value (*P< 0.05; **P< 0.01; ***P< 0.001). (C, D) Heatmap showing the biological processes in different m6A modification patterns obtained by GSVA enrichment analysis. Red shows activated pathways and blue shows inhibited pathways. B m6A cluster A vs m6A cluster C; C m6A cluster B vs m6A cluster C. (E) GO enrichment analysis of the 73 m6A phenotype-related DEGs.

Supplementary Figure S4 | External validation of the m6A score model in lung adenocarcinoma patients from GSE11969, GSE13213, GSE37745, and GSE50081 datasets. (A) Kaplan-Meier curves showing the differences in survival of the high and low m6A score groups in GSE11969 (P = 0.002, Log-rank test). (B) Kaplan-Meier curves showing the differences in survival of the high and low m6A score groups in GSE13213 (P = 0.002, Log-rank test). (C) Kaplan-Meier curves showing the differences in survival of the high and low m6A score groups in GSE37745 (P = 0.032, Log-rank test). (D) Kaplan-Meier curves showing the differences in survival of the high and low m6A score groups in GSE50081 (P < 0.001, Log-rank test).
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Glossary

m6A N6-methyladenosine

LUAD lung adenocarcinoma

METTL3 methyltransferase-like 3

METTL14 methyltransferase-like 14

METTL16 methyltransferase-like16

ZC3H13 zinc finger CCCH domain-containing protein 13

ELAVL1 ELAV-like RNA binding protein 1

CBLL1 Cbl proto-oncogene-like 1

RBM15 RNA-binding motif protein 15

RBM15B RNA-binding motif protein 15B

WTAP WT1-associated protein

KIAA1429 VIR-like m6A methyltransferase associated

FTO fat mass and obesity-associated protein

ALKBH5 AlkB homolog H5

YTHDF1 YTH domain family 1

YTHDF2 YTH domain family 2

YTHDF3 YTH domain family 3

YTHDC1 YTH domain containing 1

YTHDC2 YTH domain containing 2

IGF2BP1 IGF2 mRNA-binding proteins 1

IGF2BP2 IGF2 mRNA-binding proteins 2

IGF2BP3 IGF2 mRNA-binding proteins 3

FMR1 Fragile X mental retardation 1

LRPPRC leucine-rich pentatricopeptide repeat containing

HNRNPC heterogeneous nuclear ribonucleoprotein C

HNRNPA2B1 heterogeneous nuclear ribonucleoprotein A2/B1

NMF nonnegative matrix factorization

ssGESA single sample GSEA

PCA principal component analysis

TME tumor microenvironment

TMB tumor mutation burden

ICIs immune checkpoint inhibitors

TCGA The Cancer Genome Atlas

GEO Gene Expression Omnibus

GSVA gene set variation analysis

DEGs differentially expressed genes

HR hazard ratios

CNV copy number variation

3D-PCA three-dimensional principal component analysis

KEGG Kyoto Encyclopedia of Genes and Genomes

MHC major histocompatibility complex

MSI microsatellite instability

IPS immunophenoscore

B cell activated B cell

CD4 cell activated CD4 T cell

CD8 cell activated CD8 T cell

DC activated dendritic cell

CD56+ NK cell CD56bright natural killer cell

CD56+/− NK cell CD56dim natural killer cell

eosinophil eosinophil

γδ T cells gamma delta T cell

iB cell immature B cell

iDC immature dendritic cell

NKT cell natural killer T cell

NK cells natural killer cell

pDC plasmacytoid dendritic cell

Treg regulatory T cell

Tfh T follicular helper cell

Th1 cell T helper 1 cell

Th2 cell T helper 2 cell

Th17 cell T helper 17 cell
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Background

Alternative splicing (AS) is a gene regulatory mechanism that drives protein diversity. Dysregulation of AS is thought to play an essential role in cancer initiation and development. This study aimed to construct a prognostic signature based on AS and explore the role in the tumor immune microenvironment (TIME) in lung adenocarcinoma.



Methods

We analyzed transcriptome profiling and clinical lung adenocarcinoma data from The Cancer Genome Atlas (TCGA) database and lists of AS-related and immune-related signatures from the SpliceSeq. Prognosis-related AS events were analyzed by univariate Cox regression analysis. Gene set enrichment analyses (GSEA) were performed for functional annotation. Prognostic signatures were identified and validated using univariate and multivariate Cox regression, LASSO regression, Kaplan–Meier survival analyses, and proportional hazards model. The context of TIME in lung adenocarcinoma was also analyzed. Gene and protein expression data of Cyclin-Dependent Kinase Inhibitor 2A (CDKN2A) were obtained from ONCOMINE and Human Protein Atlas. Splicing factor (SF) regulatory networks were visualized.



Results

A total of 19,054 survival-related AS events in lung adenocarcinoma were screened in 1,323 genes. Exon skip (ES) and mutually exclusive exons (ME) exhibited the most and fewest AS events, respectively. Based on AS subtypes, eight AS prognostic signatures were constructed. Patients with high-risk scores were associated with poor overall survival. A nomogram with good validity in prognostic prediction was generated. AUCs of risk scores at 1, 2, and 3 years were 0.775, 0.736, and 0.759, respectively. Furthermore, the prognostic signatures were significantly correlated with TIME diversity and immune checkpoint inhibitor (ICI)-related genes. Low-risk patients had a higher StromalScore, ImmuneScore, and ESTIMATEScore. AS-based risk score signature was positively associated with CD8+ T cells. CDKN2A was also found to be a prognostic factor in lung adenocarcinoma. Finally, potential functions of SFs were determined by regulatory networks.



Conclusion

Taken together, our findings show a clear association between AS and immune cell infiltration events and patient outcome, which could provide a basis for the identification of novel markers and therapeutic targets for lung adenocarcinoma. SF networks provide information of regulatory mechanisms.





Keywords: lung cancer, lung adenocarcinoma, alternative splicing, prognosis, tumor immune microenvironment, immunotherapy



Introduction

Lung cancer is the leading cause of cancer death worldwide, with non-small cell lung cancer (NSCLC) being the most prevalent type (1). In recent years, targeted therapies and immunotherapies have brought unprecedented clinical benefits to lung cancer patients. Immune checkpoint inhibitors (ICIs) have emerged as a new strategy for the treatment of lung cancer and in combination with other anti-cancer therapies, such as chemotherapy and anti-angiogenesis drugs; they have increased the effectiveness of therapeutic regimens.

The pivotal role of the tumor microenvironment (TME) in the tumorigenesis and progression of lung cancer has been well established. The immune cells in the lung TME harbor both pro-tumor and anti-tumor activities, which can help predict clinical outcome. The positive effects of ICIs are easier to detect in individual cancer patients, as intratumoral heterogeneity may influence the anti-tumor immune response. Therefore, it is of relevance to identify biomarkers that have prognostic value in stratifying patients.

Alternative splicing (AS) of precursor mRNAs represents a major mechanism in the maturation of mRNAs (2). AS enables one gene to encode an array of proteins. AS contributes to posttranscriptional gene regulation, which functions in physiological and pathological processes, while dysregulated AS events participate in tumor development and metastasis (3, 4). The dysregulated expressed genes could serve as a prognostic biomarker and therapeutic target. Splicing factors (SFs) bind to gene-specific splice-regulatory sequence elements and comprise a regulatory network (5, 6). Albeit aberrant, AS can transform normal cells into malignant ones (6–8); still, its role on tumorigenesis remains largely unknown. Thus, investigation on dysregulated AS network may provide information on prognostic biomarkers for cancer treatment (9–11). There have been several studies investigating prognostic biomarkers based on AS events (12–14); however, the relationship of AS prognostic signatures with the tumor immune microenvironment (TIME) is lacking.

In this study, the AS pattern of a TCGA-lung adenocarcinoma (LUAD) cohort was delineated, and survival-associated AS events were identified. Following, AS-based prognostic signatures were constructed and validated. An AS-clinicopathologic nomogram was generated to inform clinical decision-making. Moreover, the relationship of prognostic signatures with TIME was explored, while the role of CKDN2A in lung adenocarcinoma was further investigated. Finally, an AS-SFs regulatory network was constructed to demonstrate the potential mechanism of lung adenocarcinoma progression.



Methods and Materials


Multiomics Data Acquisition

Data of transcriptome information and survival of lung adenocarcinoma patients were retrieved from The Cancer Genome Atlas (TCGA) (http://cancergenome.nih.gov). Data of AS of the TCGA LUAD-cohort were downloaded from SpliceSeq (http://bioinformatics.mdanderson.org/TCGASpliceSeq). Samples were selected if PSI (Percentage Of Spliced In) value > 75% as filter threshold. The flow chart of analysis was presented in Supplementary Figure S1.



AS Profile Identification

The PSI values were calculated to quantify AS events. There are 7 subtypes of AS events delineated using Upset plot, e.g., alternate acceptor site (AA), alternate donor site (AD), alternate promoter (AP), alternate terminator (AT), exon skip (ES), mutually exclusive exons (ME), and retained intron (RI). The splicing type, ID number in the SpliceSeq, and the corresponding parent gene symbol were used to annotate AS events. For example, in “XAF1|38812|AA”, XAF1 indicates the corresponding parent gene name, 38812 denotes the ID of splicing variant, and AA represents the splicing type.



Identification of Survival-Related AS Events

The AS data were excluded if the standard deviation of PSI value < 1%. Univariate Cox regression analysis was performed to analyze the association between AS events and overall survival of lung adenocarcinoma patients (Supplementary File: Table S1). The top 20 most significant AS events of different subtypes were displayed.



Construction and Validation of Prognostic Signature

Firstly, candidates in each splicing pattern were detected using Lasso regression analysis. Secondly, selected AS events were submitted to Multivariate Cox regression analysis. The identified AS events in each splicing subtype were integrated to construct another prognostic signature. Then, risk scores were calculated based on each prognostic predictor. The formula to calculate the risk score is as follows:

	

Where Coefi means the coefficients and PSIi is the percent-spliced-in value of each AS. Patients were separated into a low-risk group and a high-risk group based on the median value of risk score. Kaplan–Meier survival curves were analyzed. Then, the time-dependent receiver operating characteristic (ROC) curves were generated. Univariate and multivariate Cox regression were performed to determine whether the signature can act as an independent factor for prognostic prediction. Stratified survival analysis was performed to validate the prognostic capability independent from clinical characteristics.



Construction of a Prognostic Nomogram

To investigate the prognosis predictive ability of risk signature, age, grade, tumor stage, T/N/M category for 1-, 2-, and 3-year overall survival, and time-dependent ROC curves were performed to calculate the AUC (area under the curve) values. A nomogram was established to estimate 1-, 2-, and 3- year overall survival probability. The calibration curve was delineated.



Correlation of Risk Score With Infiltrating Immune Cells in TIME

Information on immune infiltration and immune cell fraction were retrieved from tumor immune estimation resource (TIMER) (https://cistrome.shinyapps.io/timer/). The correlation between infiltration of immune cell with the prognostic risk score was performed. A single sample gene-set enrichment analysis (ssGSEA) was performed to investigate the enrichment of the two different risky subgroups in 29 immune function-associated gene sets. Subsequently, tumor purity and the extent and level of infiltrating cells were assessed. The fraction of 22 immune cell types for each tumor specimen was developed through CIBERSORT (https://cibersort.stanford.edu/).



Role of Risk Score in Immune Checkpoint Blockade Treatment

Herein, 6 key genes of ICI in lung adenocarcinoma were extracted, e.g., programmed death ligand 1 (PD-L1 or CD274), programmed death ligand 2 (PD-L2, or PDCD1LG2), programmed death 1 (PD-1, or PDCD1), cytotoxic T-lymphocyte antigen 4 (CTLA-4), T-cell immunoglobulin domain and mucin domain-containing molecule-3 (TIM-3, or HAVCR2), and indoleamine 2,3-dioxygenase 1 (IDO1). To investigate the potential role of as-constructed risk signature in ICI treatment of lung adenocarcinoma, AS-based prognostic signature and expression level of 6 ICI key genes were correlated. Finally, expression level of 47 ICI-related genes between low- and high-risk groups were compared.



Gene and Protein Expression Data

Information on gene expression were obtained from the ONCOMINE website (https://www.oncomine.org/). Tumor type was lung adenocarcinoma, and the expressions of CDKN2A were obtained. The levels of CDKN2A between lung adenocarcinoma specimens and normal controls were analyzed by online tools. The protein expression level of CDKN2A was verified by The Human Protein Atlas (https://www.proteinatlas.org/).



Construction of Splicing Regulatory Network

A list of 404 splicing factors (SFs) reported by a previous study (7) was shown in Supplementary File: Table S2. The RNA-seq profiles of SFs were retrieved from the TCGA database. The association between SFs and survival-relevant AS events were investigated by Spearman correlation analysis. The cutoff values were p < 0.001 and correlation coefficient > 0.6. Finally, Cytoscape (version 3.8.0) was used to build an SF-AS regulatory network.



Statistical Analysis

The Wilcoxon test was performed to compare two groups, whereas the Kruskal–Wallis test was used to compare more than two groups. Risk scores, clinical variables, immune cell infiltration, and immune checkpoints were correlated with Pearson correlation test. p < 0.05 was considered as statistical significance. Perl software (version 6.1.7601) was used to perform expression analysis. R software (version 4.0.3) was used for all statistical analyses.




Results


Clinical Characteristics and Integrated AS Events Profiles in Lung Adenocarcinoma

The profiles of AS events/genes of 572 TCGA-LUAD patients were obtained, consisting of 513 tumor samples and 59 corresponding normal samples. A total of 551 lung adenocarcinoma patients were obtained using the TCGA database, and 65 patients with incomplete information were excluded, with 486 patients enrolled.

In total, 43,948 splicing events were detected in 10,005 genes using SpliceSeq. The different AS events were classified into 7 types: ES, AA, AP, AD, AT, ME, and RI, which are illustrated in Figure 1A. ES and AT events are the most frequent. The interaction numbers between genes and different AS classes are shown in Figure 1B. ES is the highest AS events in number, while ME is the rarest.




Figure 1 | Different AS types in lung adenocarcinoma. (A) Seven different AS types of genes. (B) Upset plot of interactions between different AS types in lung adenocarcinoma. (C) Upset plot of different survival-associated AS types.





Identification of the Survival-Relevant AS Events

A univariate Cox proportional hazards regression analysis was performed by the Perl language (http://www.perl.org/). A total of 19,054 survival-associated AS events were detected in 1,323 genes. The interaction between these genes and different AS types is shown in Figure 1C. Eight AS events (AA, AD, AP, AT, ES, ME, RI, and ALL) were associated with overall survival in lung adenocarcinoma patients. The AS events (Supplementary Table S3) were displayed in a volcano plot (Figure 2A). The top 20 significant survival-related AS events from the 7 subtypes are summarized in Figures 2B–H. Among all the AS events, PSMF1|58475|AA, AP2B1|40327|AD, CDKN2A|86004|AP, BEST3|23330|AT, CA5B|98313|ES, TPM2|86278|ME, and TMSB4X|88497|RI were the most significant events for AA, AD, AP, AT, ES, ME, and RI, respectively.




Figure 2 | The survival-relevant AS events. (A) Volcano plots of survival-relevant AS events. The most significant survival-relevant alternate acceptor site (B), alternate donor site (C), alternate promoter (D), alternate terminator (E), exon skip (F), mutually exclusive exons (G), and retained intron (H) in the TCGA-LUAD cohort.





Confirmation of the Prognostic Signature

Eight AS (AA, AD, AP, AT, ES, ME, RI, and ALL) prognostic signatures were constructed. Lung adenocarcinoma patients were stratified into low- and high-risk subgroups based on the cutoff value of median risk score. Lasso plot (Figure 3A) and Lambda plot (Figure 3B) were performed to avoid overfitting. Finally, 9 AS were selected for multivariate Cox regression analysis, namely, HNRNPLL|53258|AT, CA5B|98313|ES, MEGF6|315|ES, CDKN2A|86000|AP, BEST3|23330|AT, TTC39C|44852|AP, AP2B1|40327|AD, LETM2|83399|AT, and MKL1|62348|AP (Table 1). The results (Figure 3C) show the survival probability of each group, indicating a significant difference between them. Kaplan–Meier curve demonstrates the reliability of the model with a p-value < 0.001. The risk curve (Figure 3D) and scatterplot (Figure 3E) indicate that high-risk lung adenocarcinoma patients have a shorter overall survival. The heatmap reveals that HNRNPLL|53258|AT, CA5B|98313|ES, MEGF6|315|ES, and CDKN2A|86000|AP may have positive effects on lung adenocarcinoma while BEST3|23330|AT, TTC39C|44852|AP, AP2B1|40327|AD, LETM2|83399|AT, and MKL1|62348|AP can have adverse effects (Figure 3F).




Figure 3 | Confirmation of ALL AS-based prognostic signature. (A) LASSO coefficient profiles of the whole AS events. (B) Ten-time cross-validation for tuning parameter selection in Lasso regression. (C) Kaplan–Meier curve of survival in the high- and low-risk cohorts. (D) Heatmap of the ALL signature AS events PSI value in lung adenocarcinoma. The color from red to green shows a trend from high to low expression. (E) Distribution of ALL signature risk score. (F) Heatmap of the ALL signature AS events PSI value in lung adenocarcinoma. (G) ROC analysis of ALL risk scores for overall survival prediction. Univariate (H) and multivariate (I) Cox regression results.




Table 1 | Nine AS events selected for multivariate analysis.



ROC curve was analyzed to investigate the prognostic value of risk signatures in lung adenocarcinoma. AUCs of risk scores at 1, 2, and 3 years were 0.775, 0.736, and 0.759, respectively, suggesting good sensitivity and specificity of the survival predictive ability (Figure 3G). Univariate and multivariate Cox regression analyses were applied to age, gender, stage, TNM stage, and risk score. With both p-values < 0.001 of the risk score in two analyses and hazard ratios of 1.364 [95% confidence interval (CI): 1.287–1.445] and 1.320 (1.238–1.409), the risk score proved to be a robust model (Figures 3H, I). Consequently, SFs can act as a predictor for survival.



Correlation of ALL Prognostic Signature With Clinical Features and Construction of AS-Clinicopathological Nomogram

Differences of risk score among clinical variables were explored. The risk score increased significantly with tumor grade (most p < 0.05, Figure 4A), N category (most p < 0.05, Figure 4B), and T category (most p < 0.05, Figure 4C), suggesting ALL risk score to be positively correlated with tumor progression. To investigate whether ALL prognostic signature was the best prognostic indicator among clinical characteristics, several parameters were extracted as potential prognosis/predictive factors, such as age, gender, clinicopathological stage, and tumor grade. These clinical parameters were combined to conduct AUC curve analysis for 1-, 2-, and 3-year overall survival, and risk signature had the most AUC value (Figures 4D, E). Then, prognostic nomogram including risk score and clinicopathological stage were constructed to predict prognosis of lung adenocarcinoma patients (Figure 4F). Age, gender, and tumor grade were rejected out of the nomogram, because of their AUCs being < 0.6. Calibration curves were approximately diagonal, indicating robust ability of informing prognosis (Figures 4G–I).




Figure 4 | Correlation of prognostic signature with clinical features and construction of AS-clinicopathological nomogram. (A–E) Correlation of risk score with stage (A), N status (B), and T status (C). (D, E) AUCs for predicting 1-, 2-, and 3-year survival with different clinical characteristics. (F) Nomogram was assembled for predicting survival of lung adenocarcinoma patients. (G–I) 1-, 2-, and 3-year nomogram calibration curves.





Correlation of Risk Score With TIME Characterization

To further examine whether risk score can act as an immune indicator, correlation analyses of prognostic risk score with tumor-infiltrating immune cells (TICs) from TIMER, StromalScore, ImmuneScore and ESTIMATEScore (ESTIMATE algorithm), ssGSEA signatures, and TICs subtype and level (CIBERSORT method) were performed. The higher score estimated in ImmuneScore or StromalScore were represented for the larger amount of the immune or stromal components in TME. ESTIMATEScore was the sum of ImmuneScore and StromalScore, indicating the comprehensive proportion of both components in the TME (15).

Firstly, TIMER results showed that the as-constructed signature exhibited positive association with CD8+ T cells (r = 0.11; p = 0.02), activated CD4+ memory T cells (r = 0.2; p = 4.5e−05), resting NK cells (r = 0.13; p = 0.0066), M1 macrophages (r = 0.13; p = 0.0096), and M0 macrophages (r = 0.28; p = 6.7e−09; Figures 5A–E), indicating that high-risk samples were infiltrated by more immune cells. A negative correlation was observed between risk score and infiltration levels of the resting CD4+ memory T cells (r = −0.23; p = 1.4e−06), monocytes (r = −0.19; p = 6.5e−05), resting mast cells (r = −0.23; p = 2.7e−06), and resting dendritic cells (r = −0.26; p = 6.2e−08; Figures 5F–I). Likewise, low-risk patients had a higher StromalScore, ImmuneScore, and ESTIMATEScore (Figures 5J–L). There was higher tumor purity in high-risk patients that represented less ESTIMATEScore (Figure 5M). Subsequently, distinction of the immune-related signatures between two subgroups was presented. Figure 5N shows the immune-related signature of each patient with corresponding ImmuneScore in low- and high-risk groups. The results revealed that the infiltration of activated dendritic cells (aDCs), B-cells, checkpoint, DCs, HLA, immature DCs (iDCs), mast cells, neutrophils, pDCs, T-cell co-stimulation, T helper cells, TIL (tumor-infiltrating lymphocytes), and type IFN response are significantly decreased with increased risk score (Figure 5O). CIBERSORT algorithm results indicated that the proportion of CD8+ T cells and M0 and M1 macrophages are positively associated with risk score. However, the proportion of resting CD4+ memory T cells, monocytes, resting dendritic cells, and resting mast cells are negatively associated with risk score (Figure 5P). The above results revealed that ALL prognostic signature may provide a novel approach to elucidate the characteristics of immunity regulatory network in lung adenocarcinoma.




Figure 5 | Correlation between infiltrating immune cells and AS-based prognostic signature. (A–F) Relationship between this signature and CD8-positive T cells (A), T cells CD4 memory activated (B), NK cells resting (C), macrophages M1 (D), macrophages M0 (E), T cells CD4 memory resting (F), monocytes (G), mast cells resting (H), and dendritic cells resting (I). (J–M) Comparison of StromalScore (J), ImmuneScore (K), ESTIMATEScore (L), and tumor purity (M) between low- and high-risk groups, respectively. (N) Red represent high activity, and blue represents low activity. (O) Distinct enrichment of immune-related signatures between low- and high-risk groups. (P) Difference of infiltrating immune cell subpopulations and levels between low- and high-risk groups. *p <0.05, **p <0.005, ***p <0.001.





Correlation of ALL Signature with ICI Key Molecules

ICIs have considerably transformed clinical decision-making in cancer oncology. In our study, 6 key ICI genes (PDCD1, CD274, PDCD1LG2, CTLA-4, HAVCR2, and IDO1) (16) were evaluated. The correlation between ICI key targets and ALL prognostic signature was analyzed to investigate the potential role of risk signature in ICI treatment of lung adenocarcinoma (Figure 6A). The results indicated that ALL prognostic signature is negatively correlated to HAVCR2 (r = -0.17; p = 0.00029) and CTLA4 (r = -0.17; p = 0.00028; Figures 6B, C). Further correlation analysis suggested that 28 of 47 ICI-associated genes’ expression levels are significantly upregulated in patients with low risk (Figure 6D), suggesting that ALL prognostic signature may serve as an unfavorable factor in immunotherapy treatment.




Figure 6 | (A) Association analyses between 6 key immune checkpoints and risk score. Association between risk score with HAVCR2 (B) and CTLA4 (C). (D) Comparison of ICI-related genes expression levels between low- and high-risk groups. *p <0.05, **p <0.005, ***p <0.001.





CDKN2A Independently Affected Prognosis and Correlated With ICI Key Genes

CDKN2A was the only gene whose expression was upregulated among the prognostic AS-related genes. Therefore, the role of CDKN2A in lung adenocarcinoma was further explored. CDKN2A expression levels between normal tissues and tumor samples were compared using the TCGA data. Relative to tumor tissues, the expression level of CDKN2A was lower in adjacent normal specimens (Figure 7A). Analysis among major pathological stages suggested that there is no significant difference of CDKN2A expression levels among different stages (Figure 7B). High expression has been detected in different cancers according to the ONCOMINE website (Figure 7C), while the protein expression l of CDKN2A was verified, as shown in The Human Protein Atlas (Figures 7D, E). Kaplan–Meier analyses were conducted between CDKN2A low- and high-expressed patients. Lower CDKN2A expression levels suggested longer overall survival period (p < 0.001, Figure 7F). Moreover, 15 of 47 ICI-associated genes’ expression levels between low- and high-CDKN2A groups were significantly dysregulated between subgroups (Figure 7G). The correlation between CDKN2A and ICI key targets adjusted by tumor purity using TIMER was analyzed to investigate the potential role of CDKN2A in ICI treatment of lung adenocarcinoma. TIMER results revealed that CDKN2A is positively correlated with CD274 (r = 0.162; p = 2.94e−04), PDCD1LG2 (r = 0.108; p = 1.6e−02), CTLA4 (r = 0.122; p = 6.64e−03), HAVCR2 (r = 0.102; p = 2.42e−02), IDO1 (r = 0.076; p = 9.26e−02), and PDCD1 (r = 0.213; p = 1.55e−06; Figures 7H–M), suggesting that CDKN2A plays a role in ICI treatment of lung adenocarcinoma.




Figure 7 | The clinical significance of CDKN2A in lung adenocarcinoma. (A) CDKN2A is higher expressed in lung adenocarcinoma tumor tissue. (B) No significant correlation of CDKN2A with tumor grade. (C) Analyses from ONCOMINE website show high expression of CDKN2A. (D, E) The protein expression level of CDKN2A was verified by The Human Protein Atlas. (F) Lower CDKN2A level predicts longer overall survival. (G) Comparison of ICI-related genes’ expression levels between low- and high-CDKN2A group. (H–M) Correlation of risk score with CD274 (H), PDCD1LG2 (I), CTLA4 (J), HAVCR2 (K), IDO1 (L), and PDCD1 (M).  *p <0.05, **p <0.005, ***p <0.001.





Role of CDKN2A in Context of TIME

To further investigate the relationship between CDKN2A and TIME characteristics in lung adenocarcinoma, comprehensive analyses were performed. Lung cancer patients were separated into high- and low-CDKN2A subtypes based on the median CDKN2A expression levels. ESTIMATE results indicated that patients with high-CDKN2A expression have a significantly higher ImmuneScore compared with patients in low- CDKN2A group, suggesting the presence of fewer immune cells in low-risk samples (Figure 8A). Subsequently, expression levels of CDKN2A were negatively correlated with infiltration of CD4+ T cells (Figure 8B) and positively correlated with infiltration of CD8+ T cells (Figure 8C). Results of ssGSEA revealed that the infiltration fraction of APC co-inhibition, CD8+ T cells, checkpoint, HLA, inflammation promoting, MHC-class, NK cells, T cell co-inhibition, Tfh (T follicular helper cell), and Th1 cell expression are significantly decreased when risk score declines (Figure 8D). CIBERSORT analysis results showed that the proportion of plasma cells and resting CD4+ memory T cells are significantly higher in low-risk patients and the proportion of M1 macrophages and activated CD4+ memory T cells are significantly higher in high-risk patients (Figure 8E).




Figure 8 | The role of CDKN2A in TIME features. (A) Comparison of ImmuneScore between low- and high-CDKN2A groups. (B, C) Relationship between risk score with CD4 T cells (B) and CD8 T cells (C). (D, E) Comparison of ssGSEA enrichment (D) and CIBERSORT results (E) between low- and high-CDKN2A groups. *p <0.05, **p <0.005.





Development of the SF-AS Regulatory Network

A correlation network between the expression levels of SFs and the PSI values of prognosis-related AS events was constructed. Thirty-two upregulated AS events (red ellipses), 80 downregulated AS events (green ellipses), and 40 SFs (Figure 9) were identified. In our regulatory network, the top 4 most significant nodes were termed hub SFs or AS events (Supplementary Table S4), including 1 downregulated AS event (ULK3|31757|RI), 1 upregulated AS event (UBXN11|1250|AT), and 2 SFs (DDX39B and RBM5). Therefore, these SFs exhibited potential to act as regulators, which was involved in the dysregulation of AS in lung adenocarcinoma.




Figure 9 | The regulatory network between SFs and survival related AS events. The red or green ellipses indicate AS events that positively or negatively correlate with survival (red represents high-risk AS, green represents low-risk AS). Blue ellipses represent SFs. The positive/negative correlations (r > 0.8 or r < −0.8) between SFs and AS events are indicated with red/green lines. The top 4 most significant nodes were highlighted in yellow.






Discussion

In our study, AS data were retrieved from TCGA SpliceSeq and 19,054 survival-associated AS events were identified. Then, prognostic signatures for lung adenocarcinoma patients were constructed. Eight AS events’ (AA, AD, AP, AT, ES, ME, RI, and ALL) signatures have good prognostic performance when lung adenocarcinoma patients were separated into different cohorts based on clinicopathological factors. Nine AS were selected for multivariate Cox regression analysis, namely, HNRNPLL|53258|AT, CA5B|98313|ES, MEGF6|315|ES, CDKN2A|86000|AP, BEST3|23330|AT, TTC39C|44852|AP, AP2B1|40327|AD, LETM2|83399|AT, and MKL1|62348|AP. Notably, these AS-based prognostic signatures were robustly demonstrated by survival analysis, ROC curve, and Cox regression analysis. A nomogram was generated, indicating that the consistency between predicted and actual outcome is good. Furthermore, the associated SF-AS regulatory network was identified.

The role of AS events related to TIME in lung adenocarcinoma was analyzed via several methods. Infiltrating stromal and immune cells consist of the primary fraction of normal cells in the tumor tissue and have a dual role during cancer onset and progression. Of note, in our study, the ESTIMATEScore in high-risk patients was lower than that in the low-risk group. Since there was not enough information on ICI treatment in the TCGA-LUAD cohort, the relationship between risk score and response to ICI treatment could not be analyzed. Risk score was positively correlated with two ICI key targets (HAVCR2 and CTLA-4) and 15 ICI-associated genes’ expression levels (i.e., CD44), which implies that risk score might contribute to tailored immunotherapy.

TIMER results showed that the AS-based risk score signature exhibited positive association with CD8+ T cells, and the proportion of CD8+ T cells is positively associated with risk score. These results indicated that high-risk samples were infiltrated by more activated cytotoxic immune cells. Therefore, the risk score correlates with anti-cancer immune response, and risk score might facilitate immunotherapy results prediction. AS regulates immune responses across a variety of conditions (17). The AS events of specific genes could influence tumor growth between tumor-immune cell interactions (18). Studies have investigated how AS serves to modulate lymphocyte activity (19). These highlight the importance of AS in the adaptive immune response to tumor.

AS events are regulated by splicing factors that are differentially expressed in cancer tissues (20). AS is increasingly described to affect the immune system, including tumor immunology (19). AS promotes tumor resistance to ICIs. Studies have demonstrated that there is a negative correlation between AS changes and somatic mutations (3, 7). For example, TDP-43 (TAR DNA binding protein, also known as TARDBP) mutation influences AS of PD-L1 pre-mRNA (21). The functional importance of PD-L1 isoforms has been demonstrated in mediating cancer immune evasion and progression (22). Changes in AS were also found in the TME (20). AS variants may be central in the interactions between tumor cells and TIME. The CD44 gene undergoes extensive AS, which generates multiple isoforms. CD44 AS-mediated positive feedback loop promotes cancer migration and invasion processes and interacts with extracellular matrix ligands (23).

The role of CDKN2A in lung adenocarcinoma has been investigated previously. CDKN2A is a tumor suppressor gene located at chromosome 9 that encodes p16 protein (24). CDKN2A inactivation is frequent in lung cancer and occurs via homozygous deletions, point mutations, or methylation of promoter regions (25). CDKN2A is produced by AS of E1, E2, and E3 (24). CDKN2A AS encodes for two tumor suppressors, p14ARF and p16INK4A, which positively regulate TP53 and RB1 (26). Mutant CDKN2A could regulate p16/p14 expression by AS in metastasis of renal cell carcinoma (27). Lung cancer patients with CDKN2A loss have poor overall and disease-free survival (28). In our study, we found that CDKN2A expression is negatively associated with tumor grade and ICI key genes. Collectively, lung adenocarcinoma patients with lower risk score or higher CDKN2A expression levels present more immune cells in TIME, suggesting an activated immune phenotype that results in longer overall survival. The correlation between CDKN2A expression and response to ICI treatment was also demonstrated in a recent study, highlighting the association of non-immune pathways to the outcome of ICI treatment (29). Nevertheless, further investigation is needed to explore the biological roles of CDKN2A.

A large amount of AS events is orchestrated by a limited number of SFs (30). In our study, two SFs were identified as hub SFs in the regulatory network. SFs coordinate nuclear intron/exon splicing of RNA, while SF disturbances can cause cell death. DDX39B is an RNA helicase that tethers ALY, an essential mRNA export factor, confirming the role of DDX39 in the RNA splicing/export process (31). Overexpression of DDX39B predicts poor prognosis and promotes aggressiveness of melanoma (32). DDX39B can also predict adverse efficacy of immune checkpoint therapy in clear cell carcinoma (33). DDX39B serves as a potential drug target for the treatment of androgen receptor splice variant-positive prostate cancer (34). RBM5 (RNA Binding Motif 5) has been identified as a tumor suppressor in the lung (35, 36). RBM5 regulates AS of apoptotic genes. Overexpression of RBM5 is reported to induce autophagy in human lung adenocarcinoma cells (37). The altered expression of SFs that regulate genes aberrantly spliced provides new clues to lung cancer development and drug development.

The highlight of the current study was that we proposed prognostic signatures based on AS events for monitoring the prognosis of lung adenocarcinoma patients. Our findings identified a panel of AS events that exert their biological functions in tumor immune regulation of lung adenocarcinoma. Compared with previous papers investigating AS signature in lung cancer (38, 39), this study has taken into consideration the relationship of AS prognostic signature with TIME.

However, there are several limitations. First, all data come from the TCGA database; therefore, selection bias may exist in our study. There was no independent database verification of the prognostic model due to the lack of transcriptome information in other databases. Furthermore, as our study is solely based on bioinformatics analysis, experimental validation is further warranted. Second, due to the limited data on ICI treatment, we could not confirm the ability of our signature to predict the efficacy of ICI.

In summary, integrative analyses of splicing patterns in lung adenocarcinoma were performed in our study, which was designed to strengthen prognostic scoring in lung adenocarcinoma. An AS-based prognostic nomogram was established, which could be used to predict patient survival. The comprehensive bioinformatic analyses of AS events linked the AS atlas with TIME characteristics and immune checkpoints in lung adenocarcinoma. Our study contributes to the investigation of the potential roles of AS events in the context of TIME complexity and diversity of lung adenocarcinoma. The AS-SFs regulatory network also suggests promising targets for anti-tumor therapy in lung adenocarcinoma.
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Purpose

Dosimetric parameters (e.g., mean lung dose (MLD), V20, and V5) can predict radiation pneumonitis (RP). Constraints thereof were formulated before the era of combined immune checkpoint inhibitors (ICIs) and radiotherapy, which could amplify the RP risk. Dosimetric predictors of acute RP (aRP) in the context of ICIs are urgently needed because no data exist thus far.



Methods and Materials

All included patients underwent thoracic intensity-modulated radiotherapy, previously received ICIs, and followed-up at least once. Logistic regression models examined predictors of aRP (including a priori evaluation of MLD, V20, and V5), and their discriminative capacity was assessed by receiver operating characteristic analysis.



Results

Median follow-up of the 40 patients was 5.3 months. Cancers were lung (80%) or esophageal (20%). ICIs were PD-1 (85%) or PD-L1 (15%) inhibitors (median 4 cycles). Patients underwent definitive (n=19), consolidative (n=14), or palliative (n=7) radiotherapy; the median equivalent dose in 2 Gy fractions (EQD2) was 60 Gy (IQR, 51.8-64 Gy). Grades 1-5 aRP occurred in 25%, 17.5%, 15%, 2.5%, and 5%, respectively. The only variables associated with any-grade aRP were V20 (p=0.014) and MLD (p=0.026), and only V20 with grade ≥2 aRP (p=0.035). Neither the number of prior ICI cycles nor the delivery of concurrent systemic therapy significantly associated with aRP risk. Graphs were constructed showing the incrementally increasing risk of aRP based on V20 and MLD (continuous variables).



Conclusions

This is the first study illustrating that V20 and MLD may impact aRP in the setting of prior ICIs. However, these data should not be extrapolated to patients without pre-radiotherapy receipt of prior ICIs, or to evaluate the risk of chronic pulmonary effects. If these results are validated by larger studies with more homogeneous populations, the commonly accepted V20/MLD dose constraints could require revision if utilized in the setting of ICIs.
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Introduction

Immune checkpoint inhibitors (ICIs) have revolutionized oncologic care throughout the world and now represent the standard of care for many metastatic or locally advanced cancers. Combining ICIs and radiation therapy (RT) represents a major area of ongoing active investigation aimed to promote synergy between modalities in efforts to potentially improve outcomes (1).

However, it is well recognized that ICIs can cause adverse events that may be additive with those caused by RT. One such example is pneumonitis, which can be caused independently by ICIs as well as from RT (2–4). Some reports have observed relatively high rates of radiation pneumonitis (RP) in patients with combined ICI and RT, including fatal events (5, 6). However, the safety of combined therapy remains poorly understood owing to 1) the relatively recent adoption of ICIs as well as 2) the rise in RT delivered to suprapalliative doses for metastatic cancers (e.g. for oligometastatic or oligoprogressive disease).

It has long been known that radiation dosimetry is a powerful predictive factor for RP (7), especially the mean lung dose (MLD), the volume of lungs receiving ≥20 Gy (V20) (8), and potentially also the volume of lungs receiving ≥5 Gy (V5) (9). However, those data were not in context of ICIs, which makes their applicability to the ICI setting uncertain.

To our knowledge, there are no dosimetric analyses of MLD, V20, and V5 as possible predictors for acute RP (aRP) in the context of ICI therapy. These analyses are urgently needed because the previously recommended thresholds for these dosimetric parameters (8) may not be applicable to the combined RT-ICI setting and could result in an excess aRP risk. The present study was designed to address this knowledge gap in efforts to question whether the commonly accepted dose constraints for MLD, V20, and V5 may require revision in the future as the combined usage of RT and ICIs continues to expand.



Methods and Materials


Patients and Treatment

This investigation was approved by the institutional review and ethics board. We conducted a retrospective review of all patients who received thoracic intensity-modulated radiotherapy (IMRT) at our institution from March 2020 to July 2021. From this institutional dataset, patients who had previously received ICIs were included (concurrent therapy was allowed but not used as an exclusion criterion in order to avoid selection biases). Because the study’s aim was to investigate aRP, patients who did not follow-up (with imaging assessment) were excluded.

Patients with a variety of thoracic cancers were included, so workup and follow-up were individualized, but pre-RT workup always involved chest computed tomography (CT) or positron emission tomography (PET)-CT imaging, and follow-up after RT generally consisted of follow-up chest CT (or PET-CT) one month after RT and every 3 months thereafter.

In efforts to reduce selection biases from the intent of RT, this study included patients who underwent definitive RT, palliative RT (i.e., for symptomatology), or consolidative RT (e.g., for oligoprogression). RT was planned and conducted according to the fundamental principles of each paradigm including with dose constraints put forth by QUANTEC and the AAPM Task Group 101 (8, 10). Image guidance was used for all cases, thrice per week in the first week and twice per week in the remaining weeks.



Toxicity Assessments

The definition of aRP was based on the Common Terminology Criteria for Adverse Events (CTCAE), version 5.0. All suspected diagnoses of pneumonitis (regardless of grade) were centrally reviewed by a multidisciplinary committee consisting of at least one radiologist, pulmonologist, and oncologist. CT (or PET-CT) imaging was reviewed for each patient, which was then compared to the radiation treatment plan; other causes such as infection or tumor progression had to be ruled out using the appropriate workup.



Statistical Analysis

This study was specifically designed to (a priori) evaluate MLD, V20, and V5 (defined as both lungs minus the planning target volume) as candidate dosimetric parameters for aRP; its goal was not to examine other dose-volume metrics because the three aforementioned parameters represent a “common language” to study RP and have been previously validated and/or widely propagated. Despite the use of a variety of dose-fractionation schemes herein, the aforementioned dosimetric parameters are expressed in 2 Gy equivalent doses (EQD2); based on the linear-quadratic model, MiM software was used to convert the physical dose distribution into EQD2 assuming α/β of 10 and 3 for the target and the normal lung, respectively (11). Logistic regression models were used to assess the association between patient characteristics and the aRP risk. The discriminative capacity of models was assessed by the area under the receiver operating characteristic (ROC) curve (AUC). All data analyses were conducted using R software (version 4.1.0) and used 2-sided tests with p<0.05 indicating statistical significance.




Results


Characteristics of Patients

Of 3,276 patients who received thoracic irradiation, 52 patients had previously received ICIs. Of these 52 patients, 12 did not have adequate follow-up in order to evaluate for aRP; therefore, 40 patients were included herein. The median follow-up from thoracic irradiation was 5.3 months [interquartile range (IQR), 3.6-7.7 months].

Salient characteristics of the population are shown in Table 1. All patients had lung (80%) or esophageal (20%) cancer, and all patients previously received PD-1 (85%) or PD-L1 (15%) inhibitors. The median number of previous ICI cycles was 4 (interquartile range (IQR), 3-6), and thoracic RT commenced at a median of 26 days (IQR, 18-42) thereafter. During thoracic RT, 15 patients received concurrent systemic therapy (n=8 concurrent anti-PD-1/PD-L1 with chemotherapy, n=4 anti-PD-1/PD-L1 monotherapy, n=3 chemotherapy or targeted agents).


Table 1 | Patient characteristics.



Table 2 displays RT-related characteristics of the population. Nineteen patients received definitive RT, 14 patients underwent consolidative RT for oligoprogression while on ICI therapy, and the remainder (n=7) received palliative RT. The median EQD2 for all patients was 60 Gy (IQR, 51.8-64 Gy). Given the heterogeneity in dose/fractionation schemas, all plans were standardized using EQD2 doses; following this action, the median (IQR) MLD, V20, and V5 were 9.5 Gy (5.7-13.3), 15.5% (9.3-24.7), and 34.3% (20.2-51.4), respectively.


Table 2 | Thoracic radiotherapy characteristics.





Incidence and Characteristics of aRP

At the time of last follow-up, 14 (35%) of patients had not developed aRP. Grade 1 (asymptomatic) RP was detected in 10 (25%) patients. Symptomatic grade ≥2 aRP was present in 16 (40%) patients, of which there were 7 (17.5%), 6 (15%), 1 (2.5%), and 2 (5%) cases of grades 2, 3, 4, and 5 aRP, respectively. Table 3 displays characteristics of the nine patients who developed grade ≥3 aRP. The median time to aRP was 67 days (IQR, 50-88 days); the most common symptoms included fever (n=12), nonproductive cough (n=10), dyspnea (n=8), and wheezing (n=7). Methylprednisolone was delivered to all patients who developed grade ≥2 aRP.


Table 3 | Individual characteristics of the 9 patients with grade ≥3 aRP.



Of note, two patients developed symptomatic aRP (both grade 2) during the course of RT (the remainder occurred after RT completed) (Figure 1). The first had received 50.6 Gy in 23 fractions over 33 days, and the other had received just 9.6 Gy in 2 fractions over 2 days. Both of them were treated with PD-1 inhibitors and had RT interruptions of 10 and 5 days, respectively. Both received methylprednisolone, following which they became asymptomatic and completed the prescribed RT course thereafter.




Figure 1 | CT changes of the two patients who developed pneumonitis during the course of radiotherapy (both grade 2). The first patient (A) developed fever and cough after 23 fractions (50.6 Gy total dose), with no abnormalities initially (left). Five days later, chest CT showed ground-glass changes (center). One week after methylprednisolone commenced, the inflammation had substantially dissipated (right). The second patient (B) developed fever after two fractions (9.6 Gy total dose). Initially there were no major findings (left), but patchy infiltrates were soon found in the radiation field (center). After 4 days of methylprednisolone, the findings had significantly reduced.





Predictors of aRP

Table 4 illustrates factors associated with the risk of aRP. Regarding any-grade aRP, there were only two associated variables: V20 (odds ratio (OR) 1.117, 95% confidence interval (CI) 1.029-1.232, p=0.014) and MLD (OR 1.205, 95% CI 1.033-1.447, p=0.026). For grade ≥2 aRP, only V20 (OR 1.092, 95% CI 1.011-1.194, p=0.035) was associated. Of note, neither the number of prior ICI cycles nor the delivery of concurrent systemic therapy significantly associated with aRP risk.


Table 4 | Covariates associated with the development of aRP by univariate regression analysis.



ROC analysis is shown in Figure 2, and revealed an AUC of 0.762 for the relationship between V20 and any-grade aRP and 0.707 for MLD. The AUC of V20 for grade ≥2 aRP was 0.703. Based on this analysis, graphs were constructed to pictorially present the incrementally increasing risk of aRP based on V20 and MLD as continuous variables (Figure 2). According to these models, V20 = 8.98% or MLD=5.55Gy would predict for a 50% risk of ≥ grade 1 pneumonitis (Figures 2A, B), and V20 = 21.1% would predict for a 50% risk of ≥ grade 2 pneumonitis (Figure 2C). Of note, the y-intercept (corresponding to a V20 or MLD of 0) in these graphs is not 0 because ICIs carry an independent pneumonitis risk.




Figure 2 | The risk of radiation pneumonitis based on dose-volume parameters. The risk of any-grade radiation pneumonitis was associated with V20 (A) and mean lung dose (B), whereas the risk of grade ≥2 pneumonitis was associated with only V20 (C). The observed pneumonitis rate among all patients is denoted by the red square, and that for each quartile of the particular dose-volume parameter is denoted by the black circles. The error bars on the circles represent the exact binomial 95% confidence intervals. Of note, the y-intercept (corresponding to a V20 or MLD of 0) in these graphs is not 0 because immune checkpoint inhibitors carry an independent pneumonitis risk.






Discussion

The use of combined ICIs and RT is rapidly expanding for metastatic (12, 13) and locally advanced cancers (14), but the risk of potentially additive toxicities – especially higher grade events – remains a concern. It is an urgent necessity to report experiences of modifiable variables (e.g., dosimetric parameters) which may alter the risk of toxicities such as aRP. To our knowledge, this is the first study that has observed a relationship between radiation dosimetric variables and aRP in the context of combined RT-ICI therapy. These results undoubtedly require validation, but suggest that the well-recognized dose-volume constraints for thoracic RT may require revision in the future if used in the context of ICI therapy.

The 22.5% rate of grade ≥3 aRP herein is somewhat higher than existing data, which have generally reported figures around 11-15% (15–17). This could be due to two major reasons. First, patients herein received full courses of ICIs prior to RT initiation, whereas in other studies (11–16) most patients did not have as high of a degree of immune system galvanization prior to commencing RT. KEYNOTE-799 (which delivered ICIs before RT) observed a <10% rate of grade ≥3 pneumonitis, but that trial delivered a median of 1 cycle of pembrolizumab/chemotherapy prior to RT (as compared to a median of 4 cycles herein) (18). The higher level of immune activation prior to starting RT in this cohort could have predisposed these patients to develop RP more frequently and with greater severity than patients in the aforementioned publications, but this notion requires further corroboration. Second, a much higher proportion of patients in two other publications (15, 16) received SBRT than those of this investigation, which presumes that irradiated volumes were smaller and more conformally treated than those of the present study. These potential explanations notwithstanding, it is essential for further research to examine whether prior receipt of full-course ICIs are causatively linked to a higher rate of RP, especially because the optimal sequencing of ICIs and RP for metastatic disease remains unknown.

To our knowledge, this is the first investigation which defines dosimetric relationships between lung dose-volume parameters and RP in the context of combined RT and ICIs. Two studies attempted similar goals, but neither could elucidate any such dosimetric factors (15, 16). This is likely related to two major reasons. First, those studies had similarly small sample sizes as this investigation and lower event rates. The publication from MD Anderson Cancer Center observed nine grade ≥3 events in 60 patients (15), and the publication from Emory University documented 19 cases of any-grade RP in 56 patients (16). Conversely, these data are considerably better equipped to detect predictors of RP because it involved a much higher event rate (26 cases of any-grade RP and nine grade ≥3 events in 40 patients). Second, owing to the dearth of available data, all existing studies suffer from heterogeneous patient populations. To that extent, an important strength of this work was that all patients received ICIs targeting the PD-1—PD-L1 axis, whereas the aforementioned publications utilized a mixture of anti-PD-1/PD-L1 agents alone, anti-CTLA-4 compounds alone, and dual immune checkpoint blockade [although it has been suggested that PD-1 and PD-L1 inhibitors have differential rates of pneumonitis (19)].

Owing to similar sample size and heterogeneity concerns as other existing data, as well as the a priori nature of dosimetric examination herein, our study also cannot rule out finer differences in other parameters potentially associated with RP that could have gone undetected. That being said, the main message from this study is that V20 and MLD can – and should – continue to be used as important modifiable factors during RT planning. Our study suggests that accepted V20 and MLD constraints (8) may require revision in the future if planning is done in the context of prior ICIs. To this extent, we encourage a more generous utilization of a variety of techniques that could reduce dose exposure to the normal lung, such as deep-inspiration breath hold technique, intensity-modulated or proton therapy, smaller target margins, and high-quality volumetric image guidance.

Importantly, our findings suggest that V5 may not be as robust of a marker with which to predict RP in the context of ICI therapy. This is consistent with its general lack of validation in the non-ICI setting (20), and is potentially reassuring given that full-course ICI therapy prior to RT could activate the immune system to such an extent that even the “low dose bath” could cause RP. However, as mentioned above, finer differences cannot be excluded from any study with smaller sample sizes. Additionally, one case of grade 2 aRP during the RT course herein occurred after just 9.6 Gy in 2 fractions. Even though this patient received a high fractional dose (which in itself could have been the cause of aRP), it suggests that there can indeed be cases of RP at lower doses than would be predicted in the non-ICI setting.

Limitations of this investigation must be contextualized with the fact that the available data on this topic are very scant at the present time. First, as mentioned above, all known data aiming to address dosimetric predictors of RP in the context of ICIs (15–17) are retrospective, with small sample sizes, and short follow-up; along with heterogeneous populations, treatment paradigms, and workup/follow-up. For this reason, this study is not equipped to examine whether concurrent RT & systemic therapy after prior ICIs increases the RP risk over prior ICI therapy alone. Similarly, the contribution of fractional dose (i.e., conventional vs. various degrees of hypofractionation) to RP also cannot be ascertained. It is also unknown whether a greater number of ICI cycles prior to RT increases the risk of RP. Therefore, as the use of combined ICIs and RT increases over time, validating this study and those publications with larger sample sizes is essential. Second, this study should not be extrapolated to situations that do not involve prior ICI therapy. As mentioned above, receipt of full-course prior ICIs could pose a very different RP-related risk than up-front concurrent therapy, RT followed by ICIs, or a short course of ICIs followed by RT. Third, this study only aimed to examine acute RP and should not be used to estimate chronic RP or pulmonary fibrosis. It is possible that this study underestimates the rate of overall RP for this reason, along with the fact that death is a competing risk for RP in this population. Lastly, not all variables can be input into the logistic regression model, especially those with small subgroup sample sizes. We also did not evaluate several other candidate variables potentially associated with RP such as baseline pulmonary function, prior pneumonitis or other adverse events from pre-RT ICI therapy, and size of the planning target volume.



Conclusions

It is an urgent necessity to report experiences of modifiable variables (e.g., dosimetric parameters) which may alter the risk of toxicities such as aRP. To our knowledge, this is the first investigation that has observed a relationship between radiation dosimetric variables and aRP in the context of combined RT-ICI therapy. We demonstrate that the lung V20 and MLD was independently associated with any-grade RP, and the V20 was associated with grade ≥2 aRP. This study is only applicable for aRP (not chronic RP or pulmonary fibrosis) and in the setting of prior full-course ICI therapy. These results require validation from studies with larger and more homogeneous populations.
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Targeting K-RAS-mutant non-small cell lung cancer (NSCLC) with novel inhibitors has shown promising results with the recent approval of sotorasib in this indication. However, progression to this agent is expected, as it has previously been observed with other inhibitors. Recently, new immune therapeutics, including vectorized compounds with antibodies or modulators of the host immune response, have demonstrated clinical activity. By interrogating massive datasets, including TCGA, we identified genes that code for surface membrane proteins that are selectively expressed in K-RAS mutated NSCLC and that could be used to vectorize novel therapies. Two genes, CLDN10 and TMPRSS6, were selected for their clear differentiation. In addition, we discovered immunologic correlates of outcome that were clearly de-regulated in this particular tumor type and we matched them with immune cell populations. In conclusion, our article describes membrane proteins and immunologic correlates that could be used to better select and optimize current therapies.
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Introduction

Identification of the key molecular alterations that drive oncogenesis is one of the main objectives in current cancer research (1). These alterations are essential to regulate tumor generation and progression but, at the same time, generate vulnerabilities that can be therapeutically exploited. Thus, in the last few decades much effort has been put on the development of anticancer treatments selectively targeting gene products that become dysregulated as a consequence of those oncogenic alterations. This strategy, combined with the generalization of the use of molecular diagnosis, has led to the application of more individualized and selective treatments which has conducted to a very significantly improvement in patient survival in several types of cancer (2, 3). Two examples of this approach have been the development and utilization of neutralizing antibodies and small molecule inhibitors against the HER2 tyrosine kinase receptor in breast and gastric tumors, and the development of inhibitors against the BRAF V600E mutation in melanoma (4). Recently we have seen a novel example of these type of selective therapies with the development of agents against the K-RAS pG12C mutation in non-small cell lung cancer (NSCLC). K-RAS is a small G protein, and one of the most frequently mutated genes in cancer. Most mutations on this gene occur at the Glycine 12 (G12) residue, which renders K-RAS constitutively active by favouring its GTP-bound active form. Activated GTP-bound K-RAS stimulates many different intracellular signalling pathways such as the RAF1/MEK/ERK and PI3K cascades that are directly involved in the regulation of cell proliferation, motility etc (5). The paramount importance of K-RAS mutations in cancer has led to a prolonged effort to develop strategies to target this protein that however was considered to be undruggable due to its structural characteristics. However, the presence of a thiol group at Cys 12 of K-RAS G12C offered an opportunity to develop inhibitors against this specific mutant, which is present with a notable frequency in certain cancer types and specifically in NSCLC (6). Following this strategy, a new family of compounds aimed at targeting K-RAS G12C has been developed. One of these compounds (AMG-510 or Sotorasib) acts by holding K-RAS G12C in its GDP-bound inactive form and has recently been granted accelerated approval for the treatment of K-RAS G12C-mutated (7) locally advanced or metastatic NSCLC using a specific companion diagnostic (8). Likewise, other compounds acting on the same target are currently in clinical development (9).

Targeting oncogenic membrane kinase proteins with antibodies or small molecule signalling mediators binding to the kinase pocket has shown to induce clinical benefit. However, this effect is short lived, and resistance frequently appears within a short period of time (10). Several mechanisms of resistance have been described, and most overcome the activity inhibited by the compound through the activation of alternative pathways, acquisition of secondary mutations at the kinase pocket, or the presence of gene amplifications or alternative splicing, among others (10). Amid these, the development of secondary mutations is a key mechanism described for many kinase inhibitors like those acting on the EGF receptor in lung cancer (11). Similar findings involving secondary mutations have been reported recently with inhibitors against K-RAS G12C (12). In this context, the identification of smart combinations – including the association with novel immunotherapies – is a main goal in this particular clinical scenario.

An interesting approach to overcome resistance due to specific mutations is reducing the abundance of the mutated protein by promoting its selective degradation (13). One strategy to follow this approach, and that is currently intensively investigated, is the utilization of Proteolysis Targeting Chimeras (PROTAC) compounds which through their binding with specific E3 ligases, induce the ubiquitination and subsequent degradation of the target protein (13). This strategy has proved to be effective in preclinical models where it has shown to overcome the resistance associated with several mutations, including those present at the androgen receptor (14), thus warranting further investigation to substantiate its clinical development. Likewise, PROTACs have been recently synthetized with this aim of overcoming resistance against K-RAS G12C inhibitors (15). However, these compounds, like many others agents against pan-essential genes, suffer from potential toxicity, as they act against non-transformed tissues with a potent off-target effect, limiting their clinical development (4). One of the ways to avoid this problem is the identification of proteins that are exclusively present in the tumor surface and that could therefore be used as selective targets for the vectorization of novel compounds (3). This has been the case with guided chemotherapeutics like antibody drug conjugates (ADCs), that have shown to improve survival in several indications with manageable toxicity profiles (16). In this context, an important requisite is the identification of proteins specifically expressed at the membrane of tumor cells.

Immune therapy has gained momentum in NSCLC with several immune check point inhibitors (ICIs) demonstrating clinical efficacy including those targeting PD (L)1, CTLA-4, and some others, as anti- TIGIT or LAG-3 therapies, that have shown early signs of activity (17). Modulation of the immune response in tumors with specific driver mutations can pave the way for potential combinations with ICIs or other immune therapies. For instance, tumors holding EGFR mutations develop an immune suppressive microenvironment which is probably the reason why the combination of inhibitors of EGFR and PD (L)1 has demonstrated limited efficacy (18). In contrast, the combination of the K-RAS G12C inhibitor adagrasib with ICIs induced a remarkable antitumor activity warranting further exploration in preclinical and clinical studies (19). In this scenario, the identification of specific immune regulatory mechanisms that could operate in K-RAS G12C mutated tumors would be of great interest as it would help to design novel therapeutic strategies based on the combination of drugs that could potentially overcome the resistance to drugs targeting this mutation, and or reactivate the immune response in these tumors.

In our study, we analysed deregulated genes expressed in NSCLC harbouring mutations at K-RAS pG12c. We applied our approach to reach two goals: the identification of specific membrane proteins that could be the target for the design of antibody guided compounds; and exploring immune related deregulated pathways present in this tumor type that could be used to design novel drug combinations or used as surrogate immune signatures.



Results


Landscape of Genomic Variants of K-RAS Mutated Tumors and Ongoing Therapeutics

To get insight into potential therapeutic opportunities in Lung Squamous Cell Carcinoma (LSCC) we first explored the K-RAS mutational landscape in this molecular tumor subtype. Less than 1.5% of patients expressed this mutation (TCGA, PanCancer Atlas database: 1.49%), while in the Adenocarcinoma subtype (LUAD), mutations at K-RAS were observed in around 35% of patients (37.91% and 29.13% in MSKK 2020 and TCGA Firehose Legacy databases, respectively) (Supplementary Figure 1). The most frequent mutation described is the one present at the position 12 that changes a Glycine for different aminoacids, such as G12C observed in 44.44% of patients, followed by G12V in 19.44%, G12D in 9.26% and G12A in 8.80% of patients. In the same position, there are also other mutations less frequently observed: G12S (2.31%), G12F (0.93%), G12R (0.46%), G12Y (0.46%). In summary, the frequent mutations observed at the G12 residue (or the closest ones, like G13 further support the notion that this region is a cancer hotspot in this tumor sybtype (Figure 1A).




Figure 1 | Most common K-RAS mutations in patients with NSCLC and investigational drugs against these mutations. (A) (i) Frequency of K-RAS mutations in NSCLC patient population (ii) Distribution of mutations identified in patients with lung adenocarcinoma along K-RAS gene. (B) Dot chart showing the number of investigational drugs and bar graph representing the percentage frequency of most common K-RAS mutations (C) Flow chart of the process followed to select upregulated (N=65) and downregulated (N=55) differentially expressed genes. (D) Volcano plot of statistic significant deregulated genes highlighted in color (yellow for down and green for upregulated) those with fold change equal or higher than 1.5. (E) Graph showing the biological processes of the selected 120 genes with higher combine score.



When exploring therapeutic options against the described molecular alterations, we observed that only one drug, sotorasib (AMG 510) has been approved for the treatment of K-RAS G12C mutated NSCLC, with another one, adagrasib in its late clinical development stage. Moreover, although the possibility of targeting other K-RAS mutants including G12C, G12D, G12V, G13D, and G12R is being evaluated (Figure 1B) most drugs currently under development have been designed against the K-RAS G12C mutation (Figures 1B, C and Supplementary Table 1).



Transcriptomic Mapping of K-RAS pG12c Mutated Tumors in NSCLC

Given the fact that K-RAS pG12C mutation is most frequently observed in NSCLC and there is already an approved drug for this indication, we explored the transcriptomic profile of these tumors in order to identify immune genomic alterations with potential for clinical translation. For this purpose, we interrogated public datasets to identify genes that were up- or downregulated in lung tumors harbouring this mutation (Figure 1C). First, we focused on genes with a fold changed differential expression > 1.5 (Figure 1D), what let us to identify 65 upregulated and 55 downregulated transcripts (Figures 1C, D). Next, we explored the biological functions of these deregulated genes using the EnrichR platform and found that they were mainly associated with the regulation of cell proliferation and migration, immune cells and hormone signalling (Figure 1E). A full description of the genes that are deregulated and the associated biological functions is shown in Supplementary Table 2.

Since immune cell regulation is one of the biological functions with higher combined score, we decided to evaluate the correlation between the expression of these genes and the presence of immune infiltrates (Figure 2A). Surprisingly, downregulated genes involved in these functions had a positive correlation with immune infiltrates while upregulated genes displayed a negative association (Figure 2B). Thus, high expression of CLRF1, HOPX, IRS2, KIT, PDE4D, and SMOC1, was associated with a reduction of neutrophils, macrophages, CD8+ T lymphocytes and dendritic cells (Supplementary Figure 2) with the only exception of an increase of B and CD4+ T cells, as shown in Figure 2C. Likewise, downregulation of CD24, CDK6, HDAC9, TIAM1, TRFC, VTCN1, and VAV3, correlated with a reduction of the presence of the same immune populations (Supplementary Figure 3). We next wondered if LUAD cancers with mutated K-RAS had a positive or negative correlation with immune infiltrates when compared with their wild type counterparts. As shown in Figure 2D, and in line with the above observations, K-RAS mutated LUAD tumors exhibited a negative correlation with all populations of immune infiltrates. In this context, if we compare the correlation of the immune infiltrates associated with mutated K-RAS (Figure 2D) with the one that associates with the upregulation of the selected genes (Figure 2C), we observe similar levels of correlation with CD8+ T cells, neutrophils and DC and an increase in the CD4+ T cells, B cells and macrophages. This fact indicates that upregulation of those genes may have a role in the relation of the CD4+ T cells, B cells and macrophages populations within the tumor.




Figure 2 | Association of the expression of the thirteen selected genes with immune infiltrates in LUAD. (A) Heatmap that represents the correlation (green for positive Rho value and orange for negative one) between gene-expression and the level of tumor immune infiltrates (CD8+ T cells, CD4+ T cells, B-cells, macrophages, neutrophils and dendritic cells). Bellow Rho value, p-value is shown (in grey if no significant and in black if significant). (B) Bar graph showing the accumulative correlation to all immune populations named above with the expression of up and downregulated genes. (C) Rho values indicating the correlation between expression of upregulated genes (CRLF1, HOPX, IRS2, KIT, PDE4D, and SMOC1) and immune populations. (D) Correlation between K-RAS mutated gene and immune infiltrates.





Expression Changes Associated to Mutated K-RAS Predicts Favorable Outcome in Lung Cancer

The KM plotter tool was used to explore the prognostic value of the 13 genes identified in the previous analysis that had a fold change higher than 1.5 and the highest combined score according to their biological functions. The expression of most of those genes was associated with good prognosis when using first progression (FP) and overall survival (OS) as endpoints with the only exception of SMOC1 and VTCN1 whose expression conferred detrimental FP (Figure 3A). VTCN1 negatively regulates T-cell-mediated immune responses by inhibiting T-cell activation, proliferation, cytokine production and cytotoxicity (20, 21). In line with the identification of VTCN1 as a promising target for cancer treatment, its expression was associated with a shorter FP (HR:1.45, 95% CI 1.04–2.03, log rank p = 0.026) and a poor OS (HR:1.28, 95% CI 1–1.62, log rank p = 0.045) (Figure 3B).




Figure 3 | Association between gene expression and LUAD survival. (A) Dot plot indicating the – log (P-value) and hazard ratio from Kaplan-Meier of the individual expression of the thirteen selected genes (green for upregulated and yellow for downregulated ones) to FP (filled dots) or OS (empty dots). Kaplan-Meier survival plots showing the association between the single (VTCN1 in B) or combined gene expression levels (IRS2, SMOC1, HOPX, KIT, PDE4D, and CRLF1 in (C); and HOPX, PDE4D, and CRLF1 in D) with FP (above) and OS (below) for LUAD.



For upregulated genes, we observed that almost all of them correlated with better prognosis. When we used the expression of IRS2, SMOC1, HOPX, KIT, PDE4D, and CRLF1 as a signature, we obtained a better association with favorable outcome for FP (HR:0.4, 95% CI 0.29–0.55, log rank p = 8.2 × 10−9) and OS (HR:0.48, 95% CI 0.37–0.63, log rank p = 3.5 × 10−8) (Figure 3C). This result was reproduced when the combined expression of HOPX, PDED4 and CRLF1 was analyzed. Therefore, these genes showed a similar good prognostic association when FP (HR:0.4, 95% CI 0.28–0.57, log rank p = 1 × 10−7) and OS (HR:0.57, 95% CI 0.45–0.73, log rank p = 4.2 × 10−6) were considered (Figure 3D).



Surfaceome Transcriptomic Mapping of K-RAS

As mentioned in the introduction, one of the strategies to develop more selective anticancer therapies is the identification of potential targets that are present in the plasma membrane of cancer cells. Hence, we analysed whether any of the 65 upregulated genes described before coded for plasma membrane proteins, identifying 12 potential candidates (Figure 4A). Genes upregulated within the surfaceome included: TSPAN11, CLDN10, SLC26A9, SLC7A2, TREM1, SLC46A2, PCDHB11, CHL1, SCN9A, PARM1, TMPRSS6, and KIT (ordered from higher to lower fold increase) (Supplementary Table 3). The functions of the identified genes included regulation of cytokines signaling in immune cells (KIT and TREM1), import and transport of amino acids and molecules across plasma membrane (SLC7A2, PARM1, KIT, SLC26A9, and SCN9A), regulation of nucleotide-binding oligomerization domain (SLC46A2), regulation of action potential and ion homeostasis (TMPRSS6) and cell adhesion (CLDN10 and PCDHB11) (Figure 4B). From these 12 genes, CLDN10 gained our attention in the volcano plot due to its increased expression and significant p-value (Figure 4C).




Figure 4 | Gene identification as cell-surface target candidates. (A) Flow chart of the process followed in order to identify those upregulated genes with fold change equal or higher than 1.5 (N=65) that codify for cell-surface proteins (N=12). (B) Identification of the biological processes with higher combine score in which the 12 selected genes are involved. (C) Volcano plot of statistic significant deregulated genes highlighted in green those that belong to surfaceome.





Expression of Surfaceome Candidates Associated With Prognosis

Among the previous identified genes, we next explored those that were associated with detrimental clinical prognosis. When studding those associated with FP and OS, we observed that only two genes CLDN10 and TMPRS6S predicted for negative prognosis (Figure 5A and Supplementary Table 4). Pooling together the rest of the genes with good prognosis for FP (TSPAN11, SLC26A9, SLC7A2, SLC46A2, CHL1, SCN9A, PARM1, and KIT) and for OS (TSPAN11, SLC26A9, SLC7A2, SLC46A2, PCDHB11, CHL1, SCN9A, PARM1, and KIT), we observed the best outcome for FP (HR:0.37, 99% CI 0.27–0.51, log rank p = 6.7 × 10−10) (Figure 5B) and OS (HR:0.39, 99% CI 0.3–0.49, log rank p = 2.3 × 10−15) (Figure 5C) supporting the notion that the function of CLDN10 and TMPRS6S play an oncogenic role in this tumor subtype. Of note, the expression of both genes was clearly increased in LUAD tumors compared with normal tissues (Figure 5D). A higher expression of TMPRSS6 or CLDN10 individually could be detected in other tumors (Supplementary Figures 4A, B respectively), while a higher combined expression was observed in ovarian serous cystadenocarcinoma (OV), thyroid carcinoma (THCA), and uterine corpus endometrial carcinoma (UCEC) apart from LUAD (Supplementary Figure 4C).




Figure 5 | Correlation between expression of upregulated surfaceome genes and LUAD survival. (A) Heatmap showing the HR (yellow color indicates good outcome while red predicts poor prognosis) and p-values (black for significant and grey for no significant) of twelve selected genes. (B) Kaplan-Meier survival plots showing the association between combined expression of surfaceome signature with good prognosis for FP (TSPAN11, SLC26A9, SLC7A2, SLC46A2, CHL1, SCN9A, PARM1, and KIT) and in (C) for OS (TSPAN11, SLC26A9, SLC7A2, SLC46A2, PCDHB11, CHL1, SCN9A, PARM1, and KIT). (D) Combined expression of CLDN10 and TMPRSS6 genes in samples from LUAD (pink) or normal tissue (grey). Kaplan-Meier survival plots showing the association between the single (CLDN10 in E; and TMPRSS6 in F) or combined gene expression levels (CLDN10 and TMPRSS6 in G) with FP (above) and OS (below) for LUAD.



The analysis of CLDN10 demonstrated a clear association with worse prognosis, FP (HR:1.56, 95% CI 1.13–2.16, log rank p = 0.0069); and OS (HR:1.7, 95% CI 1.3–2.23, log rank p = 7.9 × 10−5) (Figure 5E). A similar finding was observed with TMPRSS6, for FP (HR:1.56, 95% CI 1.13–2.16, log rank p = 0.0069) and OS, (HR:1.49, 95% CI 1.18–1.88, log rank p = 0.00073) (Figure 5F). The combined evaluation of both genes (CLDN10 and TMPRSS6) demonstrated a stronger prediction, for FP: (HR:1.77, 95% CI 1.27–2.46, log rank p = 6 × 10−4), and OS: (HR:1.75, 95% CI 1.33–2.29, log ran k p = 4.2 × 10−5) (Figure 5G). Globally, these data demonstrate the association of these two genes with detrimental prognosis in NSCLC adenocarcinoma.



CLDN10 and TMPRSS6 Expression in Lung Cancer and Normal Tissues

We next studied the expression of these two genes in comparison with non-transformed tissue. As shown in Figure 6A, CLDN10 (i) and TMPRSS6 (ii) had higher expression levels in LUAD compared with normal tissues. Then, we wanted to check if the higher expression of these two surface candidates was increased in K-RAS p.G12C tumoral samples compared to wildtype ones. We first perform the analysis in NSLC cell lines and selected those ones with mutations at the K-RAS G12C gene (Supplementary Figure 5A). The data obtained indeed show a higher expression of CLDN10 (Supplementary Figure 5B) and TMPRSS6 (Supplementary Figure 5C) when K-RAS harbors this mutation. Similar results were obtained when analyzing the expression of CLDN10 (Supplementary Figure 5D) and TMPRSS6 (Supplementary Figure 5E) in LUAD tumor samples. When evaluating the expression levels in LUAD compared with different types of non-transformed tissues, a higher expression was observed, with some exceptions like pancreatic and kidney tissue for CLDN10, and testis tissue for TMPRSS6 (Figure 6B). Finally, we found that the expression of these two genes was higher in LUAD than in LUSC tumors (Figure 6C), which is in line with the higher frequency of K-RAS G12C mutations in LUAD. These data globally confirm the exclusive expression of these genes in this tumor type.




Figure 6 | Differential expression of CLDN10 and TMPRSS6 between normal and tumor samples. (A) Violin plot of the expression of CLDN10 (i) and TMPRSS6 (ii) in LUAD tumor sample and adjacent normal tissue. (B) Pan-cancer analysis displays the expression of CLDN10 and TMPRSS6 genes across all tissues comparing tumoral and normal ones. Highlighted in red those tissues with statistical significance (p<0.01) differential expression by a Mann–Whitney U test. (C) Graph that illustrates the RNA of CLDN10 (pistachio) and TMPRSS6 (salmon) in fragments per kilo base per million mapped reads (FPKM) in NSCLC histological subtypes LUAD and LUSC.






Discussion

In the present article we identify novel genes upregulated in K-RAS G12C mutated NSCLCs that could be used as targets to vectorize compounds against these tumors, or as surrogates of immune activation, to select patients or explore combinations with novel immune therapies.

Although a high grade of clinical activity has been described with novel immune therapies, the identification of responsive tumors is still limited to a reduced number of patients whose tumors harbor some biomarkers like PD-L1 or contain certain genomic alterations (10).

With the identification of compounds against druggable molecular vulnerabilities, the association of these agents with novel immunotherapies is a strategy to pursuit. In this context, and given the fact that some combinations, – like those combining PD (L)1 antibodies with EGFR inhibitors (18) –, have shown negative results, we aimed to identify deregulated genes that were linked with outcome and, at the same time, associated with different sets of immune populations. We selected a set of genes that were modified in tumors with K-RAS G12C mutations, including the upregulated HOPX, PDED4 and CRLF1 genes, that were in addition linked with favorable prognosis in terms of FP and OS. These genes are involved in the development and regulation of the immune system, like HOPX which is required for the conversion of CD4(+) T cells into regulatory T cells (Tregs) (22); PDED4, that plays a predominant role in propagating various T cell functions (23); and CRLF1, that induces B-cell expansion (24) and CD4(+) T cells accumulation (25). In this context, patients harboring this gene signature are associated with a more favorable prognosis and with a clear upregulation of B and CD4+ T cells. Of note, no association was observed for other cell populations including CD8+ T cells, neutrophils, macrophages or dendritic cells. These data are in line with the global downregulation of immune cells observed in LUAD patients harboring mutations at the K-RAS G12C gene and correlates with the presence of downregulated transcripts and reduced levels of neutrophils, macrophages and CD8+ T cells identified in this study. Therefore, strategies aimed to boost T cell activation, innate response and antigen presentation could be pursuit in this cohort. In line with this idea, a recent article showed a synergistic interaction between the K-RAS G12C inhibitor adagrasib and PD (L)1 inhibitors that led to an outstanding antitumoral activity (19).

Resistance due to secondary mutations is the principal mechanism of failure to tyrosine kinase inhibitors. Recent data also suggest that resistance to K-RAS G12C inhibitors can rely on acquired K-RAS alterations including G12D/R/V/W, G13D, Q61H, R68S, H95D/Q/R, and Y96C mutations or high-level amplification of the K-RASG12C allele (12). These alterations could be potentially overcome if the K-RAS oncogene is degraded with a PROTAC compound. Thus, identification of targets that are primarily, but not exclusively, expressed in this tumor type could limit the narrow therapeutic index expected when using novel PROTAC agents (13, 26).

Targeting pan-essential genes via agents with a narrow therapeutic index has shown to induce toxicity thereby limiting clinical development. This has been the case of agents targeting CDK9, among others (3). Therefore, guiding anticancer agents to facilitate the targeting of the right cell population is a main objective in drug development.

In our study, by interrogating TCGA NSCLC samples with K-RAS G12C mutated tumors, we identified 12 genes that were highly expressed and potentially present in the cellular membrane compared with normal tissues. We focused only on genes linked with detrimental prognosis: CLDN10 and TMPRSS6. CLDN10 belongs to the claudin family which are integral membrane proteins and components of tight junction strands. They play and important role in cell polarity and signal transduction, and are present in the intercellular space between epithelial or endothelial components. There are different reports that establish a correlation between the expression of CLDN10 and survival, with some articles associating their increased levels with favourable prognosis (27, 28), and others with detrimental outcome (29). TMPRSS6 is a type II transmembrane serine proteinase involved in matrix remodelling. TMPRSS6 has an essential role in iron homeostasis and has been linked to iron-refractory iron deficiency anaemia (30, 31). However, its role in cancer is less understood, and there is very limited published data.

An interesting observation is that expression of neither CLDN10 nor TMPRSS6 were associated with any immune population (Supplementary Figure 4D), suggesting that they are present in the primary tumor and not in the stromal compartment. Another relevant observation is that the expression of these genes is higher in LUAD than in non-transformed tissues with the exception of pancreas and kidney for CLDN10 and TMPRSS6 in liver. Of note, TMPRSS6 is highly expressed in liver cancer. In addition, expression of both genes was high in LUAD compared with lung squamous carcinoma (LUSC) what aligns with the high frequency of K-RAS G12C mutation in LUAD.

We are aware that our study is an in silico analysis and that further evaluation in clinical samples from patients should be ideally performed. However, the application of well stablished bioinformatic tools together with the use of independent datasets limits the chance of having a false positive result.

In summary, in this work we described a set of immune-associated genes whose expression is deregulated in NSCLC harbouring K-RAS G12C mutations. The reduced presence of effector immune populations justifies the combination with effector T cell stimulators and agents that boost the antigen presentation effect. In addition, the reported signature linked with CD4+ T and B cells could be used to select patients with favourable outcome within this group of patients. Finally, we reported two genes that are upregulated in this particular tumor subtype and which could be used to deliver novel compounds.



Materials and Methods


Identification of K-RAS Mutations in Lung Cancer Patients, Data Collection and Processing

We used data contained at cBioportal (www.cbioportal.org) (accessed in July, 2021) (32, 33) to explore the alterations of K-RAS gene in patients with Non-Small Cell Lung Cancer, including Lung Squamous Cell Carcinoma (LUSC) and Lung Adenocarcinoma (LUAD). We used two different dataset per cancer type: Firehose Legacy (n=178) and TCGA, PanCancer Atlas (n=469) (34) for LUSC; and MSKCC, 2020 (n=604) and Firehose Legacy (n=230) for LUAD. This web resource also provides mutated variants mapped to genomic domains. Protein expression in cell membrane was identified using the Human Surfaceome Atlas (https://wlab.ethz.ch/surfaceome/) (accessed in June, 2021) (35).

Approved and Investigational drugs against K-RAS mutant variants in patients with NSCLC were identified using U.S. Food and Drug Administration website (https://www.fda.gov/), (last accessed on June, 2021) and Clinical Trials database (https://clinicaltrials.gov/), (accessed on June, 2021), respectively.



Functional Annotation of De-Regulated Genes

We used the publicly available EnrichR online platform (https://maayanlab.cloud/Enrichr/) (accessed on July 2021) (36) to address the Gene Ontology Biological function related to each gene set. We grouped similar biological functions and represented them with the higher combined score of most relevant pathways.



Outcome Analysis

The KM Plotter Online tool (37) (https://kmplot.com/analysis/, last accessed on July, 2021) was used to evaluate the relationship between up-regulated gene’s expression and clinical outcome in patients with Lung Adenocarcinoma. This open access database contains 3,452 lung cancer samples and allowed us to investigate Free Progression (FP) and Overall Survival (OS) of up-regulated genes in the Lung Adenocarcinoma subtype. False discovery rate (FDR) indicates replicable associations across multiple studies.



Expression Analysis

The analysis comparing the expression level of individual genes and combined signature between normal lung tissue (n = 347) and Lung Adenocarcinoma samples (n = 483) was performed with GTEx and TCGA data using GEPIA2 web server (Gene Expression Profiling Interactive Analysis; http://gepia2.cancer-pku.cn/) (last accessed on June, 2021) (38).

Differential gene-expression analysis in tumor and normal tissues was performed using the web tool TNMplot (39) (https://tnmplot.com/analysis/, accessed on July, 2021).

The analysis comparing the expression level of individual genes in K-RAS G12C samples compared with the rest was done using data from the Cancer Dependency Map (DepMap) portal (https://depmap.org/portal/, accessed on October, 2021) for cell lines; and UCSC Xena portal (http://xena.ucsc.edu/, accessed on October, 2021) (40) for TCGA LUAD tumor samples.



Correlation Between Gene Expression and Immune Cell Infiltration

To explore the associations between gene expression and immune infiltration cells we used TIMER2.0 (http://timer.cistrome.org/, accessed on July, 2021). TIMER provides 4 modules (Gene, Mutation, sCNA and Outcome) to explore the association between immune infiltrates and genomic changes (41). Gene-correlation module was used to link gene expression with activation of T cell markers.



Graphical Design

Bars, heatmaps, dot plots and volcano plots were represented using GraphPad Prism software (GraphPad Software, San Diego, CA, USA) in terms of absolute counts, relative frequencies, and hazard ratios. Kaplan-Meier curves were produced by specific online tools as previously described (Kaplan-Meier plotter).
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Supplementary Figure 1 | Identification of K-RAS most common genomic alterations in patients with NSCLC by molecular subtypes. (i) Percentage of amplifications, mutations and deletions of K-RAS gene in patients with Squamous Cell Carcinoma or Adenocarcinoma. (ii) Graphical representation of the percentage of K-RAS genomic alterations according to TCGA, Firehose Legacy and MSKCC, 2020 databases in (A) or to TCGA, PanCancer Atlas and TCGA, Firehose Legacy databases in (B).

Supplementary Figure 2 | Negative correlation between the expression of upregulated genes (CLRF1, HOPX, IRS2, KIT, PDE4D, and SMOC1) and most of immune infiltrates (CD8+ T cells, Neutrophils, Macrophages and dendritic cells). A green square encircles the dots with higher expression and little infiltration level.

Supplementary Figure 3 | Positive correlation between the expression of downregulated genes (CD24, CDK6, HDAC9, TIAM1, TRFC, VTRC1, and VAV3) and most of immune infiltrates (CD8+ T cells, Neutrophils, Macrophages and dendritic cells). A yellow square encircles the dots with less expression and more infiltration level.

Supplementary Figure 4 | Expression of CLDN10 and TMPRSS6 in different human cancer types. Bar graph showing the expression of individual CLDN10 (in (A), TMPRSS6 in (B) or both genes combined (C) in those cancer types where expression is significantly higher in tumor samples than in normal tissue (D). No correlation between CLDN10 and TMPRSS6 gene expression with most of immune infiltrates.

Supplementary Figure 5 | Higher expression of CLDN10 and TMPRSS6 in K-RAS p.G12C. (A) Table presenting 15 NSLC cell lines that present the G12C variant in K-RAS gene. Bar graph showing the expression of CLDN10 in (B), and TMPRSS6 in (C) in 92 NSLC cell lines compared to those 15 selected in A. Expression of CLDN10 in (D), and TMPRSS6 in (E) in LUAD tumor samples comparing those that harbor or not the G12C mutation.

Supplementary Table 1 | Investigational and approved drugs against K-RAS identified mutations. Specific K-RAS mutation, name of the drug, status (approved or investigational), identification code (NCT) and clinical studies with links and phases are included. Intervention is included if the drug is given in combination with others.

Supplementary Table 2 | Gene functions of thirteen selected deregulated genes.

Supplementary Table 3 | Upregulation details of cell surface-related genes analyzed. Name of the gene, mean of expression in mutant and wildtype K-RAS tumors, fold change (FC), direction and p-value are included.

Supplementary Table 4 | Kaplan-Meier survival values of cell surface-related genes. Table includes the name of the gene, the hazard ratio (HR) (in blue, significant good prognosis, and in red, bad one), p-value and fold discovery rate (FDR) for FP and in LUAD patients.
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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.





Keywords: non-small cell lung cancer, immune checkpoint inhibitor, PAK7, biomarker, immunity



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.
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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.
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Background

Chemotherapy is the main treatment for patients with lung squamous cell carcinoma (LUSC). However, how chemotherapy affects their immune system is rarely reported. This study was aimed to compare the differences in the immune microenvironment of LUSC patients with or without chemotherapy.



Methods

A total of 494 LUSC samples were obtained from The Cancer Genome Atlas (TCGA) database. The immune cell infiltration was evaluated by the ssGSEA algorithm, and the tumor subtype was assayed by ConsensusClusterPlus. The differences in tumor mutation burden (TMB) and clinical information between the two types were then compared. Additionally, the differentially expressed genes (DEGs) between two types were analyzed and hub genes were validated in the GEO database.



Results

LSCC samples in TCGA were divided into three subtypes. Then, combining the tumor subtype and immune scores, the samples were divided into hot and cold tumors. Regardless of whether LUSC patients received chemotherapy, the survival of the hot tumor group was not significantly prolonged compared with that of the cold tumor group. For LUSC patients who received chemotherapy, the TMB value in hot tumor group was significantly higher. Total 501 DEGs were identified between two groups. The high expressions of hub genes CD19, CTLA4, FCGR3B, CD80, IL-10, etc. were also validated in the GSE37745 dataset.



Conclusion

Chemotherapy does not affect the survival and prognosis of LUSC patients, but it significantly increases the TMB value of patients with hot tumor. The DEGs, especially hub genes, such as CD19, CTLA4, and FCGR3B, may serve as biomarkers to distinguish cold and hot tumors in LUSC.
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Highlights

1. Chemotherapy does not affect the survival of LUSC patients.

2. Chemotherapy significantly increases the TMB value of LUSC patients with hot tumor.

3. CD47, SIRPA, and other immune checkpoint genes can serve as biomarkers to help identify the immune microenvironment of LUSC patients.

4. CD19, CTLA4, and other hub genes can serve as biomarkers to help identify the immune microenvironment of LUSC patients.



Introduction

Lung cancer is one of the most common malignant tumors with a 5-year overall survival rate of 16%–20% (1, 2). Non-small cell lung cancer (NSCLC) accounts for about 80% of all lung cancer types (3), which consist of two main histologic subtypes: lung squamous cell carcinoma (LUSC; accounting for 55% of all NSCLCs) and lung adenocarcinoma (LUAD; accounting for 30%) (4). LUSC is often diagnosed at the advanced stage with poor prognosis and lacks targeted therapies available compared to LUAD.

Presently, chemotherapy remains the standard treatment for LUSC (5). As is known, tumors are the product of a complex interaction between malignant cells and other normal cells from a single initiating cell to a full tumor. Immune cells are normal cell types that are commonly symbiotic with cancer cells (6). In recent years, accumulating evidence has illustrated the correlation between immunotherapy and immune microenvironment (7). The insufficient tumor-infiltrating lymphocytes and low immunogenicity form an immunosuppressive microenvironment which has led to initial resistance to immunotherapy (8). However, how chemotherapy affects IME has not been well explained.

The establishment of The Cancer Genome Atlas (TCGA) database and Gene Expression Omnibus (GEO) database has helped to generate many large-scale cancer genomic datasets and enabled comprehensive bioinformatics analyses (9). Therefore, in this study, we downloaded the gene expression data of LUSC patients who received chemotherapy from the two databases. The immune cell infiltration and immune scores were evaluated to divide the LUSC into cold and hot tumor type. The differences in tumor mutation burden (TMB) and clinical information between the two types were then compared. Additionally, the differentially expressed genes (DEGs) between two types were analyzed to screen key biomarkers.



Methods


Data Sources and Preprocessing

The Illumina HiSeq 2000 gene expression data (normalized FPKM expression level data) of lung squamous cell carcinoma (LUSC) were downloaded from TCGA database. There are 550 samples, including 501 tumor samples and 49 normal samples. Among the tumor samples, 494 samples with clinical survival and prognostic information were retained as the training set. Based on the clinical information of these samples, we further divided them into the chemotherapy group and the non-treatment group and performed a subgroup analysis on the TMB and survival of the two groups, respectively. Additionally, the GSE37745 (10–12) dataset, including 196 samples, was downloaded from the NCBI GEO database, which was detected on the GPL570 Affymetrix Human Genome U133 Plus 2.0 Array platform. Among these samples, 66 had clinical survival and prognostic information, which were used as the validation set.



Analysis of Immune Cell Proportion

Cells in the tumor microenvironment can cluster into different types, and there are robust cell infiltration patterns among these cells. In this study, gene set variation analysis for microarray (GSVA) version 1.36.3 (13) in R3.6.1 based on the single-sample gene set enrichment analysis (ssGSEA) algorithm (14) was used to quantify the infiltration of 28 immune cell types.



Analysis of Sample Subtypes Based on Immune Cell Proportion

Based on the obtained immune cell proportion, the tumor subtypes were analyzed for all samples using the ConsensusClusterPlus version 1.54.0 (15) in R3.6.1. Based on the disease subtypes, the correlation of survival and prognosis among sample groups of different disease subtypes was evaluated using the Kaplan–Meier (KM) curve method in R3.6.1 survival package version 2.41-1 (16).



Analysis of Cold Tumor and Hot Tumor Type

ESTIMATE score, immune score, stroma score, and tumor purity were calculated using the estimate package (17) in R3.6.1. Then, hierarchical clustering was performed for the immune cell proportion according to different subtypes using the pheatmap version 1.0.8 (18, 19) in R3.6.1. ESTIMATE score, immune score, stroma score, and tumor purity were presented according to sample distribution. Finally, tumor types were classified into “cold” and “hot” based on ESTIMATE score, immune score, stroma score, and tumor purity, and clinical information of cold and hot tumor was statistically compared using Fisher’s accurate test in R3.6.1.



TMB Analysis

Based on the mutation information of tumor samples downloaded from TCGA database, the mutation of each gene in each sample was analyzed, and the genes with high-frequency mutation were displayed. Then using the maftools package version 2.6.05 (20) of R3.6.1, the TMB of tumor samples was calculated, and the TMB differences between cold and hot tumor groups were compared.



Screening of DEGs Associated With Cold and Hot Tumor Groupings

For the tumor samples in TCGA, significant DEGs between hot and cold groups were screened using the limma package version 3.34.7 (21) in R3.6. False discovery rate (FDR) < 0.05 and |log2 fold change (FC)| > 1 were used as the threshold for screening DEGs. Later, DAVID version 6.8 (22) was used for enrichment analysis of the biological process and KEGG signaling pathway for the significant DEGs, and FDR < 0.05 was selected as the threshold.



Differences in Expression Levels of Immune Checkpoint Gene Between Different Tumor Types

Based on the gene expression level in TCGA samples, the expression levels of specific immune checkpoint genes were extracted, including PD-L1 (CD274), PD1 (PDCD1), CTLA-4 (CTLA4), Tim3 (HAVCR2), CD278 (ICOS), LAG3, CD47, CD73, TIGIT, BTLA, myd1 (SIRPA), 4-1BB (TNFRSF9), OX40 (TNFRSF4), and B7-H4 (VTCN1). The expression differences between cold and hot tumor groups were compared.



Construction of Interaction Networks and Screening of Important Genes

The interaction relationship between DEG product proteins was searched from STRING (23) database version 11.0, and interaction scores higher than 0.7 were selected to build the interaction network. The network was visualized through Cytoscape version 3.6.1 (24). Then the network topology was analyzed to screen the hub nodes in the network.



Validation of Hub Genes

In the validation dataset GSE37745, based on the gene expression level detected in the GSE37745 samples, the proportion of immune cells and the tumor subtype were also analyzed. Additionally, ESTIMATE score, immune score, stroma score, and tumor purity were also calculated as above, and finally, the GSE37745 data set samples were also divided into cold and hot tumor samples based on various indicators. Then, the expression levels of hub genes were extracted from TCGA and GSE37745 datasets respectively. The differences in expression levels of cold and hot tumor samples in the two datasets were investigated.

To systematically describe our study, the analysis flowchart is shown in Figure 1.




Figure 1 | Analysis flowchart.





Statistical Analysis

R Studio version 3.6.1 and Bioconductor were used for statistical analysis. Overall survival was assessed by KM and log-rank test methods, and subgroup differences were analyzed by the Wilcox test or Kruskal test, with p-values < 0.05 considered to be statistically significant.




Results


Proportion of Immune Cells

Based on the gene expression level in tumor samples in TCGA database, the immune cell infiltration of each sample was evaluated. The relative abundance of 28 infiltrating immune cell populations was visualized through a heatmap (Figure 2A). Except for activated B cell, immature B cell, eosinophil, neutrophil, type 17 T helper cell, macrophage, and mast cell, the other 21 infiltrating immune cell populations had a higher proportion in almost all samples.




Figure 2 | (A) Heatmap of sample immune cell proportion evaluated based on ssGSEA. (B) Sample subtype analysis cluster diagram. (C) KM survival curves of different subtypes.





Tumor Subtype Analysis

The flow chart of bioinformatic analysis is shown in Figure 1. Based on the identified immune cell proportion in samples, subtypes were analyzed for tumor samples. As shown in Figure 2B, three subtypes were obtained, and there were 166, 205, and 123 tumor samples in subtype 1, 2, and 3, respectively. KM survival analysis showed that there were significant differences in survival and prognosis information among different subtypes, among which subtype 2 samples had better clinical prognosis (Figure 2C).



Cold and Hot Tumor Typing

The distribution characteristics of ESTIMATE score, immune score, stroma score, and tumor purity in different subtypes were compared, as shown in Figure 3A. The distribution of each score in different subtypes was significantly different. The distributions of ESTIMATE score, immune score, and stroma score were the lowest in subtype 2 and higher in subtype 1 and 3. However, the distribution trend for tumor purity was reversed. Subsequently, the proportion of immune cells was hierarchical clustering according to different subtype groups, and ESTIMATE score, immune score, stroma score, and tumor purity were also presented according to sample distribution. Then, according to reference (23), combined with ESTIMATE score, immune score, stroma score, and tumor purity information, we defined subtype 2 as “cold” type and combined subtypes 1 and 3 as “hot” type. After a subgroup analysis of patients based on whether they received chemotherapy, there was no significant difference in the clinical prognosis between cold and hot tumor groups in both chemotherapy (Figure 3B) and non-treatment groups (Figure 3C).




Figure 3 | (A) Comparison of the distribution of stroma score, ESTIMATE score, immune score, and tumor purity in different subtypes. (B, C) KM curves associated with survival outcomes between cold and hot tumor groups in chemotherapy (B) and non-treatment groups (C).





TMB Analysis

The genes with high-frequency mutations are shown in Figure S1A, including 20 genes, such as tumor protein P53 (TP53), titin (TTN), and CUB and sushi multiple domains 3 (CSMD3). Then TMB values of tumor samples were calculated. The results showed that the TMB value in the hot tumor group was significantly higher than that in the cold tumor group (Figure S1B). In the stratified analysis, the results of the chemotherapy group were consistent with the overall result. The TMB value of the hot tumor group was higher than that of the cold tumor group (Figure 4A), while in the non-treatment group, no significant difference was found in the TMB value between two groups (Figure 4B).




Figure 4 | The TMB value of hot tumor group and cold tumor group in chemotherapy (A) and non-treatment (B) groups.





DEGs Between Cold and Hot Tumor Groups

With FDR < 0.05 and |log2 fold change (FC)| > 1, 501 DEGs were identified between cold and hot tumor groups, which were significantly correlated with 25 biological processes and 13 KEGG signaling pathways. As shown in Figure 5A, these biological processes were mainly associated with immune response and inflammatory response. The top five pathways with lower FDRs were cytokine–cytokine receptor interaction, hematopoietic cell lineage, cell adhesion molecules (CAMs), natural killer cell-mediated cytotoxicity, and chemokine signaling pathway (Figure 5B).




Figure 5 | Bubble maps of biological processes (A) and KEGG signaling pathways (B) associated with significantly differentially expressed genes. The horizontal axis represents the number of differentially expressed genes, the vertical axis represents the name of the item, and the size of the dot represents the number of DEGs.





Expression Level of Specific Immune Checkpoint Genes in Cold and Hot Tumor Groups

The expression levels of 14 immune checkpoint genes were extracted from the LSCC samples in TCGA database. As shown in Figure 6, there was no expression information for ICOS and CD73. For the other 12 genes, their expression levels in the hot tumor group were significantly higher than that in the cold tumor group, except for VTCN1.




Figure 6 | Comparison of specific immune checkpoint genes expression between Hot and Cold groups. ***P < 0.001.





Construction of Interaction Networks and Screening of Hub Genes

After searching in the STRING database, 517 interaction pairs with interaction scores more than 0.7 were obtained, and a network with 219 nodes and 517 edges was established (Figure 7). Following network topology analysis, the top10 genes were selected as hub genes in the network according to the rank of node connectivity from large to small. The top10 genes were CD19, cytotoxic T-lymphocyte antigen 4 (CTLA4), Fc fragment of IgG receptor IIIb (FCGR3B), CD80, interleukin 10 (IL10), CD28, CD247, CD69, zeta chain of T cell receptor-associated protein kinase 70 (ZAP70), and interferon gamma (IFNG) (Table S1).




Figure 7 | Protein interaction network of significantly differentially expressed genes.





Validation of Hub Genes

In the validation dataset GSE37745, the proportion of immune cells was evaluated, and then the subtype of the samples was analyzed based on the immune cell proportion. The samples were divided into 3 subtypes. Subtypes I, II, and III contained 17, 25, and 24 tumor samples, respectively (Figure 8A). The subtype II group had poor clinical survival prognosis, and subtypes I and III had better clinical prognosis (Figure 8B). The comparison results of ESTIMATE score, immune score, stroma score, and tumor purity were similar to that in the training set (Figure 8C). Moreover, according to the grouping rules for hot and cold tumor types in the training set, the validation dataset samples were also divided into hot and cold tumor. There were significant differences in clinical prognosis between the two types of tumor samples, and the cold tumor group had good survival prognosis (Figure 8D), which was consistent with the results in the training set.




Figure 8 | (A) Sample subtype analysis cluster diagram in the validation set. (B) KM survival curves of different subtypes in validation set. (C) Comparison of the distribution of stroma score, ESTIMATE score, immune score, and tumor purity in different subtypes in validation set. (D) KM curves associated with survival outcomes in the Hot and Cold sample groups in validation set. (E) Expression level distribution of top10 hub genes in Cold and Hot tumor samples in the TCGA training set and validation dataset GSE37745. *P < 0.05; **P < 0.01; ***P < 0.001.



Furthermore, the expression levels of the hub genes were extracted from TCGA and GSE37745 datasets. All of the ten genes were significantly upregulated in the hot tumor group compared with the cold group in the TCGA dataset. In GSE37745, except for CTLA4 and IFNG, the other genes were also significantly upregulated in hot tumor group (Figure 8E).




Discussion

In recent years, the treatment of lung cancer has become more and more diverse. However, compared with LUAD, LUSC lacks driver gene mutations and standard chemotherapy is still the main treatment option. TCGA has revealed the genomic data from a large number of tumor samples and has provided detailed information about the tumor immune microenvironment (25, 26). Immune heterogeneity in the tumor microenvironment is associated with prognosis and drug sensitivity of patients with many types of cancers (27). It has been suggested that low immune cell infiltration is linked with poor clinical outcomes for patients with cancer. Analysis of immune signatures may reveal biomarkers for clinical outcome assessment (28). In order to explore whether LUSC patients receiving chemotherapy has an impact on the baseline immune microenvironment, we conducted this study. The LUSC samples downloaded from TCGA database were divided into three subtypes based on the immune cell proportion. Subtype 2 had the lowest ESTIMATE, stroma, and immune scores. In accordance with the report above, the samples of subtype 2 had the best clinical prognosis. Preclinical studies demonstrate that the majority of chemotherapeutic drugs exert immunostimulatory effects, either by inhibiting immunosuppressive cells and/or activating effector cells, or by increasing immunogenicity and increasing T-cell infiltration (29), whereas for LUSC patients with different degrees of immune infiltration in our study, chemotherapy did not significantly prolong their survival. There possible reasons are as follows: on the one hand, the sample size of patients receiving chemotherapy was small, and the results were not representative; on the other hand, myelosuppression and leukocytopenia caused by chemotherapy may affect the survival of LUSC patients.

TMB refers to the number of somatic mutations per 1 million bases, excluding single-nucleotide polymorphism (SNP), germline, copy number variation, and structural variation (30). TMB is an emerging characteristic of cancer and is associated with microsatellite instability. Highly mutated tumors may contain neoantigens, making them susceptible to immune cells (31). The increase of TMB in the human cancer genome is attributed to endogenous factors and environmental damage. Previous studies reported that patients with high TMB have a significantly better response to immunotherapy (32). Thus, TMB has become a biomarker for predicting the efficacy of immunotherapy. In our study, the TMB values between two groups were analyzed and we found that TMB in the cold group was significantly lower than that of the hot group. Furthermore, in all LUSC patients receiving chemotherapy, the TMB value of the hot tumor group was also obviously higher than that of the cold tumor group. These results demonstrated that high TMB often has a relatively favorable living condition. Based on this, we speculated that the hot tumor group that had a higher TMB may be more susceptible to immune checkpoint inhibitors after first-line chemotherapy advancement in LUSC. The correlation between TMB and tumor-infiltrating immune cells was analyzed to reflect on the status of the immune microenvironment.

A total of 501 DEGs were identified between two groups, which were enriched in immune response-related functions. In the present study, 12 immune checkpoint genes were found to be significantly differentially expressed between hot and cold tumor groups. Among those immune checkpoint genes, both CD47 and SIRPA were remarkably upregulated in the hot tumor group. CD47 is an integrin-associated protein and is overexpressed in many cancer cells (33). SIRPA is a main receptor of CD47 (34). In some human cancers, CD47 binds to SIRPA to trigger the inhibitory signaling pathway that caused tumor cells to evade from phagocytosis by macrophages (35). Now, tumor immunotherapy targeting the CD47/SIRPA axis has also become a hotspot in cancer treatment (36). We speculated that these immune checkpoint genes may be biomarkers for immunotherapy after chemotherapy in LUSC patients with more immune infiltration.

Moreover, ten hub genes, such as CD19, CTLA4, FCGR3B, and CD80, were validated in the GEO database. Interestingly, these genes were all upregulated in the hot tumor group. Additionally, among the ten genes, five were CD molecular, such as CD19, CD80, and CD28. CD19 is a transmembrane glycoprotein of the immunoglobulin superfamily and is broadly expressed in B-cell malignancies. CD80 can be expressed in immune cells as well as some cancer cells. Moreover, it could interact with both coinhibitory (CTLA4) and costimulatory (CD28) receptors to regulate the immune response (37). Specially, CTLA4 is also an immune checkpoint gene in the present study. CTLA4 is considered as an inhibitory regulator of T-cell activation. Blockading the physiological function of CTLA4 in T cells is now used as a therapeutic approach in many human malignancies, including NSCLC (38). FCGR3B encodes the activator Fc receptor, which functions in the regulation of immune and inflammatory responses (39). Its role in LUSC immunotherapy has not been reported to our knowledge. Given its role in immune and inflammatory responses, we speculated that FCGR3B may serve as a biomarker to distinguish cold and hot tumors in LUSC. For instance, the results of the current study were not validated using an independent patient cohort. Thus, further in vitro or in vivo experiments are needed to validate our findings.



Conclusion

In conclusion, chemotherapy does not affect the survival of LUSC patients in our study, but it significantly increases the TMB value, suggesting that subsequent immunotherapy may further improve the efficacy and improve the prognosis. CD47, SIRPA, and other immune checkpoint genes, as well as CD19, CTLA4, and other hub genes, can serve as biomarkers to help identify the immune microenvironment of LUSC patients, so as to better screen people who are suitable for continuing immunotherapy.
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Background

Immune checkpoint inhibitors (ICIs) brought about a major paradigm shift in non-small cell lung cancer (NSCLC) treatment. However, the use of ICIs is related to an unforeseeable pattern of immune-related adverse events (irAEs). Hence, more precise biomarkers are needed to predict the incidence of irAEs to prevent overtreatment of ICIs and decrease occurrences of irAEs. This study was designed to identify capable clinical features and plasma inflammatory factors for predicting irAEs.



Methods

A total of 67 patients who received ICI monotherapy or ICI-based combination therapy were retrospectively identified. Clinical characteristics and plasma inflammatory cytokines were collected and analyzed to screen potential biological markers associated with irAEs. The chi-square test, Fisher’s test, and the Mann–Whitney U test were performed for the primary analysis. The optimal cutoff value was determined by a receiver operating characteristic (ROC) curve. Univariate and multivariate logistic regression models were used to identify risk factors of irAEs. Univariate and multivariate Cox proportional hazards were also performed.



Results

Out of 67 patients, 40 (59.7%) experienced irAEs, and 7 (10.4%) experienced severe adverse events (grade ≥ 3). Among these analyzed immune profile biomarkers, only interleukin−10 (IL-10) was related to the risk of irAEs. A high baseline IL−10 plasma level (odds ratio (OR) = 5.318, 95% CI 1.174–24.081, p = 0.030) was found to be a tremendous and independent risk factor for the development of irAEs. Also, for the dynamic analysis, upregulation of IL-10 after one cycle of ICI treatment was positively related to the occurrence of irAEs (OR = 5.712, 95% CI 1.088–29.993, p = 0.039). When pneumonitis, the most common irAEs, was analyzed, only baseline high-expression IL-10 was accompanied with the incidence of pneumonitis (OR = 9.969, 95% CI 1.144–86.843, p = 0.037).



Conclusion

Baseline and dynamic IL-10 plasma levels are tremendously and independently related to higher risk in the development of irAEs and could be utilized for medical practice to monitor adverse events in patients with ICI treatment.
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Introduction

During the past years, immunotherapy, targeting immune checkpoint molecules, has led to dramatic advances in oncotherapy, especially in non-small cell lung cancer (NSCLC) treatment (1). However, immune checkpoint inhibitors (ICIs) not only can provide outstandingly durable responses in NSCLC but also is associated with a wide range of immune-related adverse events (irAEs) (2). Although it is still conflicting whether irAEs are accompanied with better treatment outcome (3), these irAEs could be disastrous and extend exposure to immunosuppressive therapies to counteract excessive immune upside risk by ICI therapies (4). Previous studies have reported that irAEs were observed in 51% of patients treated with ICIs (5) and 49% in 623 patients with advanced-stage NSCLC included worldwide (6). Also, among these irAEs, immune-related pneumonitis has been receiving extensive attention owing to its high discontinuation and fatality rate, especially in NSCLC (7). Therefore, the identification of biomarkers to predict irAEs and pneumonitis occurrence owing to ICIs is essential to increase the benefits during ICI treatment.

By eliminating the restraint of T-cell function, ICIs promote T cell-mediated effects on cancers. Nonetheless, they could also enhance the activity of mediators and cell sets that function against host tissues and potentially promote autoimmune activity (3). In addition, cytokines may take a role in the pathophysiology of irAEs. Previous studies determined that the level of interleukin (IL)-17 increased in patients with immunotherapy-associated colitis (8) and that increased levels of IL-17 have been detected in preclinical models of colitis (9). A prospective study reported that baseline IL-6 serum levels were independently correlated with a higher risk of severe toxicity, which thus could be used in the clinic to conduct personalized toxicity monitoring for melanoma patients receiving immunotherapy (10).

The purpose of this present study was to identify easily accessible biomarkers to predict the occurrence of irAEs. Given that these biomarkers in the peripheral blood are easily available and can be highly standardized and undergo repeated evaluations, it is particularly ideal to evaluate these biomarkers. With this project, our team members collected and analyzed the clinical characteristics and peripheral blood biomarkers including blood cells and a set of functionally selected cytokines both at baseline (before ICI treatment) and during dynamic monitoring (with ICI treatment).



Methods


Patients and Therapy

In Shanghai Pulmonary Hospital, data of patients with advanced-stage NSCLC with ICI therapy between August 20, 2018, and May 12, 2020, were recorded. The eighth edition of the TNM staging system was utilized to stage these included patients (11). All patients received ICIs as monotherapy or combination therapy, despite treatment lines.



Data Collection

Electronic medical characteristics were collected, including gender, age, smoking history, pathology, stage, Eastern Cooperative Oncology Group Performance Status (ECOG PS), PD-L1, ICI treatment strategy, and immunotherapy treatment line. Brain, liver, and bone metastases were also included. In addition, to explore the significance of the peripheral blood biomarkers, leukocyte, neutrophil, and lymphocyte were also recorded. IrAEs were defined depending on the fifth classification of the Common Terminology Criteria for Adverse Events (CTCAE). All irAEs included were confirmed by two researchers. Patients were followed up until January 27, 2021.



Cytokine Measurements

Plasma was extracted from the peripheral blood and frozen at −80°C immediately after extraction. Cytokines (IL-1β, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12p70, IL-13, IFN γ, and tumor necrosis factor (TNF)-α) were quantified using the human V-Plex Pro-inflammatory Panel 1 Kit (Meso Scale Discovery, Forestville, CA, USA). Since IL-1β and IL-13 fell below the detection threshold after treatment, we analyzed the relationship between the dynamic expression levels of eight cytokines during immunotherapy.



Statistical Analysis

The categorical variables were analyzed with the chi-square test, Fisher’s test, and the Mann–Whitney U test performed for continuous variables. A receiver operating characteristic (ROC) curve was performed to explore the analysis and determine the best cutoff value for irAEs and pneumonitis. Logistic regression models were used for identifying risk factors of irAEs. Univariate and multivariate Cox proportional hazards were also performed. For RNA-seq data of lung cancer from The Cancer Genome Atlas (TCGA), the count value of gene expression was downloaded using R package GDCRNATools (12) with 1,014 tumor samples and 108 normal samples obtained in this study. The single-sample gene set enrichment analysis (ssGSEA) (13) was performed to quantify each immune-related cell infiltration (14). SPSS software (V 26.0) and RStudio software (V4.0.1) were used for statistical analysis.




Results


Patient Characteristics and Immune-Related Adverse Event Profile

The clinical characteristics of the 67 patients and baseline blood biomarker levels were incorporated in this study and summarized in Table 1. The median age at baseline was 65 (40 to 89) years, 13.4% of these patients were female, and 44% were never-smokers. Among them, 50.7% of patients were diagnosed with lung adenocarcinoma, and others were squamous. PD-L1 was detected in 57.5% of these patients. All patients were treated with immunotherapy including monotherapy (56.7%) and combination therapy (43.3%). Of the patients, 27% received ICI treatment as a first-line strategy. No patients had previously received ICI treatments. When regard to metastatic sites, baseline incidence of brain metastasis was 10.4%, liver metastasis was 6%, and bone metastasis was 25%. Also, the median follow-up time was 6.1 months. The irAE profile is shown in Figure 1. Of 67 patients, 40 patients (59.7%) developed one or more events for a total of 78 irAEs. The most common irAEs were pneumonitis (29.49%) and hepatitis (24.36%). Of note, 7 patients (10.45%) experienced a severe adverse event (grade ≥ 3). When considering blood biomarkers, the levels of leukocyte, neutrophil, and lymphocyte did not have statistical significance in patients with irAEs or not (Table 1), and only IL-10 levels showed evident correlation with irAEs (p = 0.016) among plasma inflammatory factors (Table 1).


Table 1 | Baseline clinical characteristics of patients who received ICIs.






Figure 1 | IrAE spectrum in patients receiving immunotherapy. Rates of individual diseases in all included irAEs (n = 78). irAEs, immune-related adverse events; RCCEP, reactive cutaneous capillary endothelial proliferation.





Association Between Baseline IL-10 and Immune-Related Adverse Events

All blood biomarkers were evaluated in the ROC curve analysis (Supplementary Figure 1) and the Mann–Whitney U test (Table 1) for the predictive of irAEs, and only IL-10 was found to have significance (area under the curve (AUC) = 0.674, p = 0.016) (Figure 2A). Based on these results, we chose IL-10 for further analysis. The optimal cutoff value of the baseline IL-10 to differentiate the occurrence of irAEs was 0.704 pg/ml (sensitivity = 92.5%, specificity = 40.7%). Therefore, patients with baseline IL-10 ≥0.704 were defined as the high IL-10 group, with others defined as the low IL-10 group. Univariate and multivariate logistic regression analyses were performed to reveal that IL-10 (odds ratio (OR) = 5.318, 95% CI 1.174–24.081, p = 0.030) (Figure 3) was significantly and independently associated with the occurrence of irAEs. Also, the incidence of irAEs was higher in the high IL-10 group compared with the low IL-10 group (69.81% vs. 21.43%, p = 0.001) (Figure 2B). There is little evident difference (p = 0.780) in the distribution of severity among the high IL-10 and low IL-10 groups (Supplementary Figure 3A). The median time of irAEs was 2.13 months (range 0.03–16.7 months). The median time was 2.03 months in the high IL-10 group (range 0.37–16.7 months) and 4.23 months in the low IL-10 group (range 0.03–8.13 months). Furthermore, the accumulative incidence of irAEs (Figure 2C) showed a significant difference in different groups (p = 0.003). Taking the occurrence time of irAEs into consideration, univariate and multivariate Cox proportional hazards regression analyses (Supplementary Table 1) also indicated that only IL-10 was associated with the incidence of irAEs (hazard ratio (HR) = 4.458, 95% CI 1.329–14.953, p = 0.015). In order to explore the difference of identified immune cell infiltration, we evaluated the landscape of 28 immune-related cells in both tumor (n = 1014) and normal (n = 108) samples. We used the value of the median of IL-10 to define the high IL-10 group and low IL-10 group. As shown in Figure 4, we found that all immune cells presented significant difference in infiltration between the high IL-10 group and low IL-10 group in tumor samples, and most of these cells were also significantly enriched in high IL-10 with normal tissues. This indicated that a high level of IL-10 may be correlated with an activated inflammatory environment.




Figure 2 | Association between baseline blood IL-10 and irAEs. (A) ROC curve analysis of IL-10 and irAEs, AUC = 0.674. (B) The probability of occurrence of IrAEs in patients with low IL-10 and high IL-10. (C) Accumulative incidence of irAEs with patients during ICI therapy. Patients who died or have missing follow-ups were defined as censored values. ROC, receiver operating characteristic; AUC, area under the curve; irAEs, immune-related adverse events; ICI, immune checkpoint inhibitor.






Figure 3 | Logistic regression with univariate and multivariate analyses for the risk factors of irAEs. Characteristics in univariate models with p-value <0.05 were included in multivariate analysis. irAEs, immune-related adverse events.






Figure 4 | The role of IL-10 in the immune-related cell infiltration. (A) Twenty-eight immune-related infiltration cells between high and low IL-10 groups in non-small cell lung tumor samples. (B) Twenty-eight immune-related infiltration cells between high and low IL-10 groups in normal samples (ns: p ≥ 0.05, *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).





Association Between Dynamic IL-10 and Immune-Related Adverse Events

The plasma of 36 patients was collected both at baseline and during treatment and was used to analyze the relationship between the dynamic change of cytokines and the incidence of irAEs. The median change was used to differentiate between the high and low groups for these cytokines, the chi-square test was performed (Supplementary Table 2), and IL-10 was found to differ significantly (p = 0.015). Furthermore, univariate and multivariate analyses (Supplementary Table 3) determined that high IL-10 during treatment was still associated with the occurrence of irAEs (OR = 5.712, 95% CI 1.088–29.993, p = 0.039).



Association Between Baseline IL-10 and Immune Checkpoint Inhibitor-Related Pneumonitis

Considering that pneumonia was the most common irAE in this study and one of the most worrying adverse reactions in advanced NSCLC patients during ICI therapy (7). Therefore, in addition to identifying IL-10 as a reliable predictor for the irAEs, we hope to find out if IL-10 could also play an eligible role in predicting pneumonia during ICI therapy. The baseline clinical characteristics of patients in pneumonitis are stated in Supplementary Table 4. Smoking history (p = 0.006), IL-10 (p = 0.017), and IL-12 (p = 0.009) were found have significance in distinguishing the occurrence of pneumonitis. Both IL-10 (Figure 5A) and IL-12 (Supplementary Figure 2) were used in the ROC to determine the most appropriate cutoff value of the high and low groups. Univariate and multivariate logistic regression analyses were utilized (Figure 6), and IL-10 (OR = 9.969, 95% CI 1.144-86.843, p = 0.037) was credible and independently related to the occurrence of pneumonitis. Besides, the incidence of pneumonia was higher in the high baseline IL-10 group when compared with the low group (45.65% vs. 9.52%, p = 0.004) (Figure 5B). There was no evident difference in high and low IL-10 in severity grade (p = 0.786) (Supplementary Figure 3B). Also, Cox proportional hazards regression model (Supplementary Table 5) further verified the value of IL-10 (HR = 14.015, 95% CI 1.794–109.507, p = 0.012). The median time in the high IL-10 group was 4.5 months (range 0.70–10.73 months) and in the low IL-10 group was 4.66 months (range 1.70–7.63 months). Moreover, the cumulative incidence of pneumonitis (Figure 5C) showed a significant difference in different groups (p = 0.002). For the reason of few occurrences of pneumonitis in 37 patients during dynamic monitoring, we did not find any difference in the dynamic changes of these cytokines in patients with pneumonia or not (Supplementary Tables 6, 7).




Figure 5 | Association between baseline blood IL-10 and ICI pneumonitis. (A) ROC curve analysis of IL-10 and ICI pneumonitis, AUC = 0.678. (B) The probability of ICI pneumonitis in patients with high IL-10 and low IL-10. (C) Accumulative incidence of ICI pneumonitis among patients during ICI therapy. Patients who were lost to follow-up or died were defined as censored value. ICI-pneumonitis, immune checkpoint inhibitor-related pneumonitis; ROC, receiver operating characteristic; AUC, area under the curve.






Figure 6 | Univariate and multivariate logistic regression analyses for the risk factors of ICI-pneumonitis. Characteristics in univariate models with p-value <0.05 were included in multivariate analysis. ICI-pneumonitis, immune checkpoint inhibitor-related pneumonitis.






Discussion

Impressive agent activity of various ICIs has led to regulatory approvals for multiple agents in various solid tumor indications (15–19). IrAEs from ICI differ from cytotoxicity or toxicity caused by molecular targeting agents. The time of toxicity may be delayed rather than following periodic patterns such as traditional cytotoxicity. Mechanisms have yet to be determined, and even with the same agent, it is likely to be heterogeneous between patients.

These irAEs are widely distributed in terms of affected organs and severity. Dermatology, endocrinology, neurology, gastrointestinal, respiratory, and musculoskeletal toxicity may occur individually or in constellations. More than two-thirds of cancer immunotherapy-related irAEs cases are ICI related, with three drugs (ipilimumab, nivolumab, and pembrolizumab) accounting for nearly 60% of reported cases (20). A preceding clinical trial reported that patients who were treated with nivolumab alone, ipilimumab alone, or nivolumab plus ipilimumab developed grade 3 or 4 irAEs with a rate of 21%, 28%, and 59%, respectively. Furthermore, four patients passed away owing to severe irAEs (21). Most are self-limiting or addressing immunosuppressants such as corticosteroids. ICI treatment can regularly continue through close supervision to avoid more serious irAEs. However, severe irAEs could be related to a grave decline in function of these organs and quality in daily life, and especially fatal results have been reported.

If these irAEs were early detected and properly dealt with, most of them are moderate and reversible. Therefore, it is essential to look for biomarkers in predicting the incidence of irAEs. Compared with many biomarkers of tumor response, there were fewer investigations of biomarkers of tumor irAEs (22). Previous studies have reported that body composition parameters, such as sex, IL-6, IL-17, CXCL5, blood cell counts, autoantibodies, T-cell repertoire, and gut microbiome were relevant to the occurrence of irAEs. Cytokines were reported as the important effect and messenger molecules in the human immune system (23). They are deeply involved in the immune response to infection and inflammation, preventing or contributing to diseases such as allergies, autoimmunity, and tumors. However, with regard to these cytokines, different cytokines and even the same cytokine may play different roles in predicting the irAEs in different studies (10, 24).

In order to explore the correlation of these cytokines with irAEs, a set of functionally selected cytokines was detected and analyzed. Among these considered biomarkers, baseline and dynamic levels of IL-10 are known to have a crucial role in anti-inflammatory and immunosuppressive effects and can stratify the risk of irAEs, particularly, higher levels of IL-10, indicating the higher risk of irAEs.

IL-10 is reported as an immunomodulatory cytokine and could be provided by different cell types in humans, such as CD4+ T cells, CD8+ T cells, B cells, and monocytes (25, 26). Recently, macrophages were expanded to IL-10-producing cells (27, 28) and some non-hematopoietic cells, including epithelial (29) and tumor cells (30). In addition to being provided by the above cells, IL-10 functionally targets diverse cells, resulting in even different paradoxical roles in functions with immunity and cancer. Some studies found that IL-10 induced T cell anergy, while others confirmed that IL-10 could stimulate the proliferation of mature CD8+ T cells and can increase the cytolytic activity of the T cells. The faint effects of IL-10 were reported in NK cells as well. NK cell expression was suppressed by IL-10, although IL-10 can also increase NK cytolytic activity. However, IL-10 promotes the survival of B cells and proliferation as well as differentiation, which have been much clear. In addition, IL-10 has been well-documented to restrain MHC class II expression. In our study, we found that a high level of IL-10 was correlated with activated inflammatory environment in both tumor and normal samples.

To our knowledge, this is the first study to investigate the predictive value of baseline and dynamic plasma IL-10 for irAEs in NSCLC patients. Our results suggested that patients with a high level of baseline IL-10 have a higher risk of irAEs (OR = 5.318, p = 0.030). Also, during ICI treatment, the dynamic change of IL-10 was still associated with the occurrence of irAEs. With regard to pneumonitis as the most frequent event among these irAEs, the baseline level of IL-10 plays a reliable role (OR = 9.969, p = 0.037) in predicting the incidence.

However, there are still some limitations. First, this was a single-center retrospective evaluation, and 67 patients were included in our analysis, suggesting that there may have been information bias that needs to be verified in more large and multicenter cohorts. Second, the exact aspects of irAEs were related to ICI drugs, and the predictive role of IL-10 may need to be verified in these ICI drugs to help clinicians personalize immune-toxicity surveillance. Third, we did not explore what the specific mechanisms IL-10 plays in these patients with irAEs because IL-10 may not only serve as a reliable predictor of irAEs but also serve as target therapy to eliminate or reduce these irAEs.



Conclusion

This study analyzed the correlation of a set of functionally selected blood cytokines and the incidence of irAEs. The multivariate analysis indicated that baseline and dynamic blood IL-10 is a promising biomarker for irAEs. These findings suggested that patients with a high level of IL-10 should be carefully monitored for toxicity during ICI therapy. Further prospective studies in larger cohorts are necessary to validate our results.
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Radiation recall pneumonitis (RRP) is described as an unpredictable acute inflammatory reaction within the previously irradiated lung site during the administration of systematic therapy after radiotherapy. Here, we reported a case of a 54-year-old woman with non-small lung cancer (NSCLC), who had pneumonitis at 3 and 10 months after radiotherapy regarded as radiation pneumonitis (RP) and RRP induced by anti-PD-1 sintilimab, respectively. This unique patient with double pneumonitis (RP and RRP) has drawn attention to the identification of immune or radiation pneumonitis, its potential mechanism, and further treatment strategy after the emergence of RRP.
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Introduction

Radiation pneumonitis (RP) is an acute inflammation that occurs within 6 months, most often within 12 weeks, after the end of radiation therapy (RT) (1, 2). Radiation recall pneumonitis (RRP) is an unpredictable acute inflammatory reaction within the previously irradiated lung area during the course of systematic therapy (3, 4). RRP is mainly associated with chemotherapeutic drugs and EGFR-tyrosine kinase inhibitors (TKIs) (4–7), whereas RRP induced by immune checkpoint inhibitors (ICIs) has been rarely reported.

The combinations of RT and ICIs have shown significant benefits in cancers. For example, durvalumab has been approved as consolidation therapy after chemoradiotherapy in patients with unresectable stage III non-small lung cancer (NSCLC). Moreover, a pooled analysis of the results of the PEMBRO-RT and MDACC trials reported that the combination of pembrolizumab and RT enhanced both overall survival (OS; p = 0.0004) and progression-free survival (PFS; p = 0.045) in patients with advanced NSCLC. However, the incidence of immune-related pneumonitis was found to range from 0% to 5.8%, indicating that the efficacy of RT and immunotherapy is limited by lung toxicity (8).

Administration of ICIs after RT may lead to the development of RRP through toxic overloading or triggering memory responses. A subgroup analysis from the PACIFIC trial (9) found that any grade pneumonitis was more frequent in patients who were treated than those not treated with durvalumab after RT (33.9% vs. 24.8%). A secondary analysis of the KEYNOTE-001 phase I trial showed that a history of RT before pembrolizumab was predictive of longer PFS but was associated with a higher incidence of pneumonitis (13% vs. 1%, p = 0.046) (10). Similarly, the incidence of pneumonitis in the PEMBRO-RT trial was higher in patients who received pembrolizumab after RT than those who received pembrolizumab alone (26% vs. 8%) (11).



Case Report

In March 2019, a 54-year-old woman with an Eastern Cooperative Oncology Group (ECOG) score of 1 presented with hoarseness and cough without an obvious cause. An enhanced chest CT scan revealed a nodule in the left upper lobe and mediastinal lymph node metastases in the pulmonary artery. Bronchoscopy revealed a pathological diagnosis of lung adenocarcinoma. Brain MRI scan and whole-body bone scan did not reveal other sites of metastatic disease. Preliminary staging of the tumor determined it to be cT2N2M0 IIIA. According to the multidisciplinary team (MDT), patients with pulmonary artery invasion cannot be treated surgically, with concurrent chemoradiotherapy (CCRT) being the standard treatment. Therefore, the patient was enrolled in a randomized, controlled phase III clinical trial evaluating the use of sintilimab as consolidation therapy in patients with unresectable, locally advanced NSCLC (stage III) without disease progression after radical CCRT. The patient received two cycles of induction chemotherapy which ended in May 2019, followed by CCRT which ended in July 2019. The gross tumor volume (GTV) included the lung lesion and metastatic lymph nodes, with the GTV and 0.8-cm margins yielding the clinical tumor volume (CTV) and the CTV with additional 0.5-cm margins yielding the planning tumor volume (PTV). CCRT consisted of 30 fractions of 2.0 Gy each, for a total of 60.0 Gy (Figure 2A). The digitally reconstructed radiograph (DRR) in the anterior–posterior (AP) is shown in Figure 2B. The mean lung dose (MLD) was 13.5 Gy, with 17% of the lung receiving a dose of 20 Gy (V20) and 53% of the lung receiving a dose of 5 Gy (V5). Chest CT after CCRT showed a partial response (PR) (30.3% lesion reduction), with the patient subsequently receiving consolidation sintilimab every 3 weeks. The major treatment process and CT evaluation of the patient since diagnosis is shown in Figure 1.

Three months after RT, during the third cycle of sintilimab treatment, the patient experienced pneumonitis with a slight cough, with imaging showing consolidation in the left lower lobe (Figure 1). According to CTCAE 4.0, this pneumonitis was diagnosed as a mild form of grade II RP. Taking into consideration the patient’s request, she was treated with traditional Chinese medicine (a simplified formula of Baihegujin decoction including raw ground Radix Scrophulariae, Paeonia lactiflora, and Sichuan shell) to relieve her cough and continued to be treated with sintilimab. CT reexamination showed improvement 2 months after the first episode of pneumonitis, and it continued to show PR (32% reduction of tumor lesion). Because the time interval between the end of RT was short (<6 months) and the patient continued to respond to sintilimab, the first episode of pneumonitis was defined as RP.

At 10 months, during the 10th cycle of sintilimab therapy after RT, the patient experienced severe dyspnea and cough. A chest CT scan showed a new ground-glass opacity in the left lower lobe, which localized within the previously irradiated area (Figure 2). No evidence of significant infection was found in the blood and sputum cultures. Based on CT imaging and long-time interval, the second episode of pneumonitis was not likely to be conventional RP or immune-related pneumonitis; rather, it was regarded as RRP induced by sintilimab. Sintilimab treatment was discontinued in this patient, and she was rather started on 120 mg q12h prednisone, which was gradually tapered over more than 4 weeks. Her symptoms were gradually relieved and CT reexamination showed obvious improvement after 2 months without tumor progression (Figure 1).




Figure 1 | Timeline of the major treatment process and CT evaluation of the patient since diagnosis. CT, computed tomography; CCRT, concurrent chemoradiotherapy; RP, radiation pneumonitis; RRP, radiation recall pneumonitis. Red arrow: tumor site; blue arrow: pneumonitis site.






Figure 2 | (A) Radiation field. (B) DRR in the AP. DRR, digitally reconstructed radiograph; AP, anterior–posterior.





Discussion

The present study describes a patient who experienced RRP induced by sintilimab, a whole humanized IgG4 monoclonal antibody that blocks the interaction of PD-1 with its ligands PD-L1 and PD-L2.

To date, there is no general consensus regarding the diagnosis of RRP. In general, RRP is regarded as pneumonitis not due to other causes, including RP, antitumor-induced pneumonitis, pulmonary infection, and progressive tumor. Although the initial clinical manifestations of RRP included fever, cough, and dyspnea, these clinical symptoms can occur in all types of pneumonitis and may serve as warning signs rather than for differential diagnosis. Imaging changes limited to previously irradiated areas resulting in ground-glass opacity without tumor progression are also indicative of RRP, whereas immune-associated pneumonitis is not limited to high-dose areas (12). Moreover, RRP usually occurs in patients taking antitumor agents after RT. Another difference between RP and RRP is that RP usually occurs within 6 months of RT, whereas RRP occurs at later times (13). Finally, blood culture and blood sample examination can distinguish RRP from pulmonary infections.

Treatments for RRP include cessation of antitumor agents and application of corticosteroids and corresponding supportive care (3). The efficacy of rechallenge with the same antitumor agents is unclear. The RRP recurrence rate after rechallenge with the same ICI was reported to be 28.8% (14). Interestingly, pneumonitis was associated with a higher recurrence rate (odds ratio, 2.26; 95% confidence interval, 1.18–4.32; p = 0.01). Hence, rechallenge after RRP requires careful evaluation by the MDT. Because the present patient was at high risk for recurrent sintilimab-induced pneumonitis, this agent was discontinued. Additional studies are needed to determine the standard treatment for RRP.

The apparent benefits of ICI after RT have led to increases in the number of patients with a variety of cancers receiving ICIs. Clinicians should carefully evaluate cancer patients at risk of ICI-induced RRP.
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Background

Increasing evidence shows that the ubiquitin–proteasome system has a crucial impact on lung adenocarcinoma. However, reliable prognostic signatures based on ubiquitination and immune traits have not yet been established.



Methods

Bioinformatics was performed to analyze the characteristic of ubiquitination in lung adenocarcinoma. Principal component analysis was employed to identify the difference between lung adenocarcinoma and adjacent tissue. The ubiquitin prognostic risk model was constructed by multivariate Cox regression and least absolute shrinkage and selection operator regression based on the public database The Cancer Genome Atlas, with evaluation of the time-dependent receiver operating characteristic curve. A variety of algorithms was used to analyze the immune traits of model stratification. Meanwhile, the drug response sensitivity for subgroups was predicted by the “pRRophetic” package based on the database of the Cancer Genome Project.



Results

The expression of ubiquitin genes was different in the tumor and in the adjacent tissue. The ubiquitin model was superior to the clinical indexes, and four validation datasets verified the prognostic effect. Additionally, the stratification of the model reflected distinct immune landscapes and mutation traits. The low-risk group was infiltrating plenty of immune cells and highly expressed major histocompatibility complex and immune genes, which illustrated that these patients could benefit from immune treatment. The high-risk group showed higher mutation and tumor mutation burden. Integrating the tumor mutation burden and the immune score revealed the patient’s discrepancy between survival and drug response. Finally, we discovered that the drug targeting ubiquitin and proteasome would be a beneficial prospective treatment for lung adenocarcinoma.



Conclusion

The ubiquitin trait could reflect the prognosis of lung adenocarcinoma, and it might shed light on the development of novel ubiquitin biomarkers and targeted therapy for lung adenocarcinoma.





Keywords: ubiquitination, prognostic model, immune infiltration, genome mutation, drug response



Introduction

It has been extensively acknowledged that lung cancer is strikingly the most common cancer among the whole population (11.6% of the total cases) and the leading cause of cancer death (18.4% of the total cancer deaths). Lung adenocarcinoma (LUAD), the predominant subtype of non-small cell lung cancer, features a poor prognosis and a limited 5-year survival rate (1, 2). However, patients diagnosed with advanced LUAD, specifically those who fail to take surgical interventions, are liable to suffer from retardant clinical diagnosis and inadequate treatment regimes, which, in turn, lead to a worsened status with restricted survival. It is of necessity to regard risk assessment as a priority to detect those in early stages and take further radical measures aimed to prevent progression.

Ubiquitination, a frequent post-translational modification that is highly conserved for metazoans and regulates the stability and degradation of proteins, usually functions reversibly within a series of enzyme-dependent reactions (3). It has the potency to modify tumor-associated proteins and further degrade them in a proteasome-dependent manner that makes the malfunction of ubiquitination an adverse capacity to cause LUAD inclusively (4–9). There still exists a necessity to further uncover the diagnostic and prognostic value of ubiquitin–proteasome systems in LUAD. Interestingly, several recent studies indicated that ubiquitination serves as a crucial adaptor in the regulation of innate and adaptive immune responses as well as immune tolerance (10). Being proven markers of dendritic cell maturation, MHC class II (MHCII) and costimulatory molecules on the cell membranes, such as CD80 and CD86, are regulated by ubiquitination–deubiquitylation-dependent dynamic equilibrium (11). Similarly, ubiquitination also correlates with the regulation of T cell receptor proximal signaling, which acts as a critical component of adaptive immunity. These results indicated that ubiquitination is involved in extensive antitumor immunity but failed to describe its explicit role in regulating immune cells and their environment. Thus, the exploration of ubiquitination in regulating immune response and its correlation with genome alternation in lung adenocarcinoma needs further evaluation.

In this study, we found that the ubiquitin molecules were different in the tumor and in the adjacent tissue and further observed the potential biological traits at the transcriptome and protein levels. Subsequently, we constructed a ubiquitination-oriented predictive model on the basis of a public database analysis to evaluate its ubiquitin degree and prognostic value in LUAD. Using integrated and stratified multi-omics analysis within immune infiltration and genome alternation, respectively, we further explored its clinical efficacy in predicting prognosis and drug response to immune checkpoint blockade and targeted therapy with the present evaluative markers. Overall, our study presented a brand new clinically predictive ubiquitin model, which aims to uncover the underlying ubiquitination characteristics of LUAD and its clinical predictive effectiveness with different genotypes.



Methods


Principal Component Analysis of Ubiquitin-Associated Genes in LUAD and Adjacent Tissue

In total, 2,838 ubiquitination genes were integrated, which originated from the Integrated Annotations for Ubiquitin and Ubiquitin-Like Conjugation Database (IUUCD) (http://iuucd.biocuckoo.org/) (12). We found that 181 ubiquitin genes were co-expressed in LUAD. The principal component analysis of the 181 ubiquitin genes screened revealed the different expression in the tumors and the adjacent tissues. It was performed by the “pca3d” packages of R studio and visualized.



Construction of the Prognostic Risk Model

Cox proportional hazard regression was used to evaluate the prognosis-related ubiquitin genes in the expression of 181 ubiquitination genes in patients with LUAD. A total of 26 differentially expressed genes in 181 genes were associated with the prognosis of LUAD patients. Subsequently, 10 among the 26 prognostic genes were screened to construct the multivariate Cox model using stepwise multivariate Cox proportional hazard regression (p < 0.05). Meanwhile, 11 of the 26 genes were selected to build the prognostic model by least absolute shrinkage and selection operator (LASSO) regression. Then, the two models intersected with 9 genes: USP29, MPP7, TRIM40, HERC1, TLE1, ASB2, NEDD1, USP44, and PHF1, respectively. LASSO Cox regression was performed to reconstruct the prognostic model of 9 genes.

A ubiquitin-related risk score (URS) was established by including the gene expression values weighted by Cox multivariate proportional risk model coefficients:

URS = ∑i[coefficient (mRNAi) × expression (mRNAi)]. The three models were as follows: multivariate Cox model—URSmulti-Cox =USP29 * 0.35 + MPP7 * (-0.23) + TRIM4 * 0.08 + HERC1 * (-0.28) + TLE1 * 0.36 + RNF166 * 0.25 + ASB2 * (-0.29) + NEDD1 * 0.48 + USP44 * (-0.1) + PHF1 * (-0.36); LASSO model of 11 genes—URSLASSO (11) = USP29 * 0.28 + MPP7 * (-0.18) + TLE2 * (-0.04) + TRIM40 * 0.04 + HERC1 * (-0.16) + TLE1 * 0.32 + ASB2 * (-0.2) + NEDD1 * 0.32+USP44 * (-0.8) +PHF1 * (-0.15) + WSB2 * 0.03; and LASSO model of 9 genes—URSLASSO (9) = USP29 * 0.34 + MPP7 * (-0.2) + TRIM40 * 0.06 + HERC1 * (-0.21) + TLE1 * 0.36 + ASB2 * (-0.2) + NEDD1 * 0.41 + USP44 * (-0.1) + PHF1 * (-0.22)

In addition, overall survival and first progression of each gene of the URSLASSO (9) model were analyzed by the Kaplan–Meier (KM) plotter (http://kmplot.com/analysis/).



Validation of the Model

According to the pathology stage of the patients, they were spilt into the early and advanced stages. Stages I and II were considered as the early stage, and stages III and IV were assigned to the advanced stage of LUAD patients, including 378 and 104 patients, respectively.

The outer four validation datasets verified the stability and the accuracy of the prognostic risk model from the Gene Expression Omnibus (GEO) datasets, including GSE13213, GSE31210, GSE36471, and GSE11969.



Analysis With PPI and GSEA of the Model

The functional protein interaction network of the 9 ubiquitin genes was predicted using the STRING database (https://stringb.org/) and considering the interacting protein based on the interaction score >0.70. A total of 71 molecule proteins met the screening criteria, and a protein interaction network map was constructed by using Cytoscape 3.6.1.

The genes of the enrichment pathway were analyzed using Gene Set Enrichment Analysis (GSEA) based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG). Three KEGG pathways were co-expressed corresponding to each of the 9 Ubi genes.



Immune Infiltration of the Prognostic Risk Model

According to the prognostic risk score, the patients of LUAD of TCGA databases were split into high- and low-risk groups. The differentially expressed genes of the groups was determined by the LIMMA package (13) of R software, and the genes were selected by |log fold change| ≥2 and p-value ≤10-5.

The levels of infiltrating immune and stromal cells were calculated by QUANTISEQ, CIBERSORT, and XCELL algorithms, which included 22 cells of the CIBERSORT algorithm, 11 cells of the QUANTISEQ algorithm, and 64 cells of the XCELL algorithm. The immune score, stroma score, and microenvironment score were calculated by the XCELL algorithms. The t-distributed stochastic neighbor embedding (t-SNE) was used to analyze the clusters of immune cells of the three algorithms to dimensionality reduction.



Mutation Profile of the Model

According to the model grouping, there were 242 cases in the high-risk group and 244 cases in the low-risk group. The mutation data of LUAD was analyzed and visualized by the maftools package of R software. The co-mutation of pair genes was calculated by somatic interaction function and examined by Fisher’s exact test, and the tumor mutation burden (TMB) is derived as mutation number/30. The patients were divided into four subgroups according to the mean of TMB and immune scores, such as high TMB and low immune score, high TMB and high immune score, low TMB and low immune score, and low TMB and high immune score, respectively.



Clinical Drug Response

Based on a database of the Cancer Genome Project (CGP), we screened 4 chemotherapy drugs (cisplatin, gemcitabine, paclitaxel, and etoposide), 3 targeted drugs (axitinib, selumetinib, and gefitinib), and 3 proteasome inhibitors (bortezomib, lenalidomide, and MG132). The “pRRophetic” package was used to analyze the drug response of chemotherapy and targeted therapy for groups, including the risk group, and a group of TMB/immune score.



Survival and Other Statistical Analysis

For the categorical variables, the KM plotter and Cox regression analysis were used to calculate the significance of overall survival (OS). The statistical difference of the OS in the KM curve analyses was compared using the log-rank test. For continuous variables, Cox regression was used to calculate the hazard ratio and significance of differences in the OS. The time-dependent area under the receiver operating characteristic (ROC) curve (AUC) was used to evaluate the predictive power of risk score and clinical indexes to model.

The statistical difference of distribution of three or more groups was examined by the Kruskal–Wallis test and that of two groups was compared by the Wilcoxon test. Chi-square was used to examine the statistical differences of risk groups and other clinical indexes, including age, gender, stage, T stage, N stage, M stage, risk score, and risk score plus stage. The P-values are two-sided, and P <0.05 was considered statistically significant.




Results


Construction of the Prognostic Risk Model of Ubiquitination

The ubiquitin–proteasome system was a signature pathway to hydrolytic protease and participated in the process of lung adenosarcoma. To research the signature of ubiquitin molecules in patients of LUAD, 2,838 ubiquitination genes were screened, including those encoding E1s (ubiquitin-activating enzymes), E2s (ubiquitin-conjugating enzymes), E3s (ubiquitin-protein ligases), and DUBs (deubiquitinating enzymes), which originated from the IUUCD. Our study flow chart is illustrated in Figure 1. A total of 181 genes of ubiquitination were co-expressed in the TCGA and GEO databases (Figure 2A). The demographics of this cohort are listed in Table 1. The GO pathway enrichment analysis was performed to uncover whether these ubiquitination genes were involved in the protein ubiquitination-related biological process (Figure 2B). The genes were assigned to two clusters of LUAD and adjacent tissue by principal component analysis, which revealed that the ubiquitin genes influenced the biological process of LUAD and needed further research (Figure 2C).




Figure 1 | Flow chart of the research.






Figure 2 | Construction of the prognostic risk model of ubiquitination in the lung adenocarcinoma (LUAD). (A) Ubiquitination-associated genes co-expressed in The Cancer Genome Atlas (TCGA), GSE13213, GSE31210, GSE36471, and GSE11969 datasets. (B) Bar plot of the Gene Ontology enrichment analysis of ubiquitin genes. (C) 3D principal component analysis plot of ubiquitin genes in LUAD and adjacent tissue. (D) Statistically significant (p < 0.05) Ubi genes of the prognostic model based on univariate Cox proportion hazards regression. (E) Venn plot intersecting genes of the LASSO model and multivariate Cox model. (F) LASSO plot of 9 genes with ubiquitination LASSO model. (G) Correlation of the Ubi genes of the prognostic risk model. (H) Kaplan–Meier curve of the high- and low-risk groups of TCGA-LUAD. (I) Risk score of the LASSO prognostic model. (J) Risk state of the LASSO prognostic model. (K) Receiver operating characteristic curve of the risk score and other clinical factors for TCGA-LUAD. (L) Forest plot of the univariate Cox regression analysis of the risk score and clinical factors for TCGA-LUAD. (M) Forest plot of the multivariate Cox regression analysis of the risk score and clinical factors for TCGA-LUAD.




Table 1 | Clinical characteristics of the patients from multiple datasets.



In order to reflect the ubiquitin level and clinical prognosis of LUAD, we attempted to construct the evaluation criteria. Therefore, by Cox regression analysis, 26 ubiquitin genes of co-expressing multidatasets were associated with the prognosis of patients with LUAD (p < 0.05) (Figure 2D). To illuminate the ubiquitin characteristics, we constructed three models of ubiquitin gene signature patients prognosis by different methods. In these genes, 10 genes were screened to build the URSmulti-cox of the prognostic model using stepwise multivariate Cox proportional hazard regression. Then, 11 genes were equally selected to build the URSLASSO (11) of the prognostic model by LASSO regression. By intersecting the crucial genes of URSmulti-cox and URSLASSO (11) models, 9 ubiquitin genes of URSLASSO (9) model were constructed by LASSO regression (Figure 2E).

Upon comparing the three prognostic risk models, there were no differences found in OS (p < 0.001) (Supplementary Figures S1A, C, E). Simultaneously, there was a little difference for the AUC of time-dependent ROC on the three prognostic risk models. The 1-year AUC of URSmulti-cox, URSLASSO (11), and URSLASSO (9) were 0.740, 0.745, and 0.746, respectively (Supplementary Figures S1B, D, F). It revealed that 9 ubiquitin genes played a crucial role in lung adenocarcinoma, including USP29, MPP7, TRIM40, HERC1, TLE1, ASB2, NEDD1, USP44, and PHF1. Therefore, it was reasonable to consider that the URSLASSO (9) model predicted the prognostic risk of LUAD patients and reflected the ubiquitin signature (Figure 2F). Additionally, each gene of the model had critical importance in the overall survival and first progression, which would turn into the new prognostic biomarkers of LUAD (Supplementary Figures S2, S3). PHF1 and MPP7 had a high correlation according to the transcriptome data (r = 0.59) (Figure 2G).

For the prognostic risk model, the patients of the high-score group had a poor prognosis (Figure 2H). There was a higher risk score for the high-risk model, which shows that patients with increasing scores accumulated their risks. With increasing risk score, the death toll was equally higher and the survival time was shorter (Figures 2I, J). Notably, the ROC of the pathology stage plus risk score was better than the other indexes, such as risk score, age, gender, and TMN stage (Figure 2K). In the analysis of Cox regression between risk score and clinical indexes, the model would predict the prognostic risk as an independent factor (Figures 2L, M). It illustrated that the model would more comprehensively evaluate and predict a patient’s risk as a complementary method. The potential value of the model for predicting the prognosis of patients and in assisting diagnosis was likewise demonstrated. As a result, the ubiquitin–proteasome system was a crucial signature in patients with LUAD.



Reliability of the Model in Early and Advanced LUAD Patients and Validation in the Four Independent LUAD Cohorts

In order to examine the feasibility and the reliability of the prognostic model, we divided the clinical stage into the early stage and the progressive stage. The patients were classified into early (stages I and II) and advanced groups (stages III and IV), covering 378 cases and 104 cases, respectively. For early-stage LUAD patients, the low-score group had a more favorable OS, and the number of patients in the low-risk group was higher than in the high-risk group (Figure 3A). The ROC of the risk score preceded the other clinical indexes (Figure 3B). As for lower risk scores, the survival time of patients was longer, and the number of patients was even more (Figure 3C). Accordingly, the risk model was applied to the early LUAD and reflected the patient’s prognostic as a risk factor (Figure 3D). Inversely, in terms of the advanced stage, the number of patients in the high-risk group was more than in the low-risk group, and there was a poorer OS in the high-risk group (Figure 3E). The ROC of risk score was superior to other indexes, and the high-risk score was shorter for survival time and more for death toll (Figures 3F, G). As an independent prognostic biomarker, the model could predict the risk of advanced patients (Figure 3H). These results demonstrated that the prognostic risk model could predict the risk state and was exempt from the pathology stage—that was to say, the ubiquitin model would predict the prognostic risk in the early LUAD patients, and it made an appropriate clinical decision of a surgical intervention.




Figure 3 | Stability and predictive power of the prognostic risk model. (A) Kaplan–Meier curve of the high- and low-risk group in the early lung adenocarcinoma (LUAD) of The Cancer Genome Atlas (TCGA). (B) Receiver operating characteristic (ROC) curve of the risk score and other clinical indexes in the early LUAD of TCGA. (C) Scatter plot of the survival time and risk score in the early LUAD of TCGA. (D) Forest plot of multivariate Cox regression analysis of the risk score and clinical factors for the early LUAD of TCGA. (E) Kaplan–Meier curve of the high- and low-risk groups in the progressive LUAD of TCGA. (F) ROC curve of the risk score and other clinical indexes in the progressive LUAD of TCGA. (G) Scatter plot of the survival time and risk score in the progressive LUAD of TCGA. (H) Forest plot of the multivariate Cox regression analysis of the risk score and clinical factors for the progressive LUAD of TCGA. (I) Kaplan–Meier curve of the high- and low-risk groups of GSE11969. (J) ROC curve of the risk score and other clinical factors from GSE11969. (K) Kaplan–Meier curve of the high- and low-risk groups of patients from GSE13213. (L) ROC curve of the risk score and other clinical factors of GSE13213. (M) Kaplan–Meier curve of the high- and low-risk groups of patients from GSE31210. (N) ROC curve of the risk score and other clinical factors of GSE31210. (O) Kaplan–Meier curve of the high- and low-risk groups of patients from GSE36471. (P) ROC curve of the risk score and other clinical factors of patients from GSE36471.



The other transcriptome data of LUAD got similar analysis outcomes. The four independent datasets were examined by the prognostic value from GEO, such as GSE11969, GSE13213, GSE31210, and GSE36471. In the four independent datasets, the patients of the high-score group had a poorer prognosis. The median survival time of the high-score group was shorter than that of the low-score group (Figures 3I, K, M, O). Meanwhile, the ROC of the risk score was superior to other single indexes. In addition, the ROC of the pathological stage plus risk score was superior to the single index (Figures 3J, L, N, P). The above-mentioned outcomes illustrated that the prognostic risk model, altogether with the current clinical diagnosis, could be more accurate and comprehensive to predict the risk and prognosis of LUAD patients. This approach could help make appropriate clinical decisions and surgical interventions.



Model Was Associated With Clinical Indexes and Signal Pathways in LUAD

The stratification of the model demonstrated the advantage of managing LUAD patients. Upon examination using chi-square test, the stratification of the model had a potential relationship with clinical indexes (Figure 4A). Therefore, we explored the correlation between the risk score of the model and the clinical indexes. We found out that male patients were prone to acquire a high risk than female patients with LUAD (Figure 4B). Besides this, the patients of pathological stage I were at a lower risk, and with increasing on pathology stage, the risk score of the patients was increasing (Figure 4C). Correspondingly, with the invasion of primary sites and infiltration of lymph glands about tumor tissue, the risk of the patients was highly increasing (Figures 4D, E). The model could partially represent the clinical signature of patients.




Figure 4 | Relationship between the prognostic risk model and the clinical indexes. (A) Heat map of the model’s stratification, clinical indexes, and gene prognostic model. (B–E) Box plot showing the difference between high- and low-risk groups about gender, stage, N stage, and T stage. P-values were calculated with the Wilcoxon test. (F) Nomogram model of the risk score and other clinical factors to predict the progression of lung adenocarcinoma (LUAD). (G) Protein and protein network interaction of 9 model genes. Yellow color represents the 9 model genes. The size of the circle and the thickness of the line represent the combined score. (H) Gene Set Enrichment Analysis of a single gene of the 9 model genes associated with the low and high expression of LUAD of The Cancer Genome Atlas (TCGA) and demonstrated in the three commonly participating pathways, including neurotrophic, cancer, and Rig I-like receptor signaling pathways.



As a result of the potential predictive value of the model and clinical indexes, a nomogram was constructed to speculate the probability of survival time. Adding all of the index scores together multiplies the probability of 3 or 5 years to acquire the risk of patients. The qualification of risk could improve the management of clinical patients. It helped make a clinical decision with progression in LUAD and expected to acquire beneficial OS and prognosis of patients (Figure 4F).

Furthermore, the 9 gene’s protein–protein interaction (PPI) of the model was built to find out the molecule’s interaction with the prognostic model. We found out that the 62 molecules were in a tight correlation with the 9 model molecules and were involved in the process of ubiquitin. The 9 genes of the model were located in the critical hub (Figure 4G).

Analyzing each gene by pathway enrichment of GSEA determined which pathways played a vital role in LUAD bio-progression. We discovered that the 9 genes of the model co-participated in the neurotrophy, cancer signal, and RIG-like receptor signal pathway (Figure 4H). Some researchers had reported that three pathways took part in LUAD bio-process by multi-ways (14–16).



Stratification of the Model Reflected the Immune Cell and Microenvironment Characteristics

The differentially expressed genes of the high- and low-risk groups were evaluated to research the difference of stratification of the model. By performing KEGG pathway enrichment, these differential genes were discovered to participate in the immune system, such as T cell receptor signal pathways (Figure 5A). As was known to us, ubiquitination was a key regulatory mechanism of immune function. As a result, the immune infiltration algorithms of QUANTISEQ (17), CIBERSORT (18), and XCELL (19) studied the relationship between immune cell infiltration of model stratification. Notably, we found out that the immune cells were classified into two distinct groups by the stratification of the model (Figures 5B–D). The low-risk group had more infiltration of immune cells, including T cell, B cell, macrophage, and so on (Figure 4E). Interestingly, the stratification of models was apparently different in the immune score and environment score, but not the stroma score (Figures 5F–H). The low-risk group was higher than the high-risk group in the immune and microenvironment score, which illustrated that the low-risk group was infiltrating with many immune cells. To illuminate the phenomenon, we analyzed the expression associated to immune molecular structure. The human leukocyte antigen (HLA) was coded by major histocompatibility complex (MHC), which was identified by T cell and B cell and tightly associated with immune function, being significantly highly expressed in the low-risk group (Figure 5I). Apparently, the expression of HLA was higher in the low-risk group, including HLA-I molecules (HLA-A, HLA-B, and HLA-C) and HLA-II molecules (HLA-DMA, MHC-DMB, and so on) (Figure 5J). The expression of immune checkpoint genes (20) in the low-risk group was apparently higher than in the high-risk group, which included T cell and B cell costimulatory molecules (CD28, CD40, and so on) and tumor necrosis factor receptor superfamily (TNFRSF14, TNFR18, and so on) (Figures 5K, L). The results demonstrated that the low-risk group infiltrated many immune cells and highly expressed variant immune checkpoints, including programmed death-1 (PD-1), programmed death ligand-1 (PD-L1), and cytotoxic T-lymphocyte antigen-4 (CTLA-4). Accordingly, the immune treatment could benefit these LUAD patients and improve the classified management of patients.




Figure 5 | Immune characteristic of prognostic risk model stratification. (A) Kyoto Encyclopedia of Genes and Genomes pathway enrichment of different expression genes of high and low risk, demonstrating the top 10. (B) t-distributed stochastic neighbor embedding (t-SNE) analysis of 22 immune cells based on CIBERSORT algorithm. (C) t-SNE analysis of 11 immune cells based on QUANTISEQ algorithm. (D) t-SNE analysis of 64 immune and stroma cells based on XCELL algorithm. (E) Heat map demonstrating immune cell infiltration in the high- and low-risk groups in the TCGA databases. The low-risk group had a higher immune infiltration. P-values were calculated with chi-square test. The additional annotation of the abscissa included other clinical indexes from TCGA, such as survival state, age, gender, stage, T stage, N stage, M stage, and risk group. The annotation of the vertical axis included three immune infiltrated algorithms, namely, XCELL, QUANTISEQ, and CIBERSORT. (F–H) Box plot showing the difference between the high- and low-risk groups about immune score, stroma score, and microenvironment score. (I) Heat map demonstrating the difference of human leukocyte antigen (HLA) and immune checkpoint for the high- and low-risk groups. (J) Different expression of the HLA gene in the high- and low-risk groups from TCGA. (K, L) Different expression of immune checkpoints in the high- and low-risk group from TCGA.





Patients of the High-Risk Group Showed Higher Mutation and Higher TMB

By the analysis using maftools (21), we found out that mutated tendency and condition were similar in both low- and high-risk groups. The missense mutation of variant classification, SNP of variant type, and SNV class were the same in the stratification of the model. However, the patients’ number of mutated genes in the high-risk group was obviously higher than those in the low-risk model (Figures 6A, D). In terms of the top 15 genes of mutation, TP53, TTN, MUC16, CSMD3, RYR2, LRP1B, ZFHX4, USH2A, KRAS, SPTA1, XIRP2, and FLG were the same in the high- and low-risk groups, which showed the importance of the mutation of 12 genes in cancer progression (Figures 6B, E). Meanwhile, we analyzed the gene pairs of mutation in the stratification model in terms of Fisher exact examination, visualizing the top 25 gene pairs of mutation (Figures 6C, F).




Figure 6 | Mutation situation of the prognostic risk model groups. (A) Landscape of mutation in the high-risk group from The Cancer Genome Atlas (TCGA). (B) Waterfall plot demonstrating the 15 genes with the most mutations and mutated types in the high-risk group from TCGA. (C) Co-mutated plots of 25 genes from TCGA by somatic interaction function in the high-risk group from TCGA. (D) Landscape of mutation in the low-risk group from TCGA. (E) Waterfall plot demonstrating the 15 genes with the most mutations and mutated types in the low-risk group from TCGA. (F) Co-mutated plot of 25 genes from TCGA by somatic interaction function in the low-risk group from TCGA. (G) Box plot showing the difference between the high- and low-risk groups about tumor mutation burden (TMB). P-values were calculated with the Wilcoxon test (***P < 0.001). (H) Kaplan–Meier curve of the low- and high-TMB groups. (I) Kaplan–Meier curve of the low- and high-immune-score groups. (J) Box plot showing the difference of the risk score in the four groups, including high immune score and high TMB, high immune score and low TMB, low immune score and high TMB, and low immune score and low TMB. P-values were calculated with the Wilcoxon test. (K) Kaplan–Meier curve of four groups.



Based on the importance of TMB for immune response treatment in cancer (22–24), the TMB of the high-risk group was higher than that of the low-risk group, which meant that the tumor neoantigen was high in the high-risk group and identified easily by the immune system (Figure 6G), whereas the discrepancy of overall survival between the different TMB subgroups was not apparent (Figure 6H). Inversely, we found that the OS of the high- and low-immune groups was statistically different (Figure 6I). According to the mean of TMB and the immune score of patients, we assigned the patients into four subgroups. Notably, we discovered that the group of low TMB with the high immune score was the lowest in risk score with the best prognosis (Figures 6J, K). The phenomenon of the high-TMB group was poor survival and high risk, attributed to the decrease of immune cell response. Hence, integrated TMB and the immune score could benefit the group and improve the health management of patients.



Drug Response of Clinical Chemotherapy and Target Therapy

Based on a database of the CGP, we screened 4 chemotherapy drugs (cisplatin, gemcitabine, paclitaxel, and etoposide) and 3 targeted drugs (axitinib, selumetinib, and gefitinib), which had been used in the clinical treatment of LUAD. By analysis of “pRRophetic” package (25), we found out that the drug response was different in the stratification of the ubiquitin model and the group of TMB/immune score (Figures 7A, B). In the chemotherapy drug of lung cancer, cisplatin had a high drug response in the low-risk group and the group of high immune score and low TMB. Inversely, gemcitabine, paclitaxel, and etoposide were in high drug responses in the high-risk group and the groups of low immune score and low/high TMB (Figure 7C). Additionally, for the targeted drug of lung cancer, axitinib responded highly to the low-risk model and the groups of high immune score and low/high TMB. Gefitinib had a favorable response in the low-risk group, and selumetinib was preferably responded in the high-risk group and the groups of low immune score and low/high TMB (Figure 7D). As a consequence, the subgroups of multi-omics could preferably benefit the drug response of patients.




Figure 7 | Drug response of subgroups. (A, B) Heat map of drug response in the model groups, and groups of tumor mutation burden (TMB) and immune score. (C) Different responses of chemotherapy drugs (cisplatin, gemcitabine, paclitaxel, and etoposide) in the model groups and groups of TMB and immune score. (D) Different responses of targeted therapy drugs (axitinib, selumetinib, and gefitinib) in the model groups and groups of TMB and immune score. (E) Different responses of proteasome inhibitors (bortezomib, MG132, and lenalidomide) in the model groups.



Noticeably, the proteasome inhibitors were implemented in clinical practice, such as bortezomib (proteasome inhibitor), lenalidomide (E3 inhibitors), and MG132 (proteasome inhibitors) (26). In our research, bortezomib and MG132 were favorably responsive in the high-risk group, whereas lenalidomide was highly responsive in the low-risk group of LUAD (Figure 7E). As a result, proteasome inhibitors could benefit lung cancer in the future.




Discussion

Precision treatment brings the gospel for patients bearing advanced LUAD, being largely dependent on comprehensive genomic profiling. Notably, transcriptomic sequencing has been extensively implemented in inpatient wards to facilitate diagnosis and therapeutic regimes, including those being resistant to targeted therapy and even immune checkpoint blockade (27). However, there still exist many challenging unmet clinical needs. Given that several studies have proved that integrated genomic combined with transcriptomic analysis outperforms single-omics analysis (28), how to make much of multi-omics analysis to elaborate on the biological behavior of LUAD and its therapeutic vulnerabilities seems increasingly urgent (29, 30). Here our group presented a ubiquitination-oriented predictive model by means of multi-omics deep profiling. These multilayer molecular architectures of LUAD center on the potential association within ubiquitination and other modifying manners, extensively uncovering its clinical efficacy in detailing biological characteristics and predicting prognosis and drug response to immune checkpoint blockade and targeted therapy.

Severing as a crucial adaptor of protein stability, the ubiquitin–proteasome system is essential for pan-cancer development and process via the maintenance of cellular protein homeostasis (31). Ubiquitin recognizes and targets indicated proteins specifically in an enzyme-dependent manner, whose ubiquitination makes themselves vulnerable to degradation. As for now, efforts on ubiquitination are mainly concentrated on a single protein and its upstream or downstream signaling pathways, while the transcriptome, proteomics, and even other multi-omics analyses of ubiquitin signature are minimally in the press. Thus, we took the lead in analyzing the genomes and transcriptome characteristics of enzymes involved in the ubiquitin–proteasome system, expecting to reveal their biological functions and clinical merits in LUAD.

In our study, based on LASSO regression analysis of transcriptome data, 9 core genes of ubiquitin were screened to eventually construct the prognosis risk model, including USP29, MPP7, TRIM40, HERC1, TLE1, ASB2, NEDD1, USP44, and PHF1, which would be the new prognostic biomarkers in LUAD. Noticeably, some of them have been validated to share a close connection with LUAD, while the others seem undervalued. Previous research proved that USP29 upregulation enhances the cancer stem cell-like characteristics in lung adenocarcinoma cells to promote tumorigenesis in athymic nude mice (32). It was also found that, within a human lung tumor tissue array, a significant number of carcinomas overexpress TLE1 and correlate with malignancy in cancer, regarded as a biomarker to predict the prognosis of LUAD patients (33, 34). Meanwhile, USP44 is frequently downregulated in lung cancer, leading to a poor prognosis, which is further corroborated in mice (35). Although other genes have seldom been reported, it is worthy to explore their potential relationship with carcinogenesis and the proteomics landscape in LUAD.

According to the nomogram, a steady and credible tool to quantitatively measure the risk on an individual basis by combining and delineating the risk factors (36), our study demonstrated that the model of ubiquitin signature is tightly associated with the risk and prognosis of patients. In the high-score cohort, the survival time and survival quantity were significantly lessened, which is superior to other conventional predictive methods due to its independence in prediction. An integrated model combined with the TNM stage may be utilized to comprehensively predict the risk and prognosis of clinical patients in clinical practice in order to acquire favorable clinical management. Furthermore, this model also prompts clinical traits and the progress of LUAD. The phenotype-related stratification of the model assigned the patients into two distinct subgroups. In the low-score cohort, the overall survival of patients overweighted those with high scores in the early or advanced stages, respectively. These results indicated that the integrated utilization of a ubiquitination-oriented model and other clinical indexes may potentially optimize the clinical management of LUADs.

We also found that this model can be applied to predict representative immune checkpoint inhibitor responses to LUAD via innate and adaptive immunity, respectively (10, 37). It was reported that RIG-I-like receptor and neuron-derived neurotrophic factors might awaken lung cancer by the immune system (14–16). In this study, by the PPI and GSEA analysis of each gene within this model, 9 genes referred to RIG-I-like receptor, neuron-derived neurotrophic factors, cancer, and ubiquitin–proteasome system in lung adenocarcinoma, illuminatingly manifesting that the ubiquitin–proteasome system has a potential association with the immune system in cancer. Moreover, ubiquitin also functions in T cell-mediated adaptive immune responses. By the t-SNE analysis of immune infiltration of QUANTISEQ, XCELL, and CIBERSORT algorithms, we separated the engaged populations into two specific subgroups, namely, high- and low-score cohorts. The clinical samples in the low-score group were infiltrated with diverse immune cells, including B cells, T cells, and DC, and possessed escalated expressions of HLA-I and HLA-II. Analogously, the costimulatory molecules, TNFR superfamily, and microenvironment score are consistent with the ascendant expression of immune checkpoint markers in this cohort (38, 39). On account of PD-1, PD-L1, and CTLA-4 highly expressed in the low-risk model, the indicated cohort is susceptible to immune checkpoint blockade, theoretically facilitating the clinical selection of the beneficial population. TMB facilitates the establishment of personalized immunotherapy approaches within genomic sequencing among LUAD patients, which has been accepted as an independent predicting factor to immune checkpoint inhibitors (40, 41). Nevertheless, the discrepancy in overall survival between the different TMB subgroups is not apparent in our research. We found that those with high TMB suffered a higher risk and a more undesirable prognosis than those in the opposite group (41). Noticeably, integrated TMB and the immune score could address this dilemma. Our observations indicated that those with high TMB and low immune scores were subjected to a high risk of development and weakened survival rate. Inversely, survival and prognosis are superior for those of the three other groups in the group of low TMB and high immune scores. These outcomes demonstrated that the performance of integrating TMB and immune score outperforms the single TMB in the prognosis of LUAD patients.

Platinum-based chemotherapy regime and targeted therapy improve the patient’s survival rate of LUAD to an extent (42, 43). Cisplatin, gemcitabine, paclitaxel, and etoposide give rise to the benefit of LUADs and inhibit the progress of lung cancer (44–48), and the personalization of targeted therapy to corresponding markers (axitinib, selumetinib, and gefitinib) also contributes to the extension of life expectancy (49–51). According to the above-mentioned details, we found that gemcitabine, paclitaxel, etoposide, and selumetinib presented differential responses to the two stratifications of this multi-omics model, showing a high response in the high-risk group and a boost of curative effects, but for cisplatin, axitinib, and gefitinib, they seem to benefit those in the low-risk cohort. Analogously, the groups of genome alternation demonstrate the different drug responses of subgroups. Drawing from these results, we can conclude that sophisticated stratification can further uncover the application value of ubiquitin-related multi-omics profiling, in turn advancing the pertinent individualized therapy scheme in the clinic.

Unfortunately, there are several limitations needed to be recognized in this study. To start with, the sample size was inadequate to reflect objective facts in the real world. Due to the orientation from limited public databases, the samples were restricted to a confined population that we could not analyze additional detailed information, which might be consistent with reality. Furthermore, restricted sample sequencing failed to optimize the potential clinical application value of this ubiquitination model. This predictive model was drawn from sequence profiling to specific populations in databases and, in turn, failed to verify its specificity and sensitivity in clinical prediction. High-throughput sequencing combined with multi-omics of lung adenocarcinoma tissues endows this model increased practical merits, which costs a high expense and will be engaged in our coming research scheme. Finally, rough risk factor stratification weakened its predictive efficiency of the indicated layers to drug responses. Taking defined non-quantitative scores as a distinctive criterion for evaluating drug responses cannot meet the demand for discrimination and precise therapeutical regimes. Combined standards with TMB or other indicating markers is still preferred to a cursory single one, which needs further exploration in the near future.



Conclusion

In summary, our study revealed the clinical application value of a ubiquitination-oriented predictive model from public databases. Integrated and stratified multi-omics analyses within immune infiltration and genome alternation are conducive to illustrate its clinical potency in describing ubiquitin characteristics, escalating precision therapy, and predicting prognosis.
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Supplementary Figure S1 | Comparing three models. (A, C, E) The Kaplan-Meier curve of the high and low-risk groups by constructing the URSmulti-cox model, URSLASSO (11) model, and URSLASSO (9) model. (B, D, F) The average 1-year, 3-year and 5-year ROC curve of the risk score by constructing the URSmulti-cox model, URSLASSO (11) model, and URSLASSO (9) model.

Supplementary Figure S2 | The Kaplan-Meier curve of overall survival of LUAD patients. (A–I) The Kaplan-Meier curve of overall survival of LUAD patients in each gene of URSLASSO (9) model, including ASB2, HERC1(p619), MMP7, NEDD1, PHF1, TLE1, TRIM40, USP29, and USP44.

Supplementary Figure S3 | The Kaplan-Meier curve of first progression of LUAD patients. (A–I) The Kaplan-Meier curve of first progression of LUAD patients in each gene of URSLASSO (9) model, including ASB2, HERC1(p619), MMP7, NEDD1, PHF1, TLE1, TRIM40, USP29, and USP44.
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Background

The role of immune checkpoint inhibitors (ICIs) in NSCLC patients with EGFR mutations are controversial. In this study, we aim to investigate the therapeutic efficacy of ICIs alone or in combination in patients with EGFR mutated NSCLC in late-line settings, and explore the factors that may predict the efficacy of ICIs.



Patients and Methods

We retrospectively collected the clinical and pathological information of 75 patients with confirmed EGFR mutations. All patients have developed acquired resistance to EGFR-TKIs, and were treated with ICIs in late line settings from January 2019 to January 2021, at Shandong Caner Hospital and Institute. Therapeutic efficacy was evaluated by tumor response and survival.



Results

The median follow-up period was 7.3months (range 1.8-31.8 months). The overall response rate (ORR) was 8.0%, and the disease control rate (DCR) was 78.7%. The median PFS for all patients was 3.9 months (95% CI, 2.7-5.0), while the median OS was 9.9 months (95% CI, 5.3-14.6). We found that patients with longer response duration to EGFR-TKIs (≥10 months) showed a longer PFS when treated with immunotherapy compared with patients with shorter PFS-TKI (<10 months), the median PFS in two groups were 5.2 months [95%CI 4.2-6.2] and 2.8 months [2.0-3.6]) respectively (HR, 0.53, 95%CI, 0.31-0.91, P=0.005). In exploratory analysis, we found that concurrent extracranial radiotherapy and higher body mass index (BMI) are associated with longer PFS (P values are 0.006 and 0.021 respectively).



Conclusions

We found that combination regimen of immunotherapy plus chemotherapy plus antiangiogenetic agents may yield longer survival in patients with EGFR mutated NSCLC. We also found that patients with longer PFS-TKI, concurrent extracranial radiotherapy and higher BMI may benefit more from immunotherapy.
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Introduction

Epidermal growth factor receptor (EGFR) mutations remains the most common driver mutations in patients with lung adenocarcinomas (LUAD), with an incidence of 50% in Asians and 9.8% in Caucasian Europeans (1, 2). The development of EGFR tyrosine kinase inhibitors (EGFR-TKIs) have significantly prolonged the survival of patients harboring EGFR mutations. The progression-free survival (PFS) of first- and second-generation EGFR-TKIs, including Gefitinib, Erlotinib, Icotinib, and Afatinib, is usually around 9-13 months, while the third generation EGFR-TKI, Osimertinib, yielded a PFS of 18.9 months. Despite these progress, drug resistance and disease progression are inevitable. Hence, disease management after TKI-resistance has become a critical issue, and require further studies.

Immune checkpoint inhibitors (ICIs) are group of monoclonal antibodies targeting immune checkpoints including PD-1/PD-L1 and CTLA-4 etc. By blocking the interaction between immune checkpoints and their partners, ICIs mediate tumor killing effects through unleashing the “breaks” of immune system (3). Although ICIs, especially those targeting PD-1 and PD-L1 has been proven to be effective in patients with advanced NSCLC, their roles in patients harboring EGFR mutations are still in debate. Pre-clinical evidences suggested that activation of EGFR would up-regulate the expression of PD-L1 through numerous signaling pathways, including p-ERK1/2/p-c-Jun and JAK/STAT3, and blockade of PD-1 would improve the survival of murine models with EGFR mutated lung adenocarcinomas by promoting T cell infiltration and down-regulating pro-tumorigenic cytokines (4–6). However, it is well-demonstrated that ICIs alone or in combination with TKIs could not yield improvements in survival in patients with EGFR mutations compared with general unselected NSCLC patients (7–10).

Luckily, recent studies have shed some light into this area. In PROLUNG trial, which compared the therapeutic efficacy of pembrolizumab plus docetaxel versus docetaxel alone in pretreated NSCLC patients, 25 patients with EGFR mutations were enrolled. The PFS in patients received pembrolizumab plus docetaxel was significantly prolonged compared with patients received docetaxel alone. The more recent IMpower150 study further uncover the value of anti-angiogenic therapy in EGFR mutated NSCLC. Patients received atezolizumab and bevacizumab plus chemotherapy had better clinical outcome with an ORR of 73.5% (versus 40.9% in bevacizumab plus chemotherapy group) and median PFS of 10.2 months (versus 7.1 months in bevacizumab plus chemotherapy group) (11, 12). However, real-world efficacy of ICIs in pretreated EGFR mutated NSCLC patients remains limited (13, 14).

In this retrospective study, we aim to examine the therapeutic efficacy of ICIs alone or in combination in patients with EGFR mutated NSCLC in real-world setting. We also explore the potential clinical and pathological characteristics that may predict the efficacy of ICIs.



Patients and Methods


Study Design and Patients

In this retrospective study, we aim to study NSCLC patients with EGFR mutations treated with immune checkpoint inhibitors after receiving EGFR-TKIs. All patients are enrolled at Shandong Cancer Hospital and Institute, form January 2019 to January 2021. The inclusion criteria were as follows: 1) stage IIIB-IVB NSCLC with confirmed EGFR activating mutations, 2) treated with immune checkpoint inhibitors after disease progression with EGFR-TKIs. Patients without measurable tumour lesions or treated with immune checkpoint inhibitors in front line settings were excluded. We retrospectively reviewed the electric medical records of enrolled patients, and collected their detailed clinicopathologic characteristics and clinical responses. This study was approved by the institutional review board of Shandong Cancer Hospital and Institute and was performed in accordance with the Declaration of Helsinki.



Treatment Procedures

All patients were treated with first-, second-, or third-generation EGFR-TKIs prior to immune checkpoint inhibitors. For immunotherapy, patients were treated with one of the following anti-PD-1 or PD-L1 agents until disease progression, or unacceptable toxicity: pembrolizumab (Merck & Co., USA), nivolumab (Bristol-Myers Squibb, USA), sintilimab (Innovent Biologics, China), toripalimab (Shangha Merck & Co.), camrelizumab (Jiangsu Hengrui Medicine, China), tislelizumab (BeiGene, China), durvalumab (AstraZeneca, USA), or atezolizumab (Roche, USA). This study was approved by the institutional review board of Shandong Cancer Hospital and Institute and was performed in accordance with the Declaration of Helsinki. Individual consent for this retrospective analysis was waived.



Outcomes

Radiological assessments of primary and metastatic lesions were performed every 6 weeks during treatment. Therapeutic responses were evaluated with RECIST 1.1. Objective tumor responses included complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). Progression-free survival (PFS) was defined as the time interval from the first-time administration of anti-PD-1 or PD-L1 agents to confirmed disease progression or mortality from any cause. Overall survival (OS) was defined as the time interval from the first-time administration of anti-PD-1 or PD-L1 agents to mortality from any cause or the last follow-up. Safety profiles were evaluated according to National Cancer Institute Common Terminology Criteria for Adverse Events, version 4.0.



Statistical Analysis

All statistical analyses were performed using Statistical Product and Service Solutions (SPSS) version 26.0. For survival analyses, Kaplan-Meier analysis were performed, and log-rank test was used for comparison of survival times. Uni- and multi-variate Cox regression model were employed to analyse factors that may associated with treatment response and prognosis. Variates with P value <0.1 in univariate analyses were then subjected for multivariate analysis. In all analyses, differences were significant when P < 0.05.




Results


Patient Characteristics

In total, 75 patients were enrolled in this retrospective study. The relevant clinical and pathological characteristics are included in Table 1. Among the included patients, the distribution of male and female is relatively equal (49.3% vs 50.7%). The median age of patients were 52 years old, ranges from 36 to 81 years old. The majority of patients have stage IV disease. EGFR exon 21 L858R (40%) and 19 exon del (49.3%) are the most common mutation types. Gefitinib was the most commonly used EGFR-TKI in first-line setting (57.3%). During TKI treatment, 22 patients (29.3%) achieved partial regression, and 18 patients acquired subsequent T790M mutation. Most patients received immunotherapy in late line (≥3) setting. Thirty-one patients (41.3%) received immunotherapy concurrent with chemotherapy, 16 (21.3%) are treated together with antiangiogenic therapy, 24 patients (32%) received immunotherapy alongside with chemotherapy and antiangiogenic therapy, while only 4 patients (5.3%) received monotherapy. However, since immunotherapy was applied in late-line settings, PD-L1 expression was not reported in the majority (80%) of enrolled patients. During immunotherapy, 11 patients (14.7%) received concurrent radiotherapy, while 8 (10.7%) received extracranial radiotherapy.


Table 1 | Patient characteristics.





Efficacy of Immunotherapy

The median follow-up period was 7.3 months (range 1.8-31.8 months). During treatment, 6 patients (8.0%) achieved partial regression (PR), 53 patients (70.7%) experienced stable disease (SD), and 16 patients (21.3%) developed progression disease (PD), yielding an overall response rate (ORR) of 8.0%, and a disease control rate (DCR) of 78.7%. As shown in Figure 1, the median PFS for all patients was 3.9 months (95% CI, 2.7-5.0), while the median OS was 9.9 months (95% CI, 5.3-14.6). The comparison of the PFS and OS of different therapeutic regimen are displayed in Figure 2. Although did not reach statistical significance, patients received immunotherapy plus chemotherapy plus anti-angiogenic agents showed longest survival compared to other groups (median PFS 5.2 months, median OS 15.0 months), while patients received immune-monotherapy showed the shortest survival (median PFS 3.2 months, median OS 6.6 months).




Figure 1 | Survival outcomes. The median PFS for all patients was 3.9 months (95% CI, 2.7-5.0), while the median OS was 9.9 months (95% CI, 5.3-14.6). (A) Progression-free survival. (B) Overall survival. CI, Confidence interval.






Figure 2 | Median survival of patients with different therapeutic regimen. Blue: anti-PD-1/PD-L1 monotherapy, Red: anti-PD-1/PD-L1 plus chemotherapy, Green: anti-PD-1/PD-L1 plus anti-angiogenic agents, Purple: anti-PD-1/PD-L1 plus chemotherapy plus anti-angiogenic therapy. PFS, progression-free survival; OS, overall survival.



As different type of primary EGFR mutation may interfere patient’s response to immunotherapy, we further analyzed the impact of different mutation types on survival. In general, we found no difference in PFS nor OS among different EGFR mutant (all P-value >0.05). However, across all treatment settings, although reach no statistical significance, longer OS were observed in patients bear L858R mutant, suggesting patients bear EGFR L858R mutant may benefit more from immunotherapy. For acquired resistance, no significant difference was found in both PFS and OS between patients with or without acquired T790M mutant (all P-value >0.05) (Table 2).


Table 2 | Efficacy of immunotherapy in patients with different types of EGFR mutations.





Factors Associated With Therapeutic Efficacy of Immunotherapy

According to previous report, the PFS of front-line EGFR-TKI may predict the therapeutic efficacy of posterior immunotherapy. In our study cohort, the median PFS of EGFR-TKI was 10 months (95% CI, 8.69-11.31). Similar to previous report, we found a cut-off value at 10 months would achieve most statistical differences in predicting the PFS of immunotherapy. As displayed in Figure 3, patients with longer PFS-TKI (≥10 months) showed a longer PFS when treated with immunotherapy compared with patients with shorter PFS-TKI (<10 months), the median PFS in two groups were 5.2 months [95%CI 4.2-6.2] and 2.8 months [2.0-3.6]) respectively (HR, 0.53, 95%CI, 0.31-0.91, P=0.005).




Figure 3 | Patients with PFS-TKI longer than 10 months showed longer PFS during immunotherapy. CI, confidence interval; HR, hazard ratio.



As more and more studies have demonstrated that concurrent radiotherapy during immunotherapy plays an essential role in inflaming immune microenvironment and improve the efficacy of immunotherapy, we perform a sub-group analysis to study the effect of extracranial radiotherapy on the efficacy of immunotherapy. We found that concurrent extracranial radiotherapy is associated with longer PFS (median PFS, 10.7 months [95% CI 4.8-16.6] vs 3.8 months [3.1-4.5]) (HR, 0.48, 95%CI 0.25-0.91, P=0.0404) (Figure 4A). Although have not reached statistical significance, patients with concurrent extracranial radiotherapy also showed longer OS (median OS, NR vs 9.0 months [95%CI 5.0-13.0]) (HR, 0.53, 95%CI 0.21-1.35, P=0.26) (Figure 4B).




Figure 4 | PFS and OS of patients with or without concurrent extracranial radiotherapy during immunotherapy. (A) Patients received concurrent extracranial radiotherapy showed significantly longer PFS (HR, 0.48, 95%CI 0.25-0.91, P=0.0404). (B) Overall survival of patients with or without concurrent extracranial radiotherapy. HR, hazard ratio; CI, confidence interval.



We further performed uni- and multi-variate Cox Regression Analysis to explore the potential clinical and pathological parameters that may be associated with PFS or OS. In consistent with our previous results, in multivariate cox analysis, we found that PFS-TKI and concurrent extracranial radiotherapy are associated with PFS (P values are 0.006 and 0.021 respectively) (Table 3). No parameters were found related to OS (Table 4). Interestingly, we found body mass index was associated with PFS in univariate cox analysis. Linear regression revealed that larger BMI is associated with longer PFS (r=0.4, P=0.005), further subgroup analysis also indicated that patients with BMI over 25 is associated with longer PFS (P=0.004) (Figure 5).


Table 3 | Uni- and multivariate Cox regression analysis of factors associated with PFS.




Table 4 | Uni- and multivariate Cox regression analysis of factors associated with OS.






Figure 5 | Patients with higher BMI are associated with better response to immunotherapy. Patients with BMI higher than 25 showed longer PFS compared with patients with lower BMI (P=0.004). BMI, body mass index.






Discussion

In this retrospective study, we examine the therapeutic efficacy of ICIs alone or in combination in patients with EGFR mutated NSCLC, founding that a combination of ICIs and anti-angiogenic agents plus chemotherapy would lead to longer PFS and OS, while safety profile is tolerable. For the first time, we also found that concurrent extracranial radiotherapy would significantly prolong the PFS of ICI treatment. We also found that longer PFS-TKI and larger BMI could be a predictor for better response to immunotherapy.

Patients bear EGFR mutations has long been associated with inferior response to second and late line chemotherapy after resistance to EGFR-TKI. In IMPRESS trial, median PFS for patients receiving chemotherapy after resistant to first line gefitinib was 5.4 months, while in AURA3 study, a median PFS of 4.4 months were reported in patients receiving platinum-based chemotherapy after acquired T790M mutation following gefitinib resistance (15, 16). In our study, the median PFS is 3.9 months, lower compared to historical controls. However, as the majority of enrolled patients were treated with immunotherapy in late (3+) line settings, these results could not be compared directly. In recent study, Yu et al. showed that after fail to EGFR-TKI treatment, patients received ICIs plus chemotherapy as second-line therapy had higher response rate compared to anti-angiogenesis plus chemotherapy (ORR 29.5% vs. 13.0%, P=0.018), but no significant difference in patient’s prognosis (median PFS 7.59 vs. 6.90 months, P=0.552) (17). Hence, the value of second-line immunotherapy in patients fail EGFR-TKI treatment requires further investigation.

Studies in EGFR mutated murine models and cell lines suggested that the activation of EGFR would up-regulate PD-L1 expression, and anti-PD-1 therapy could improve the survival of mice with EGFR mutated tumors. However, further studies of clinical samples imply that patients harbor EGFR mutations are associated with fewer infiltrated immune cells and lower PD-L1 expression level, therefore an “immune-cold” microenvironment (18, 19). In practice, patients with EGFR mutations are usually associated with inferior response to anti-PD-1/PD-L1 monotherapy. Although pre-clinical studies suggest that treatment of EGFR-TKIs would inflaming immune microenvironment via improve T cell infiltration and decrease the infiltration of CD4+ regulatory T cells (6, 20, 21), further clinical trials showed that combination of EGFR-TKIs and anti-PD-1 therapy lead to an unacceptable occurrence rate of adverse events, especially interstitial pneumonitis (10, 22).

In consistent with our study, clinical trials and real-world data indicated that combination of ICIs with chemotherapy plus anti-angiogenic agents would yield longer survival comparing to ICI monotherapy or ICIs plus either chemotherapy or anti-angiogenic therapy alone. In IMpower150 study, 58 patients with sensitizing EGFR mutation were enrolled, and the median overall survival were significantly prolonged in patients received ABCP (atezolizumab plus bevacizumab plus chemotherapy), compared to patients received ACP (atezolizumab plus chemotherapy) regimen (11). Numbers of clinical trials have demonstrated that combination of bevacizumab and EGFR-TKI would provide clinical benefits to patients with sensitive EGFR mutations, comparing to EGFR-TKI alone, indicating the value of anti-angiogenic therapy in this patient cohort (23, 24). In mechanism, activation of EGFR signaling pathway in tumor would up-regulate VEGF expression, hence sensitize to anti-angiogenic therapies (25).

Although did not met statistical significance, our study suggested that patients bear EGFR L858R mutation may benefit more from immunotherapy, both alone and in combination. This result is consisted with previous reports that patients bear EGFR L858R mutation have a higher response rate compared to patients bear 19del mutation (13). In mechanism, tumors with L8585R mutation have higher level of tumor mutation burden (TMB) compared to tumors with 19del mutation. Recent study also suggested that tumor with EGFR L858R mutation have higher level of PD-L1 expression and are positively associated with inflammatory phenotype (26).

The relationship between the therapeutic efficacy of EGFR-TKIs in front lines and ICIs in late lines are still in debate. In our study, we found that patients with longer response duration to EGFR-TKIs tends to have longer PFS in immunotherapy, with median PFS of 5.2 months vs 2.8 months. In contrast with our finding, a retrospective study by Liu et al. demonstrated that patients with shorter PFS to EGFR-TKI are associated with better response to late line immunotherapies (14). As treatment of EGFR-TKIs may inflame immune microenvironment by promoting the release of neoantigens, infiltration of effector T cells, and production of pro-inflammatory cytokines, we hypothesis that longer TKI treatment period may transform the original “cold” immune microenvironment to a “hotter” one, therefore more suitable for ICIs. However, the inconsistency of results may also cause by limited sample size and tumor heterogeneity, and requires further investigation in larger patient populations.

Radiotherapy may work synergistically with immunotherapy, preclinical evidences indicated that radiotherapy may re-programme tumor microenvironment by promoting the release of tumor neoantigen, activating innate immune response via cGAS/STING pathway and improve immune cell infiltration. A reanalysis of KEYNOTE-001 trial indicated that patients with advanced NSCLC who received previous radiotherapy would yield longer progression-free survival and overall survival with pembrolizumab treatment comparing to patients without prior radiotherapy (27). In a recent pooled analysis of 2 major clinical trials that evaluate the therapeutic efficacy of pembrolizumab with or without radiotherapy in patients with metastatic NSCLC, Theelen et al. found that the patients treated concurrently with pembrolizumab and radiotherapy result in higher response rate as well as longer PFS and OS (28). However, the role of radio-immunotherapy in patients with EGFR mutations is still unclear (29). In our study, for the first time, we reported that concurrent extracranial radiotherapy during immunotherapy is associated to longer PFS (10.7 months vs 3.8 months), and although did not meet statistical significance, patients received radiotherapy plus immunotherapy also showed longer OS (NR vs 9.0 months). However, due to very limited sample size, the role of radio-immunotherapy in patients with EGFR mutation still requires further investigation.

Interestingly, in multivariate Cox regression, we found that larger BMI is associated with longer PFS. There is a complicated relationship between obesity and cancer prognosis, obesity may increase the risk of cancer development, but can also protect patients with advanced NSCLC from worse outcomes, such as wasting (30). In a pooled analysis of 4 clinical trials that compared the efficacy of atezolizumab versus docetaxel in patients with advanced NSCLC, Kichenadasse et al. found that higher BMI is independently associated with better prognosis with atezolizumab, especially in patients with high expression of PD-L1 (31). In mechanism, obese adipose tissue is regarded as chronically inflammation tissues, through expressing inflammatory cytokines such as IL-1beta, IL-6, IL-10, and TNF-alpha, cancer-associated obese adipocyte recruits macrophages, neutrophils and other immune cells into tumour microenvironment (32). Moreover, by producing leptin, obesity also impairs the function of T cells, increasing the proportion of exhausted PD-1 positive T cell (33, 34). Hence, the association between higher BMI and better response to immunotherapy is probably due to the existence of exhausted PD-1 positive T cells in adipose tissue.

In conclusion, in our study, we found that combination regimen of immunotherapy plus chemotherapy plus anti-angiogenic therapy would yield better PFS and OS in patients with EGFR mutations. We also found that longer response duration to EGFR-TKIs, concurrent extracranial radiotherapy, and higher BMI are independently associated with better response to immunotherapy. However, due to a relatively low sample size (n=75), these conclusions still require further validation in a larger patient population.
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The rarity and complexity of histology lead to the low diagnosis rate and high misdiagnosis rate of combined small cell lung cancer (C-SCLC). Nowadays, C-SCLC has no commonly recommended therapeutic regimen, mainly conforming to SCLC treatment. Here, we report a patient initially diagnosed as IIIA “lung squamous cell carcinoma” by a small specimen. Radical resection was achieved after neoadjuvant immunochemotherapy, and the final surgical pathology was C-SCLC containing three different histological components. Moreover, in the literature review, we explored the therapeutic effect of neoadjuvant immunotherapy in C-SCLC, expounded the therapeutic conflicts among heterogeneous components, and analyzed the pathology complexity at the tissue, cell, and molecule levels in-depth, including possible genetic characteristics, origin, and evolution by next-generation sequencing (NGS).
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Introduction

The World Health Organization (WHO) defines combined small cell lung cancer (C-SCLC) as small cell lung cancer (SCLC) with any other histology of non-small cell lung cancer (NSCLC), like squamous cell carcinoma (SCC), adenocarcinoma, large cell neuroendocrine carcinoma (LCNEC), even spindle cell carcinoma and giant cell carcinoma. The mixed components can be one or more, and SCC is the most common type. C-SCLC’s low diagnosis and high misdiagnosis rate are related to the limitation of specimens, mainly taken by bronchoscope and aspiration biopsy rather than operation and autopsy. Therefore, as a relatively rare type of SCLC, the incidence of C-SCLC has not been accurately statistically analyzed (1). In earlier studies based on a small specimen, C-SCLC accounted for 2% of SCLC (2, 3), but it can reach more than 25% of surgically resected SCLC (4, 5). The detection rate of C-SCLC is affected by the size, number, integrity, and approach of biopsy specimens, as well as pathological analysis techniques. More than 90% of SCLC can be confirmed pathologically by small biopsies or cytological specimens under an optical microscope; however, most cases are not early-stage diseases and lose the opportunity of surgery (6, 7). As a result, SCLC cases rarely exist in large biopsies or operations (8). Patients with C-SCLC with different histology do not have a standard treatment scheme and are mainly treated according to the SCLC strategy. However, various NSCLC components of C-SCLC can affect the prognosis to some degree. The diverse non-small cell parts will add more complicated biological, clinical, molecular, and pathological to pure SCLC (P-SCLC) (8). Overall, depending on the extent of surgical resection and lymph node dissection, the prognosis of C-SCLC is generally better than P-SCLC (9). Tumors with non-small cell components show stronger resistance to radiotherapy and chemotherapy than P-SCLC.Cisplatin&etoposide/carboplatin&etoposide (EC/EP) regimen is still the first-line treatment with the best clinical benefits for C-SCLC; the application of three-drug combined regimens to C-SCLC still needs further exploration. This situation emphasized personalized and comprehensive treatment, including chemotherapy, surgery, radiotherapy, targeted therapy, and immunotherapy. Here, we report the detailed whole-process treatment of a stage IIIA lung cancer with three different histological components, which was initially misdiagnosed as pure lung squamous cell carcinoma (LUSC or LSCC). After neoadjuvant immunochemotherapy, the tumor was R0 resected, and the diagnosis was revised as C-SCLC. The latest evaluation indicated a radical cure reached after comprehensive treatments with adjuvant radiotherapy and immunochemotherapy. In addition, we also reviewed the clinical and molecular pathological features of C-SCLC, and the role of neoadjuvant immunotherapy in C-SCLC. Written informed consent was obtained from the patient for publication of the case details and accompanying images.



Case Presentation

In December 2020, a 57-year-old man was referred to the Pinghu First People’s Hospital due to repeated expectoration for one year, which became severe in the latest week. Chest computed tomography (CT) indicated a right lung malignant tumor with right hilar lymph node metastasis, so he went to Sir Runrunu Shao hospital for further examinations. The patient had a 40-year smoking history of 10 to 20 cigarettes per day (400 to 800 package-year). Palpation of superficial lymph nodes was negative. The blood chemistry test were unremarkable, the levels of carcinoembryonic antigen (CEA), SCC and CA211 were 6.43 ng/ml (normal range, 0–5 ng/ml), 3.7 ng/ml (normal range, 0-1.5 ng/ml) and 4.89 ng/ml (normal range, 0-3.3 ng/ml), respectively. On Jan, 1st, 2021, Chest CT demonstrated a tumor measuring 3.2 cm in diameter in the right lower lobe with obstructive pneumonia and invasion to the adjacent basal segmental bronchus (Figures 1A, B). The tumor was possibly infiltrated into the visceral pleura, and enlarged lymph nodes of the right hilar were observed, which showed increased FDG metabolism in PET-CT and were considered metastasis. At that time, there were no obvious signs of distant metastasis. The bronchoscopic biopsy of the right lower lobe further confirmed that the pathology diagnosis was lung squamous cell carcinoma (LSUC) (Figure 2). The comprehensive evaluation showed the patient was in the advanced stage (cT3N1M0, stage IIIA), but the tumor still had a chance of complete resection. After a multidisciplinary team discussion, we performed preoperative neoadjuvant therapy to decrease the tumor burden and restage the disease. From 5th, Jan 2021 to 17th, Mar 2021, the patient received four cycles of immunochemotherapy: camrelizumab 200mg ig d1, albumin paclitaxel 400mg ig d1, cisplatin 60mg ig d1-2/q3w. After two cycles of treatment, the chest CT on February 18th, 2021, showed the mass was significantly smaller compared with the baseline CT (4th, Jan 2021) and achieved a partial remission (PR) defined by Response Evaluation Criteria in Solid Tumors (Figures 1C, D). However, chest CT on 6th, Apr 2021 showed the mass was slightly larger than two-cycle treatments before, and the lymph nodes were similar (Figures 1E, F), which was evaluated as stable disease (SD). We suspected that the tumor was rapidly resistant to that regimen, so right lower lobectomy combined mediastinal lymph node dissection via video-assisted thoracoscopic surgery (VATS) was performed on April, 8th 2021.




Figure 1 | (A, B) Baseline images of CT before neoadjuvant therapy; (C, D) Original lung mass and lymphatic metastasis partial response (PR) after two cycles of AP (Albumin paclitaxel 400mg d1 and cis-platinum 60mg d1-d2) and Camrelizumab 200mg d1 (E, F) Original lung mass and lymphatic metastasis stable disease (SD) after four cycles of neoadjuvant therapy totally.






Figure 2 | (A) Bronchoscopy demonstrates neogenesis in the basal segment of the right lower lobe (B–D) Microscopic appearances of the pulmonary tumor with H&E staining which show squamous cell carcinoma.



Intraoperative findings revealed that right lung lobe partial adhesion to the chest wall with no pleural effusion or chest wall nodules. Gross pathology showed a mass of 2.5*1.9 cm in the right lung lobe and enlarged lymph nodes in the hilar, interlobar, and paratracheal. The resection margin was 0.5 cm away from the bronchus and pulmonary membrane. The tumor infiltrated bronchial cartilage and nerve. The histopathologic examination revealed three tissue components, containing squamous cell carcinoma (about 2*1cm), carcinosarcoma (about 1*0.9cm), and small cell carcinoma (about 0.7*0.2cm). In low power view, the HE stain showed the relatively separate small cell lung carcinoma area in the white blank in Figure 3A, where cells are round, small, high in nucleoid and plasma ratio, and organized in clusters under high power view (Figure 3B); IHC stains are consistent with SCC characteristics, including positive in synaptophysin (Syn) and CgA (Figures 3K, L). Another tissue section showed squamous cell lung carcinoma (Figure 3C, D) with cartilage involvement (Green arrow in Figure 3D). These big, rich-in-plasma cells formed clusters with necrosis inside and were positive for CK5/6 (Figure 3G), P63 (Figure 3I), P40, and negative in TTF-1 (Figure 3H); there was prominent fibrosis between clusters. The carcinosarcoma component was near SCLC (lower part of Figure A, white blank in Figures 3D, E), CK-P negative (Figure 3J), and Vimitin positive. Among the 21 lymph nodes in groups 2, 4, 7 to14, only one in group 11 confirmed squamous cell carcinoma metastasis (Figure 3F). The three components had no cross fusion or translational zone in HE and IHC stain images. In addition, the Ki-67 positive cells accounted for 80% in SCLC, and 40% in SCC, which could explain the tumor proliferation in the evaluation on 6th, Apr 2021. The PD-L1 (22C3) tests of the three histological components were all negative, and the TPS was less than 1%. Based on both the tumor size and lymph nodes metastasis, we restaged the disease for each histopathological component: the squamous cell lung carcinoma component was ypT3N1M0, stage IIIA, the small cell lung cancer component was ypT1aN0M0, stage IA, and the lung carcinosarcoma component was ypT1aN0M0, stage IA.




Figure 3 | (A)  Microscopic appearances of small cell carcinoma (upper section) :the cells were distributed in solid sheets, arranged like nests, beams, palisades and there were abundant blood vessels between nests. The cells were small, round or polygonal, with high nucleo-plasma ratio and bare nuclei. (B) Microscopic appearances of carcinosarcoma (lower section):tumor cells diffuse in sheets and cords,which were fusiform, with abundant cytoplasmand megakaryons. (C) Microscopic appearances of squamous cell carcinoma;:The cells were large in the shape of nests and eosinophilic red staining was observed in the cytoplasm. Intercellular Bridges were observed, and the fiber reaction between the nests was obvious. (D) Green arrow indicates squamous cell carcinoma invading cartilage (20×); (E) Carcinosarcoma; (F) Lymphatic metastasis with histopathology of squamous cell carcinoma; (G–I) Immunohistochemical staining for P63(+), TTF-1(-) and CK5/6(+) were the optimal immunohistochemical markers for squamous cell carcinoma; (J–L) Immunohistochemical staining for CK-pan (-), Syn (+) and CgA(+) was the best immunohistochemical panel in differentiating SCC from NSCLC.



According to the surgical pathology findings and CT imaging, LUSC responded well to neoadjuvant immunochemotherapy; however, SCLC and carcinosarcoma did not shrink substantially. Gene tests revealed no EGFR, ALK, MET, and other treatable gene mutations in each pathology subtype. In addition, the TMB was 8muts/mb in lung carcinosarcoma, 11muts/mb in SCLC, and 5muts/mb in LUSC, respectively. The TMB, MSI, and mutation of NGS are shown in Figure 4. Therefore, considering the treatment response features of all malignant components, we finally chose a combination of postoperative immunochemotherapy and radiotherapy. LUSC was the main and the most advanced component of C-SCLC and was sensitive to neoadjuvant immunochemotherapy. The other two components were in a relatively earlier stage and not sensitive to preoperative treatment, which had been radically resected. Under these circumstances, we eventually started immunochemotherapy as adjuvant treatment from May, 8th 2021: camrelizumab 200mg ig d1, albumin paclitaxel 400mg ig d1, cisplatin 60mg ig d1-2/q3w. In order to reduce the risk of radiation pneumonitis and immunotherapy-induced pneumonitis, camrelizumab was suspended to the second cycle (May, 28th 2021). From June, 2nd 2021, chest intensity modulated (IM) radiotherapy was implemented; the scheme was GTV (including the stump of the right lower bronchus) 6MV-X SAD 100DT 5992cGy/28f/38d, and CTV 6MV-X SAD100 DT 5040cGy/28f/38d. In the latest evaluation, the patient finished chest IM radiotherapy, and routine follow-up chest CT showed no tumor recurrence.




Figure 4 | (A) All gene alteration in three types of tumor tissue; (B, C) describe the base mutation of three components and top 10 mutated genes of single nucleotide polymorphism (SNP); (D) The tumor mutation burden of three tumor (E) Mutation abundance of copy number alteration.





Discussion

Most patients with unresectable NSCLC are treated with radical simultaneous or sequential radiochemotherapy, while the operation after induction radiochemotherapy is still conventional, though without first level recommendation. Accumulated evidence supported neoadjuvant therapy in selected patients with benefits from several aspects, such as prolonged survival and operation opportunity. ESPATUE trial showed that some unresectable stage III NSCLC became resectable after induction treatment. However, the results did not show more prolonged progression-free survival (PFS) or overall survival (OS) in the operation group; subgroup analysis showed that patients with T3N2 and T4N0-1 stage disease had significant long-term survival benefits (10). Many studies suggest that locally advanced NSCLC with resection potential can be restaged by neoadjuvant immunotherapy, which can lower recurrence risk, reduce tumor load, and increase the opportunity of R0 resection without increasing surgical complications (11). In addition, Immunochemotherapy can detect and clear micro-metastatic tumors. As for neoadjuvant treatment regimens, results from the NADIM trial and the ongoing phase II trial by Columbia University (NCT02716038) suggest that the pathological response rate of neoadjuvant immunochemotherapy is higher than neoadjuvant immune checkpoint inhibitor monotherapy (12). And until now, neoadjuvant immunochemotherapy has been more widely studied in phase III clinical trials of neoadjuvant immunotherapy (13, 14). Therefore, we finally chose a combined regimen of neoadjuvant immunochemotherapy.

Complete and precise diagnosis is the foundation of proposing comprehensive treatment strategies. In our case, the patient was initially diagnosed and treated as LUSC, but the postoperative histopathology revealed a C-SCLC with three different histological components. As a particular type of SCLC, the origin and biological characteristics of C-SCLC are still unclear. As formerly reported, the most common mix pathological types are large cell carcinoma, squamous cell carcinoma, and adenocarcinoma (5). Sarcomatoid or giant cell carcinoma are rarely involved, let alone small cell carcinoma and biphasic pulmonary tumors consisting of epithelial and mesenchymal components. Sümmermann E et al. reported a C-SCLC with a biphasic malignant tumor consisting of small cell carcinoma, adenocarcinoma, and fibrosarcoma in 2006 (15). In 2015, a patient with stage-IB C-SCLC (adenocarcinoma, squamous cell carcinoma, small cell carcinoma, and chondrosarcoma) underwent surgical resection without neoadjuvant therapy (16). Surgical resection could give us more tissue to analyze the origin and dynamic modification of C-SCLC components.

The possible origins of C-SCLC have been discussed in reviews and several case reports. First, the mutual transformation mechanism of NSCLC and SCLC. After the treatment of EGFR-TKI, the conversion of NSCLC to SCLC indicates plasticity between different types of tissue. Moreover, the increase of C-SCLC after neoadjuvant chemotherapy also supports (17) the residual components of non-small cell carcinoma could transform into small cell carcinoma. Second, different components of C-SCLC may have identical cell origins. Under different tumor microenvironments, the same tumor stem cells undergo the process of proliferation and differentiation; in the meantime, gene mutations or epigenetic changes lead to variations in biological behaviors, including metastasis, invasion, and drug resistance (18, 19). Besides conversion between components in one C-SCLC tumor, collision tumors refer to two or more independent primary tumors colliding or infiltrating with each other but no histologically intermediate differentiated cell clusters or mixtures (20). In our case, the three tumor components were separately distributed in pathological observation. So, we were more inclined to speculate that these three different histological components might derive from the same monoclonal stem cell. Unfortunately, there is only pathological evidence of LUSC before neoadjuvant therapy, and we cannot confirm whether carcinosarcoma and small cell carcinoma were original coexistence or treatment-induced. Previous studies suggested that SCLC with adenocarcinoma may originate from different clones (21), while carcinosarcoma or SCLC with squamous cell carcinoma may originate from monoclonal tumor cells (22, 23). However, there is no systematic study on the clonality of SCLC with biphasic tumors, and only one case report of SCLC with pulmonary blastoma and adenocarcinoma studied monoclonal origin through PCR-SSCP and the status of p53 (24). Highly differentiated NSCLC and pulmonary sarcomatoid carcinoma (PSC) often coexist in the same lesion, but a sarcomatoid component may branch out early from well-differentiated epithelioid components and accumulated mutations independently (25, 26).

To further explore the origin of each malignant subtype and to carry out targeted treatment for patients, we performed NGS of three tumor components after microdissection. Molecular subtypes detection plays an essential role in the comprehensive treatment of C-SCLC, since differences in histological types will lead to different biological and clinical characteristics. NGS can provide complete molecular information, identify therapeutic targets and discover new potential driving genes which may resolve the treatment dilemma. The mutation status of TP53, RB1, EGFR, Notch, ASCL1 can provide information on whether such components originate from a common ancestor or incidentally arise as collision cancers (27–30). Some epigenetic modifications, like histone acetylation, could be the secondary origin of NSCLC-related C-SCLC (31). In this case, we preliminary analyzed and found that three components had many identical mutations, particularly p53. At the molecular profile, these data indicate convergent mutation with a few subclone differences, so we considered that the complex histology is likely to originate from a typical multipotent stem cell, and p53 mutation occurred in the early stage of tumorigenesis before histologic differentiation. Subclone drifts cause subsequent acquisitions of other genetic mutations and finally form malignant tissues with similar molecular alterations but different characteristics. Although the NGS test suggested no treatable mutations such as EGFR, ALK, MET, ROS1, MET, BRAF, or KRAS, other possible meaningful mutations are detected. STK11 has the highest abundance of mutations among the mutation genes, followed by TP53 and KLHL6, and three mutations exist in each histological type.

Multiple biomarkers, such as PD-L1, TMB, and MSI, help us achieve more accurate predictions of the checkpoint inhibitors’ therapeutic response (32, 33). High TMB is defined differently through different detection methods and clinical trials. Some studies have shown that atezolizumab can prolong PFS in NSCLC patients with bTMB ≥ 16muts/mb (34). As for NSCLC patients, 6muts/mb of TMB is the recognized minimal value that shows a clinical response to ICIs (35–37). For SCLC, studies illustrate that patients with high TMB have a better clinical response to nivolumab or nivolumab plus ipilimumab, while no specifical TMB value is recommended for predicting treatment efficacy (38). The MSI of the three histological components was MSS type, and only the SCLC part of TMB exceeded 10muts/mb, which seems no beneficial immunotherapy and target therapy to this patient. However, there is no commonly recommended biomarker for SCLC to predict the efficacy of immunotherapy, and the high instability of genomic and chromosome in SCLC patients may theoretically be more sensitive to immunotherapy (39). There are several possible reasons. First, only PD-L1 inhibitors combined with chemotherapy has prospective benefit evidence in the first-line treatment of extended stage SCLC (ES-SCLC). In SCLC, application of PD-1 inhibitors, whether as first-line or back-line treatment or not, did not achieve the expected survival benefits. Secondly, the expression of PD-L1 in SCLC is low, which limit the predictive ability as the biomarker of classifying patients with potential benefits from PD-L1 inhibitors combined with chemotherapy. TMB has a proven predictive value in patients with recurrent SCLC, but its predictive value in SCLC patients with first-line therapy is not consistent with various studies (40). Therefore, PD-L1 and TMB cannot sufficiently predict the immunotherapy response in SCLC, but genotyping may provide new ideas for selecting the drug in the future. The key transcriptional regulatory factors classified SCLC into four subtypes (41). Different genotypes have different sensitivity to drug therapy and become a new biomarker for population screening beneficial to immunotherapy. For example, there is a significant synergistic effect between PARP or CHK1 inhibition and PD-1 inhibition in immunoreactive mouse models of SCLC-A subtypes (42). The gene expression profile of C-SCLC seems to be different from that of SCLC, and according to the results of NGS, we cannot match it with any subtypes. Therefore, further typing of C-SCLC as a particular type is needed to explore.

TP53 is active and vital in both PSC and small cell carcinoma, and the deletion of TP53 is necessary for the formation of SCLC (43). STK11 mutation is only found in biphasic PSC (44) and is a potential driver factor of PD-1/PD-L1 inhibitors resistance (45). KLHL6 is common in lymphoma, chronic lymphocytic leukemia (CLL), and other hematological tumors (46), and KLHL6/KLHL24-NTRK3 fusion was the first time found in LUSC recently (47). NTRK3 mutation is associated with enhancing immunity and immunogenicity in patients with lung adenocarcinoma (LUAD) and can predict a good prognosis in LUAD patients treated with ICIs (48). Among LUAD, PTEN mutation is often associated with the immune microenvironment and expresses differently in different TMB (49). NSD3 is a crucial regulator of LUSC and a potential driving factor in lung cancer with FGFR1 amplification (50), which may be a potential target for therapy. KEAP1 has been proved to be the driving factor of LUAD, and KEAP1/NFE2L2 is associated with drug resistance of chemotherapy and immunotherapy in NSCLC. A prognostic model constructed with five genomic mutations of CREBBP, KEAP1, RAF1, STK11, and TP53 showed that NSCLC patients with these five genomic mutations could not benefit from atezolizumab (51). Why the LUSC component was sensitive to immunotherapy, while SCLC and sarcoma were resistant to immunotherapy? The underlining biological behaviors are still unclear. According to a few studies of gene mutations in LUSC, patients was initially sensitive and then rapidly resistant to immunotherapy, which indicates that NSCLC and SCLC may not sustain their original genome or pheonotypes during immune system regulation.

The knowledge of C-SCLC is still lacking due to its low incidence and unsatisfied research evidence. Available conclusions are mainly based on retrospective analysis rather than multicenter prospective studies and large samples, and no sufficient evidence to identify the influencing factors of treatment and prognosis and clear consensus and guidelines on treatment. The clinical study of neoadjuvant immunochemotherapy in NSCLC is in full swing, while there is no related research in C-SCLC. According to the guidelines, if the patient is initially diagnosed with SCLC, he has no chance of neoadjuvant therapy or surgery. Moreover, the patient responded to neoadjuvant immunochemotherapy in the initial 2 cycles of treatment for the dominated LUSC component. The tumor grows slowly after 4 cycles of treatment, and we consider that the tumor heterogeneity could explain the overall resistance. Both imaging changes and tumor retraction in pathology illustrate that LUSC is sensitive to neoadjuvant immunochemotherapy, while SCLC and carcinosarcoma are resistant to this regimen. In this case, we accidentally explored C-SCLC treatment, and the whole-process treatment inspires us of the difference in biological behavior and treatment between C-SCLC and SCLC.

What’s more, the different components and their proportion of NSCLC in C-SCLC may affect the choice of treatment and prognosis. Neoadjuvant immunochemotherapy not only downstages the tumor but also enables us to obtain information on tumor drug sensitivity, which can guide the subsequent adjuvant therapy. Based on the patient’s response to immunochemotherapy, the proportion, and staging of each component, Referring to the scheme of adjuvant therapy in NSCLC, we chose the original immunochemotherapy regimen as postoperative adjuvant therapy and the same PD-1 inhibitor as maintenance therapy for one year. At the same time, considering the high malignancy and metastatic potential of carcinosarcoma and SCLC, even in the early stage, complicated components, and the clingy cutting edge of bronchus, the patient received prophylactic radiotherapy in the bronchial margin and lymph node area to decrease the risk of recurrence.



Conclusion

Tumors have high heterogeneity and complexity. When the treatment response is not consistent with the expectation based on clinical evidence, it is reasonable to doubt that the biopsy specimens have not fully revealed all the histological types. Moreover, the histological components of C-SCLC may constantly be transforming during proliferation and treatment, which adds trouble to precise diagnosis and therapy. NGS provides a feasible method for treatment selection according to molecular information and clonal origin. This case report provides an example of a C-SCLC patient who benefited from neoadjuvant immunochemotherapy which gives C-SCLC patients more opportunities for surgery resection, pathology studies, and drug sensitivity tests, all of which relate to a better prognosis. Complete histological specimens can be conducive to diagnosing and precise treatment of C-SCLC and some unexplained drug resistance. In addition, the application of molecular biology is encouraged to study the origin, mechanism, tumorigenesis, treatment and prognosis of C-SCLC, in particular the mechanism that whether the components of NSCLC in C-SCLC will affect the treatment.
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Brain metastases (BMs) in non-small-cell lung cancer (NSCLC) patients are associated with significant morbidity and poor prognosis. Immune checkpoint inhibitors (ICIs) have resulted in a paradigm shift in the management of advanced NSCLC. However, the value of ICIs in NSCLC patients with BMs remains unclear because patients with BMs are routinely excluded in numerous prospective trials on ICIs. Here, starting from the mechanisms of ICIs for BMs, we will reveal the value of ICIs by reviewing the efficacy and adverse effects of ICIs monotherapy as well as promising combination strategies, such as combinations with chemotherapy, radiotherapy, and anti-angiogenic drugs, etc. In addition, the methods of patient selection and response assessment will be summarized to assist clinical practice and further studies.
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Introduction

Brain metastases (BMs) are frequent complications in patients with non-small cell lung cancer (NSCLC), present in 10% ~ 20% of patients at diagnosis, and approximately 20% ~ 40% eventually (1, 2). The incidence of NSCLC BMs is increasing, partly due to the improvements in testing techniques and the popularity of screening, as well as the improvements in therapies that extend patient survival (3).

NSCLC-BMs are associated with poor prognosis (4). In patients with driver-gene positive NSCLC-BMs, such as those harboring epidermal growth factor receptor (EGFR) mutation or anaplastic lymphoma kinase (ALK) rearrangement, new-generation targeting reagents have a favorable intracranial response rate (66%–78%) (5, 6). However, treatments for those driver-gene negative patients are extremely limited. Radiotherapy is the mainstream treatment for symptomatic BMs, such as whole brain radiotherapy (WBRT) and stereotactic radiation therapy (SRT). Surgical resection is only appropriate for a limited number of carefully selected patients. Management of multiple asymptomatic BMs often involves systemic therapy only. However, conventional systemic therapies could not achieve desired intracranial efficacy and survival improvements (7). Overall, platinum-based chemotherapy has obtained 30%~40% intracranial response, while the benefit is short-lasting and the toxicity is enormous (8). Hence, optimization of the treatment of NSCLC-BMs is urgently needed.

Blocking the programmed death protein-1 (PD-1)/its ligand (PD-L1) axis with immune checkpoint inhibitors (ICIs) has revolutionized the treatment landscape for advanced NSCLC, covering from first-line treatment to post-line treatment (9). In addition, ICIs in combination with chemotherapy or radiotherapy were approved for metastatic NSCLC. Cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) inhibitors, such as ipilimumab, have a good performance in combination treatment, despite poor performance as monotherapy for NSCLC. Unfortunately, the value of ICIs for NSCLC-BMs is indeterminate because those patients have generally been excluded or underrepresented in over half of the clinical trials (10). There are several reasons for this issue: (1) The poor survival of patients with BMs may increase the probability of trial failure (11); (2) Drugs are difficult to penetrate through the blood-brain barrier (BBB) to intracranial lesions (12); (3) The tumor microenvironment of BMs is immunologically “cold” (13); (4) Patients with symptomatic BMs often need steroids, which may conflict with immunotherapy (14). Although some clinical trials enrolled asymptomatic BMs, the outcomes of the BMs subgroup were rarely reported (10). Until recently, several clinical trials of ICI treatment for advanced NSCLC, especially combination therapy, have published the results containing BMs subgroup analysis. Although the evidence is still limited, NSCLC-BMs are navigating towards the era of immunotherapy.

The main aim of this review is to reveal the value of ICIs for NSCLC-BMs. Based on the possible mechanisms through which BMs can benefit from ICIs, we summarize clinical evidence, including pivotal prospective trials and representative studies. Future challenges and perspectives will also be sketched out in order to better understand and optimize ICI-containing treatments in patients with BMs.



Mechanisms

Historically, the physiological brain was regarded as an immune-privileged organ, mainly due to the BBB and genetically special immune spectrum (15). However, the mechanism of ICIs, unlike targeted-tumor cell drugs, theoretically relates to modified immune cell activity rather than a direct action of tumor cells in the brain. Moreover, changes in the neuroimmunology background have rekindled interests in immunotherapy for BMs.

It was generally believed that molecules with large molecular weight and low liposolubility, as well as peripheral immune cells, cannot penetrate the BBB (16). Actually, the existence of BMs and the management of anti-tumor treatments can lead BBB to become “not too dense” (17, 18). The BBB is induced to structural changes and dysfunction by BMs, and possible mechanisms include the increase in vascular endothelial growth factor (VEGF)-mediated angiogenesis and multiple adhesion molecules (such as VCAM-1 and ICAM-1) and chemokines (such as CXCL12-CSCR4 axis)-mediated trans-endothelial migration (18). Indeed recently, nivolumab has been measured in cerebrospinal fluid (CSF) of five patients with suspected leptomeningeal metastases, with CSF/plasma ratios ranging from 1/52 to 1/299 (19). Furthermore, radiotherapy can loosen the BBB. After brain radiotherapy, the CSF/plasma ratio of trastuzumab could increase by six times (20). Unfortunately, pharmacokinetic studies of ICIs after radiotherapy are absent. Collectively, during the development and treatment of BMs, the tight fences of BBB may be opened.

A deeper understanding of the tumor microenvironment (TME) is necessary to develop immunotherapy (21). Tumor infiltrating lymphocytes (TILs) are essential for the efficacy of immunotherapy. Other immune cells in the brain TME, such as tumor-associated macrophages (TAMs), microglia, and astrocytes that surround brain tumors are involved in tumor progression and immune evasion (22). Whether lymphocytes can cross the BBB had remained controversial for decades. Recent studies have refuted the notion of immune isolation in the brain. In the 1980s, an antigen exit route from the brain to the deep cervical lymph nodes was discovered (23). In 2015, functional lymph-vessel found in the meninges provided a direct drainage route for immune cells from the brain to cervical lymph nodes (24). Despite the discovery of T cell infiltration in primary brain tumors (25), outcomes from PD-1/PD-L1 ICB trials in gliomas are disappointing to date (26). It is partially attributed to insufficiency of TILs infiltration, low expression of PD-1/PD-L1, and low tumor mutation burden (TMB) in gliomas (26), which are not conducive to the ICIs to revive the anti-tumor immune response. Compared with gliomas, however, BMs are more abundant and diverse with TILs and neutrophils (27). Relatively high infiltration of TILs has been found in BMs from melanoma, renal cell carcinoma, and NSCLC (28). Comparing PD-L1 expression and TILs densities between primary tumor and matched BMs revealed a lower burden of TILs but a higher PD-L1 expression in NSCLC BMs (29–31). Given the discordance between BMs and primary tumors, these differences may contribute to the differential activity of immunotherapy for NSCLC-BMs. The intracranial efficacy of pembrolizumab was confirmed despite the relative scarcity of intracranial TILs (32). Hence, it is necessary to determine whether the intracranial efficacy of ICIs depends on activation of intracranial immune cells in situ, or migrating from the peripheral environment, or both. Using a high-dimensional single-cell approach, Friebel et al. revealed that BMs were characterized by high infiltration of peripherally-derived leukocytes, especially CD8+ T cells (33). Moreover, CD8+ T cells in BMs appear to be more exhausted than those in peripheral and normal intracranial environments, partially because immune suppressive signals, such as PD-1 and CTLA-4, are upregulated, a mechanism that ICIs can potentially improve. Studies have shown that blocking PD-1 could induce the migration of immune cells to the brain, in which IFN-γ played a key role (34). Up-regulation of IFN-γ can modulate multiple adhesion molecules (such as VCAM-1 and ICAM-1) and chemokines (such as CXCL10)-mediated T cell migration and can also induce the turning on of BBB (35, 36). Notably, activated CD4+ T cells in the brain can loosen the BBB through local IFN-γ production (37), which may produce positive feedback.

In conclusion, these findings indicated that NSCLC patients with BMs might benefit from ICIs treatment by activated intracranial and extracranial immune (Figure 1).




Figure 1 | Potential mechanisms that NSCLC patients with brain metastases could benefit from ICIs. (1) BBB will be loosened with the progression of BMs. (2) Immune cells and tumor-associated antigen could be transported between intracranial and peripheral environments by meningeal lymph-vessels. (3) Part of ICI mAbs can enter the intracranial environment and be detected. (4) BBB can get loose due to broken tight conjunction and enhanced trans-endothelial migration through the up-regulation of adhesins and chemokines mediated by INF-γ inducing T-cell- secreted INF-γ. (6)(7)(8) ICIs revive anti-tumor immune in lymph nodes, primary disease and peripheral circulation. ICI, immune checkpoint inhibitor; RT, radiotherapy; CT, chemotherapy; IFN, interferon; BBB, blood-brain barrier; mAb, monoclonal antibody; IFN, interferon.





ICI Monotherapy for NSCLC-BMs


Response

For a long time, it has been controversial whether ICI monotherapy induces an intracranial response in NSCLC-BMs. Intracranial examinations were routinely not been performed in the follow-up when observing the response of ICIs for advanced NSCLC. Several large randomized trials on ICIs treatment for gliomas (Checkmate-143, Checkmate-498, Checkmate-548) failed to prolong PFS and OS (26), casting a shadow over research on metastatic brain tumors. This nebulous status continued until Goldberg and his colleagues firstly reported the outcome of pembrolizumab for patients with untreated BMs (32). In their phase 2 trial, patients with at least one 5~20mm untreated asymptomatic BMs were divided into two cohorts. Cohort 1 was patients with PD-L1 positive (PD-L1≥1%) and cohort 2 PD-L1 negative (PD-L1<1%) or unknown. The results showed that 11 of 37 patients (29.7%) in cohort 1 had an intracranial response. However, there was no response in cohort 2 (5 patients). Furthermore, 29.7% of patients in cohort 1 had a systemic response, and 7 of the intracranial responders had a systemic response simultaneously. Several retrospective studies also provided valuable evaluations of intracranial response (38–43). In short, intracranial objective response rate (ORR) ranges from 16.4% to 36.6% regardless of PD-L1 expression. For patients with PD-L1≥50%, intracranial ORR may exceed 50%.

Compared with chemotherapy, a higher systemic response has been observed in ICI monotherapy for patients with BMs. Recently, a pooled analysis based on KEYNOTE-001, 010, 024, and 042 (44) showed that systemic ORR with pembrolizumab was superior to chemotherapy in PD-L1≥1% NSCLC patients with BMs (26.1% vs. 18.1%). The single-arm FIR trial (45) enrolled 13 advanced NSCLC patients treated with atezolizumab into its cohort 3 (second-line with treated BMs). All eligible patients were PD-L1 positive. Investigator-assessed systemic ORR was 23%. Of particular interest, the outcome of FIR trial as well as other retrospective data suggested that there was no significant difference between patients with asymptomatic BMs and patients without BMs (45) (Table 1).


Table 1 | Clinical investigations of ICI monotherapy in the treatment of NSCLC patients with BMs.





Survival

Benefits in survival are relatively clear-cut for NSCLC patients with BMs. A pooled analysis of KEYNOTE-001, 010, 024, and 042 (44) showed that pembrolizumab improved overall survival (OS) versus chemotherapy (13.4 months vs. 10.3 months, HR=0.83). In the subgroup of NSCLC patients with high PD-L1 expression (PD-L1≥50%), the magnitude of benefit with pembrolizumab compared with chemotherapy increased to 19.7 months vs. 9.7 months (HR=0.67). Importantly, both the magnitude of benefit and the toxicity profile with pembrolizumab were similar to those in patients without BMs (38, 40). A pooled analysis of CheckMate-017 and 057 (46) compared the long-term outcomes of nivolumab with docetaxel in the BMs subgroup. Nivolumab improved OS (7.6 months vs. 6.2 months, HR=0.81) and 5-year OS rate (8% vs. 0%) versus docetaxel. Clinical evidence that NSCLC patients with BMs can benefit from nivolumab mainly came from several real-world studies in European regions (41, 47–51). Several retrospective studies that did not distinguish the types of anti-PD-1/PD-L1 monotherapy were also shown in Table 1. Cemiplimab is a newly approved anti-PD-1 ICI for advanced NSCLC with high PD-L1 expression(≥50%) based on a phase 3 EMPOWER-Lung 1 study (53). Results have demonstrated that cemiplimab monotherapy present significantly superior progression-free survival (PFS) (HR=0.45) and OS (HR=0.17) compared with platinum-double chemotherapy in the BMs subgroup. A similar benefit could be observed in OAK trials comparing atezolizumab with docetaxel (52). Notably, the development of new BMs was delayed by atezolizumab. In patients with baseline BMs, the median time to the development of new BMs was not reached in the atezolizumab arm, and was 9.3 months in the docetaxel arm (HR=0.38). Interestingly, in PACIFIC study for inoperable stage 3 NSCLC patients (55), the maintenance treatment of durvalumab after chemoradiotherapy was associated with a halved incidence of developing new BMs. These findings indicated PD-L1 inhibitors might prevent or at least delay the occurrence of BMs.



Safety

According to the published data, it was generally accepted that ICI monotherapy had a better tolerance than standard chemotherapy. The prospective trial focusing on BMs from Goldberg et al. (32) reported that no intracranial Grade≥3 adverse events (AEs) occurred, and the incidence of systemic Grade≥3 AEs was 14%. In the pooled analysis of KEYNOTE-001, 010, 024, and 042 (44), comparing pembrolizumab and chemotherapy, the incidence of intracranial Grade≥3 AEs was 9.7% vs. 26.7%, while the incidence of systemic Grade≥3 AEs was 14.8% vs. 45.6%. The Expanded Access Program from Italy included 466 NSCLC patients with BMs who were asymptomatic after radiotherapy. 7% nonsquamous NSCLC patients and 8% squamous NSCLC patients suffered Grade≥3 systemic AEs (50, 51). Another real-world study reported similar incidence, regardless of neither histological type nor condition of BMs (56). The BMs subgroup analysis from OAK trial (52) indicated the better systemic safety of atezolizumab compared with docetaxel. Notably, Grade≥3 neurologic treatment-related AEs (trAEs) were higher in the atezolizumab arm, although the rate of neurocognitive AEs was quite low in both arms (5.0% vs. 1.8%), and no Grade 4~5 neurologic trAEs occurred. Collectively, the incidence of Grade≥3 trAEs ranges from 14%~25%, as well as a low incidence of intracranial AEs.

To sum up, anti-PD-1/PD-L1 ICI monotherapy is beneficial for NSCLC patients with BMs, which can diminish intracranial disease, reduce adverse events and improve survival, particularly for those with high PD-L1 expression (Table 1). However, we still need more large-scale clinical data to support this view and precisely pre-stratify patients who may benefit.




Combination Strategy for NSCLC-BMs

Although ICI monotherapy could yield benefits to NSCLC patients with BMs, the response of ICI monotherapy is generally less than 30%. Moreover, due to the slow onset of the anti-tumor immune response, there is often a cross point on the Kaplan-Meier survival curves between ICI monotherapy group and the control group when curves are priming, suggesting that the early efficacy of ICI treatment was inferior to chemotherapy or radiotherapy for some patients. The outcomes of the Keynote-001 study showed that about 75% of patients who produced early response on immunotherapy achieved long-term survival (57). Hence, improving ICI efficacy and expanding the pool of beneficiaries are urgently needed. Actually, immunotherapy can be reciprocally beneficial to other treatments (Figure 2), such as radiotherapy and chemotherapy.




Figure 2 | Rationality of ICI therapy and other therapies combination in the treatment of NSCLC patients with BMs.




ICI Combined With Radiotherapy

Given almost all patients with metastatic NSCLC require radiotherapy, especially those with BMs, radiotherapy and immunotherapy possibly form the best alliance in clinical practice. On the one hand, a growing body of evidence supports synergistic mechanisms between radiotherapy and immunotherapy (58–60), which are present in Figure 2. On the other hand, from a clinical point of view, the response of immunotherapy is slow but persistent, whereas radiotherapy can quickly relieve nervous symptoms in BMs patients, although the response is not long-lasting (60). Therefore, combination treatment can bring effective and long-term benefits to BMs patients from NSCLC.

Some clinical studies have provided support for the value of this alliance. ICIs combined with radiotherapy can convey benefits to NSCLC patients with BMs by elevation in intracranial disease control, prolongation survival as well as improvement in neurocognitive function. A multicenter phase II trial (61) examined the effect of combining nivolumab with SRT. It included 26 patients (22 NSCLC), having ≤10 cc of BMs with no prior irradiation or immunotherapy. Of the 21 NSCLC patients with assessable PD-L1 status, 12 patients had PD-L1≥50%. High intracranial control was present: median intracranial PFS was 5.0 months, the 1-year cumulative incidence of intracranial relapse was 20% accounting for death as a competing risk. Median OS was 14 months. In the sixth month, neurocognitive function showed potential improvements. Compared with radiotherapy alone, radiotherapy plus ICI significantly improved local disease control and survival. A representative example is an investigation with a large sample size from National Cancer Databank (NCDB), showing that the median OS of NSCLC-BMs patients treated with ICI+RT increased 1.5 times (13.1 months vs. 9.7 months) than those treated with RT alone (62). Moreover, combination therapy can decrease neurological death (63). More data are listed in Table 2.


Table 2 | Clinical investigations of ICI and radiotherapy combination in the treatment of NSCLC patients with BMs.



While the advantages of radiotherapy combined with immunotherapy are promising, three concerns remain for clinicians. The primary concern is safety. In recent years, an increased incidence of radionecrosis was reported when applying ICIs in patients undergoing SRT for BMs. Radionecrosis significantly impacts the quality of life, leading to focal neurologic deficits, headaches, nausea, and seizures. A retrospective research has shown that receipt of immunotherapy was associated with symptomatic radionecrosis after adjustment for tumor histology (HR=2.56); this association was stronger in BMs patients from melanoma(n=145) (HR=4.02) (67). The outcome of NSCLC with BMs was not published. There were also more recent studies suggesting that ICIs were not associated with the increasing incidence of radionecrosis in NSCLC-BMs (64). This discordance may be attributed to histology heterogeneity and difficulty to distinguish radionecrosis from tumor progression in radiology. Hence, more studies are needed to clarify the association between immunotherapy and radionecrosis. Another major concern is the optimal timing of combining radiation and immunotherapy. Based on the aforementioned reciprocal mechanisms, some investigators have proposed that immunotherapy should be administered after radiotherapy so that the reciprocal effect could be maximized while activated immune cells avoid being damaged by radiation (68). Many retrospective investigations observed better outcomes in RT+ICI. However, they did not limit the order of between RT and ICI management, and the intervals between these two managements varied widely, ranging from two weeks to three months (64, 65, 69). A meta-analysis showed that concurrent SRT with ICI performed better OS than sequential therapy in the treatment of NSCLC patients with BMs (HR=0.39), but there were only two studies involved (70). In addition, the radiation dose is also attracting attention. Some investigations considered that hypofraction radiotherapy (HFRT) or SRT might better activate anti-tumor immune responses and preserve lymphocytes than traditional radiotherapy (71–73). However, there were also retrospective data showing that WBRT plus ICI performed better than SRT plus ICI in the treatment of NSCLC patients with BMs (66). Therefore, prospective trials are needed to determine the optimal dose-fraction scheme.



ICI Combined With Chemotherapy

Like radiotherapy, there are also synergy effects between immunotherapy and chemotherapy, which is the theoretical basis of combination (74, 75). Recently, numerous prospective clinical evidence has confirmed the advantages of this combination (Table 3).


Table 3 | Clinical investigations of ICI and other systematic therapies combination in the treatment of NSCLC patients with BMs.



Synergies between chemotherapy and ICIs yield to NSCLC patients with BMs in prolonged survival, including PFS and OS. This benefit has been observed in the KEYNOTE-189 study of pembrolizumab and chemotherapy vs. chemotherapy alone (76). The HR for PFS was 0.48 in the overall population, 0.48 in patients without metastases, and 0.42 in patients with BMs, and the HR for OS was 0.56, 0.59, 0.41 in the three groups above, respectively. Particularly, compared with chemotherapy alone, OS was observed a remarkable prolongation in pembrolizumab combined with chemotherapy (19.2 months vs. 7.5 months). Similar conclusions were supported in a pooled analysis of KEYNOTE-021, 189, 407 (77), including 171 NSCLC patients with asymptomatic BMs in 1298 advanced NSCLC. Systematic ORR in the combination arm was also significantly enhanced as compared with the chemotherapy alone arm (39.0% vs. 19.7%). Notably, for NSCLC patients with BMs, the magnitude of benefit from ICIs combined with chemotherapy seems to be realized regardless of PD-L1 expression. In addition, for those advanced NSCLC patients with EGFR mutation who failed from prior first-line targeting therapy, ICIs and chemotherapy combination may work well, though observed only in the trial with a small sample (81). Collectively, adding ICIs into chemotherapy can significantly improve survival for NSCLC patients with BMs. Relevant prospective clinical studies are listed in Table 3.

Like radiation therapy, the sequence and dose of chemotherapy combined with ICI also make a difference in the efficacy of treatment (87). Zhu et al. found docetaxel delivery before anti-PD-1 ICI with an interval of two days could initiate a more powerful anti-tumor response than simultaneous delivery and post delivery in multiple tumor models (88). However, patients in large randomized clinical trials are almost administered with chemotherapy drugs and ICI on the same day, followed by ICI maintenance (with or without chemotherapy), probably due to patient compliance. To date, no consensus has been reached regarding the dose and sequence strategies used in combinational cancer immunotherapies. How to optimize the scheme of administration relative to each kind of drug remains to be studied.



ICI Combined With Anti-Angiogenic Agents

It is commonly believed that anti-angiogenic agents limit tumors growth by inhibiting the tumor vasculature. Nevertheless, a low dose of anti-angiogenic agent may instead induce the normalization of abnormal tumor vessels, decreasing tumor-promoting hypoxia and increasing accessibility for immune cells and other therapeutic agents to reach the TME, which facilitate the efficacy of immunotherapy (89).

In IMpower150 trial (83), patients were randomized 1:1:1 to receive atezolizumab + bevacizumab + carboplatin/paclitaxel (ABCP), atezolizumab + carboplatin/paclitaxel(ACP), or bevacizumab + carboplatin/paclitaxel (BCP). With a good tolerance, significantly improved PFS and OS were observed in the ABCP group compared with the BCP group for metastatic nonsquamous NSCLC, regardless of PD-L1 expression and EGFR or ALK genetic alteration status. Outcomes from the latest IMpower150 exploratory analyses in the subgroup with BMs indicated that the ABCP regimen could delay the time to development of new BMs (HR=0.68) for ABCP versus BCP and 1.55 for ACP versus BCP). A phase 1b trial assessed sintilimab (a PD-1 inhibitor) combined with anlotinib (a multi-target tyrosine kinase inhibitor with anti-angiogenic action) in the frontline setting for advanced NSCLC (84). This chemotherapy-free regimen presented encouraging efficacy, durability, and safety profile regardless of PD-L1 expression. Notably, all four involved patients with asymptomatic BMs at baseline achieved intracranial complete response (CR), and three of them achieved overall partial response (PR), indicating that sintilimab plus anlotinib had synergistic effects in the brain. The outcomes of a further trial are worth expecting.

The primary concern for this combination is still safety. In the BMs subgroup of Impower150 trial (83), the ABCP group had the highest incidence of Grade 3~4 trAEs among the three groups. Besides, treatment withdrawal due to AEs occurred in 42.9% of patients in the ABCP arm. On the plus side, there were no Grade 5 AEs with ABCP. Additionally, an understandable concern for AEs is intracranial hemorrhage, which should be highly regarded, although the management of anti-VEGF regents may make no contribution to an increased risk of intracerebral hemorrhage in NSCLC patients (90). Due to the lack of higher-level evidence, it is necessary to closely monitor the risk of intracerebral hemorrhage in patients with BMs when using ICIs plus anti-angiogenic agent regimens. Another imperative concern in clinical practice is the cost. After all, the promising regimen in Impower150 trial involves four drugs. A cost-effectiveness analysis from the United States showed that the incremental cost-effectiveness ratio for ABCP was $568,967 per quality-adjusted life-year (QALY) compared with BCP and $516,114 per QALY compared with CP (91). The issue of cost should be taken seriously by all parties.



Multiple ICIs Combination

Blocking multiple immune checkpoints seems natural to activate anti-tumor immunity to a greater extent. Nivolumab plus ipilimumab have been approved for metastatic melanoma and NSCLC by FDA (92), but the failure of durvalumab plus ipilimumab gave us a warning that not all double-ICIs regimens worked well. Despite the fact that all ICIs play roles in releasing brakes that limit the immune system, the specific mechanisms for reviving anti-tumor immunity are peculiar. For instance, circulatory and resident T cells are subject to blocking the PD-1/PD-L1 axis, whereas lymphocytes in lymph nodes are subject to be activating by CTLA-4 inhibitors (93). Furthermore, different ICIs may function on their preferred subsets of T cells (94). Therefore, it is rational that the combination of dual ICIs may produce spatio-temporal synergies.

Checkmate-227 part 1 evaluated nivolumab plus ipilimumab versus chemotherapy in the treatment of advanced NSCLC. A post-hoc analysis (85) demonstrated that the double-ICIs arm presented higher ORR (33% vs. 26%), with a longer duration of response (24.9 months vs. 8.4 months). Longer OS was observed in the double-ICIs arm (18.8 months vs. 13.7 months). The rate of any-grade CNS AEs was 46% in BMs patients treated with double-ICIs, most of which were Grade 1~2, while it was 42% for those treated with chemotherapy. Chemotherapy or radiotherapy can be added into a double-ICIs regimen. Nivolumab + ipilimumab + two-cycle chemotherapy has been proved to have an advantage over four-cycle chemotherapy in the BMs subgroup of Checkmate-9L trial (86). Of note, double-ICIs combined with short-course chemotherapy eliminated the cross point of OS curve in Checkmate-027, which demonstrated the advantage of the combination strategy. Concurrent/sequential SBRT combined with nivolumab and ipilimumab was well tolerated (95). Multimodality therapy is valued to achieve durable metastases control and survival (Table 3).




Challenges and Perspectives

Based on the basic researches and clinical data presented in this review, sufficient evidence exists to support the continued exploration of the novel value of immunotherapy for NSCLC BMs. An ICI-containing algorithm in the management of NSCLC-BMs is presented in Figure 3. However, it must be noted that until more robust clinical trials are conducted, NSCLC-BMs patients should be individually evaluated by multidisciplinary tumor boards in highly experienced centers. Also, several considerations need to be adequately addressed before the development of a clinical trial designed to widely test the setting.




Figure 3 | A propositional management algorithm for NSCLC patients with BMs who are candidates for ICI-containing comprehensive treatment. This algorithm considers patients who are candidates for an ICI-containing comprehensive therapy after the standard patient examination and tumor specimen evaluation (driver-gene status and PD-L1 expression evaluation). Targeted reagent-centered therapy should be recommended first for driver-positive patients owing to a favorable intracranial response rate. Considering the poor prognosis of BMs, ICI monotherapy is recommended with more caution, and ICI-containing combination therapy is encouraged. ICI Patients with symptomatic or multiple BMs could be treated with RT strategies. The final therapeutic decision should be made by a multidisciplinary tumor board. * only appropriate for nonsquamous NSCLC; # optimal when PD-L1 ≥ 50%; ICI, Immune Checkpoint Inhibitor; CT, Chemotherapy; RT, Radiotherapy; TT, Targeted therapy; AAT, Anti-angiogenic therapy.




Patient Selection

In the era of immunotherapy, the appropriate patient selection remains of paramount importance. In NSCLC BMs, prognosis significantly depends on several factors, including age, Karnofsky performance status, extracranial metastases, number of BMs, and the presence of driver-gene mutations. Together, these clinical parameters constitute lung-graded prognostic assessment (lung-GPA), the most established tool to estimate survival in lung cancer. GPA of 4.0 and 0.0 correlate with the best and worst prognosis, respectively, with OS varying widely from 7 months to 47 months (96). Some studies have shown that some clinical parameters, including but not limited to those involved in GPA, are associated with intracranial outcomes and survival in ICIs treatment of NSCLC BMs (11, 97). As noted previously, the benefit acquired from ICIs in NSCLC patients with asymptomatic BMs is likely to have no different from that in patients without BMs. Hence, we recommend that NSCLC patients with asymptomatic BMs are not supposed to be excluded routinely from clinical trials on ICIs. Symptomatic BMs often have poor efficacy and outcome. Besides active BMs per se, the decline in the efficacy of immunotherapy is attributed to steroids, which are considered immune suppressors and routinely used to control intracranial symptoms and modify side effects of other therapies in patients with BMs (14, 98). Moreover, harboring driver-gene mutation, indicating a favorable prognosis, is associated with low benefits from ICIs (99). Hence, GPA in the setting of immunotherapy may need to be updated.

Developing reliable biomarkers is an important approach to accurately select patients. Currently, for anti-PD-1/PD-L1 treatment, PD-L1 remains the most commonly used stratified biomarker in both clinical practice and trials. A study demonstrated that PD-L1 expression might predict OS in NSCLC BMs patients receiving immunotherapy. Importantly, it was independent of lung-GPA (100). It also noted that intracranial PFS did not show an association with PD-L1 expression (100). However, the specimens for testing PD-L1 expression in almost all studies are from primary lesions. As mentioned earlier, PD-L1 expression is at variance between BMs and primary lesions (30, 31). Therefore, whether PD-L1 can be a robust marker for ICIs intracranial response remains to require further investigations. Besides PD-L1, tumor mutational burden (TMB) is also approved as a biomarker of ICIs therapy, such as pembrolizumab-based therapy and nivolumab + ipilimumab combination therapy, in pan-cancer (101–103). Remarkably, TMB is site-specific in NSCLC and is highest in lung adenocarcinoma BMs (104). Beyond PD-L1 and TMB, emerging genomic biomarkers for immunotherapy are under development (105, 106).

A major restriction of studying the tumor immune microenvironment of BMs is that it is extremely challenging to obtain intracranial specimens. Therefore, simple substitutions are required. Liquid biopsy technique based on cerebrospinal fluid provides the opportunity to precisely acquire and monitor BMs in real-time and guide immunotherapy. Cell-free DNA (ct-DNA) and immune cell RNA profiling of CFS enable to characterize genomic information and immune cells infiltration of BMs and predict prognosis eventually (107–110). The presence of circulating tumor cells (CTCs) has been reported to be associated not only with NSCLC recurrence and metastasis but also with worse tumor response to ICI (111). Methods have been developed to characterize CTCs of NSCLC-BMs in CSF (112). Further work is needed to confirm the potential value of CTCs in predicting the efficacy of ICI for NSCLC-BMs. Besides liquid biopsy, advanced imaging techniques and artificial intelligence in radiomics will bring about a revolutionary shift in predicting cancer outcomes (113). For instance, the deep learning models from CT (114) or PET-CT (115) provide a noninvasive method to predict high PD-L1 expression of NSCLC and infer clinical outcomes in response to immunotherapy.

With the digitalization of radiology, histopathology, genomics and clinical information, it is necessary to integrate and analyze these data, because none of them can fully characterize tumors alone. In other words, they are complementary. For example, radiological scans and pathology specimens describe tumors spatially at different dimensions. However, at present, even when these data are available, they are rarely integrated. Artificial intelligence and deep learning provide an opportunity for multimodal data integration (116). One example is that, by integrating PET-CT imaging, RNA-sequencing, and histology, differential immuno-metabolic crosstalk in lung squamous cell carcinoma and adenocarcinoma was observed (117). Another study found that the combination of features from histological imaging and MRI outperformed unimodal classifiers for the stratification of brain tumor subtypes (118). BMs possess the intricate characteristics of both primary solid tumors and neurological tumors. Thus, the integration of information may be a promising direction for developing reliable biomarkers for BMs.



Response Assessment

The response assessment of BMs depends not only on changes in the size of the targeted lesions but also on changes in neurological status and steroid dosage. Previous measures, such as tumor shrinkage rate and survival time, to evaluate the efficacy of immunotherapy are not comprehensive and are not able to imply early efficacy because some lesions have a temporary pseudoprogression and then respond well. Published studies have reported a wide range of incidences of pseudoprogression (from less than 1% to more than 20%) (119–121). Regardless, consequences with failure to identify pseudoprogression are substantive and undesired, including premature discontinuation of an effective therapy and overestimating the efficacy of a subsequent therapy. Therefore, with the shift of the management of BMs in the era of immunotherapy, understanding of the response assessment of BMs needs renovation.

Firstly, the criteria of response assessment to BMs are constantly evolving (Figure 4). Most solid tumors were evaluated by Response Evaluation Criteria in Solid Tumors (RECIST) 1.1. Given the use of steroids and changes in patients’ neurological status, MacDonald Criteria was established, primarily applied to gliomas (122). Subsequently, to cope with the challenges posed by the pseudoprogression after radiotherapy as well as the pseudoremission after anti-angiogenic therapy, the Response Assessment in Neuro-Oncology (RANO) working group published the Response Assessment in Neuro-Oncology for High-grade Gliomas (RANO-HGG) (123). Although MacDonald Criteria and RANO-HGG could be extended to BMs, BMs possess the characteristics of both primary solid tumors and neurological tumors. Hence, for high-quality assessment of BMs, the RANO working group established RANO for BMs (RANO-BM) (124). The RANO-BM uses a one-dimensional method to measure tumor size, requiring measurable lesions to be at least 10 mm in diameter, allowing up to 5 lesions to be targeted, and incorporates the patient’s performance status and steroid use as a basis for evaluation when determining disease remission or progression. Qian et al. proposed modified RECIST (mRECIST) 1.1 criteria to adapt to the application of immunotherapy in the treatment of BMs (125). The standard eased the restriction of measurable lesion length to ≥5 mm, allowing more patients to be included in clinical studies. Immune-related Response Criteria (irRC) pointed out that if there was no significant decrease in the patient’s clinical performance status, progression could not be determined by an increase in the volume of an early lesion or the appearance of a new lesion unless subsequent imaging tests could confirm (126). Based on irRC, the RANO working group developed Immunotherapy RANO (iRANO) for patients with neurologic tumors who received immunotherapy, including BMs (127). It recommended that immunotherapy for six months was required in patients without clinical response. Patients with radiological progression should undertake a radiological follow-up after three months and clinicians should compare the two images to review post-treatment outcomes. iRANO is proposed to address the potential pseudoprogression after immunotherapy, with a 6-month window to assess true response, avoiding premature discontinuation of treatment in patients who are likely to benefit from immunotherapy potentially. However, iRANO has not yet been widely manipulated in clinical trials and practice because of its complicated implementation, which limits the popularity of iRANO to a certain extent.




Figure 4 | Evolving criteria of response assessment to BMs. The ladder rises by the time a standard is first released rather than its popularity.



Similarly, advanced tools are emerging to facilitate response assessment. An example is that magnetic resonance (MR) spectroscopy and perfusion might increase the accuracy of differentiating recurrent tumors from radionecrosis in patients with gliomas or BMs (128). Of particular interest are radiolabeled amino acids for brain tumor imaging using positron emission tomography (PET) because of their increased uptake in neoplastic tissue but low uptake in the normal brain parenchyma (129), which allows the accurate depiction of BMs to delineate BMs extent, assess treatment response, and differentiate treatment-related changes from tumor progression (130). Recently, this imaging technique was strongly recommended by the RANO working group (131, 132). Other tracers, such as radiolabeled analog to the nucleoside thymidine, were developed to assess cellular proliferation and may be of great value in the differentiation of BMs pseudoprogression after immunotherapy (133).

Importantly, on the basis of more investigations, more consensus needs to be reached in the context of the existence of various criteria and assessment tools.




Conclusion

Advances in ICIs have resulted in the management of BMs patients from NSCLC navigating toward the immunotherapy era. ICI monotherapy and combination have embodied novel value in enhancing intracranial response, prolonging survival, delaying BMs, and improving quality of life. In summary, the activity of ICIs for the treatment of NSCLC BMs should not be drastically underestimated, especially for selected patients. Considering the poor prognosis of BMs as well as the reciprocity between immunotherapy and other therapies, the synergistic combination treatment is promising. Critically, before the extensive application of this combination protocol in clinical practice, more preclinical and clinical trials are urgently needed to provide definite evidence and resolve the challenges discussed above.
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Objective

PD-1 inhibitors have become an indispensable treatment in Non-Small Cell Lung Cancer (NSCLC), but the potential predictive value of clinical and molecular features need to be clarified. The objective of the study was to study the potency of PD-1 inhibitors in patients with NSCLC in contexts of both clinical and molecular features, and to aid identification of patients for choice of type of PD-1 inhibitor therapy in order to acquire more accurate NSCLC treatment in immunotherapy.



Method

PubMed, Google Scholar, Embase Science Direct, the Cochrane library, and major oncology conferences were searched for randomized clinical trials (RCTs) that were published prior to December 2021. RCTs that had PD-1 inhibitor alone or in combination with chemotherapy with non-PD-1 inhibitor for the treatment of NSCLC patients were selected. Two authors independently selected studies, data extraction and bias risk assessment. Basic characteristics of included studies, and also the 95% confidence interval and hazard ratios of the overall patients and subgroups were recorded. The inverse variance weighted method was used to estimate pooled treatment data.



Result

A total of eleven RCTs including 5,887 patients were involved. PD-1 inhibitors-based therapy substantially enhanced OS compared with non-PD-1 inhibitor therapy in patients with age group <65 years, 65–74 years, active or previous smokers, without brain metastases, liver metastases, EGFR wild-type patients, individuals in East Asia and U.S./Canada, but not in patients with age group ≥75 years, never smokers, brain metastases, EGFR mutant patients or individuals in Europe. OS was improved in patients with NSCLC who received PD-1 inhibitors regardless of their gender (male or female), histomorphological subtypes (squamous or non-squamous NSCLC), performance status (0 or 1), and PD-L1 tumor proportion score (TPS) (<1%, ≥1%, 1–49%, or ≥50%). An analysis of subgroups revealed that, patients with age group <65 years old, male, non squamous cell carcinoma, PS 1, TPS ≥1%, and TPS ≥50% benefited from pembrolizumab treatment not related with treatment line and treatment regimen.



Conclusion

Age group, smoking history, metastasis status/site, EGFR mutation status, and region can be used to predict the potency of PD-1 inhibitors, and to be individualized to choose different types of PD-1 inhibitors, and treatment regimen for NSCLC patients.





Keywords: PD-1 inhibitors, potency, predictor, non-small cell lung cancer, meta-analysis



Introduction

Lung cancer is one of the most common lethal solid malignancies and the leading cause of death worldwide (1). Non-small cell lung cancer (NSCLC) accounts for almost 85% of all lung cancers in histology (2). During the past two decades, studies in immunobiology and the immune checkpoint-blockade therapy of cancers have stimulated further interests in immunotherapy of NSCLC (3–5). Immune checkpoint inhibitors (ICIs) have become a 1st-line treatment in a variety of malignant tumors, adding immunotherapy to the ranks of surgery, chemotherapy, radiotherapy and targeted therapy (6, 7). So far, the outcome of many large-scale randomized controlled trials (RCTs) of PD-1 inhibitors against NSCLC individuals have verified the concept of lasting anti-tumor response and improved progression free survival (PFS) and overall survival (OS) (8).

However, only a minority of individuals have benefited from PD-1 inhibitors (9), and it becomes even more urgent to investigate suitable biomarkers in order to identify individuals who are candidates for PD-1 inhibitor therapy and to achieve accurate treatment of NSCLC—both to protect individuals from ineffective treatments and to limit the number of individuals exposed to potential autoimmune side effects from drugs targeting the axis (10, 11).

To date, the best-known and most commonly used biomarker is the expression of PD-L1 in NSCLC, as detected by immunohistochemistry. PD-1 inhibitor therapy is more likely to benefit patients who have high levels of PD-L1 expression reflected in tissue samples (12, 13). Unfortunately, tissue samples are not only difficult to obtain, but are very small in size. Furthermore, the lack of unification between various anti-PD-L1 clones and immunohistochemistry platforms is also an intractable issue (11, 14, 15). Another predictive biomarker is tumor mutation burden (TMB) assessed even from cell blocks (16), but there was no consensus. The KEYNOTE-158 found better response rates of pembrolizumab in patients with high tissue TMB (17), while KEYNOTE-021 and KEYNOTE-189 did not demonstrate a strong correlation between TMB and PD-1 inhibitor potency (18, 19). In addition, microsatellite instability (MSI) and other emerging biomarkers, although promising, also have some limitations (15, 20, 21).

It is of great significance to search other economic and practical factors for predicting the potency of PD-1 inhibitors. There are differences in the role of PD-1 inhibitors among individuals with varying clinical and molecular features (22). As a result, we performed this meta-analysis to determine the predictive value of various clinical and molecular attributes for guiding the selection of individuals with NSCLC who should benefit from PD-1 inhibitors. We provide the following article based on the PRISMA reporting checklist.



Methods


Inclusion and Exclusion Criteria

The selection of studies that met the inclusion and exclusion criteria was based on the elements of the PICOs (participants, intervention, comparison, and outcomes), with each letter representing the components as population of patients (P), articulation or interventions (I), the comparator/reference group (C), the outcome (O), and the design of the study (S). Prior to screening studies by title and abstract, duplicate articles were removed from the gathered studies. This was done in order to identify research papers that fulfilled the following inclusion criteria: (I) PD-1 inhibitor alone or in combination with chemotherapy compared with non-PD-1 inhibitor for the treatment of NSCLC individuals, (II) reported hazard ratio (HR) and confidence interval (CI) 95% for progression free survival (PFS) and/or overall survival (OS) with predefined subgroups, such as age group, gender, histomorphological subtypes, Eastern Cooperative Oncology Group (ECOG) performance status (PS) score, smoking status, metastasis status/sites, EGFR mutation status, region, and PD-L1 tumor proportion score (TPS), (III) multiple studies confirmed the same trial, utilizing the most recent data with the largest patient population and the longest follow-up, (IV) numerous articles described distinct subgroups of the same trial; we incorporated them all.

The following exclusion criteria apply to a study that is discovered (I) without distinguishing between the effects of multiple PD-1 inhibitors, and has (II) insufficient survival data available or the control group garnered only a placebo. For the information resources, we consulted not only the full text of the article, but also the appendix and the references listed at the end of each article.



Literature Survey and Data Collecting

Our search terms and medical subject headings were specific enough that we were able to find results in a variety of electronic databases, namely, PubMed, Google Scholar, Embase Science Direct, the Cochrane library, and also the proceedings of major oncology conferences. The major browse terms were non-small cell lung cancer, PD-1 inhibitors, predictor, potency and randomized controlled clinical trial, which were supplemented with several other terms, but may not be restricted to pembrolizumab, nivolumab, clinical and molecular characteristics. The search was restricted to research articles that were published prior to December 2021, according to the search criteria. In addition, bibliographies of significant related articles were screened for inclusion in the database.

Two authors (WL and GH) independently selected studies and extracted data from those studies. They went through all of the studies and determined whether or not they were eligible based on the previously described inclusion criteria. If there were any disagreements, the third author would be consulted (PC). Each study provided the following information: the title of the study, 1st author, and year of publication, gender distribution, the mean age group, the design and blinding of the study, study phase, line of therapy, study drug, and the survival outcome measures of predefined subgroups.



Quality Assessment and Statistical Analyses

The validity and reliability of the study was evaluated by two researchers who worked independently (WL and GH) using the Cochrane Bias tool. We performed all the statistical analysis using the statistical software Review Manager 5.3. The primary endpoint of the study was to compare OS in the PD-1 inhibitor treatment group and the non-PD-1 inhibitor group, which was measured by HR and corresponding CI. PFS was used as a secondary endpoint in this experiment. The HR was calculated using either random-effects or fixed-effect models, depending on the heterogeneity of the studies included in the analysis. The existence of heterogeneity was tested using the Chi-square test and I2 statistics test. If heterogeneity was considered acceptable (I2 <50% and P >0.10), a fixed-effect model was utilized; otherwise, the random effect model was utilized. Due to the fact that the treatment of interest is typically evaluated in a single trial, fixed-effect models are employed. The results are presented as forest plots, along with pooled summary estimates and the 95% CI that correspond to these estimates. The logarithmic scales on forest plots were used to manually extract HRs and 95% CIs when they were not directly reported by the authors in the text. Sensitivity analysis was performed by excluding studies with a small sample size or studies for which the HR and associated 95% CI could not be obtained directly from the studies themselves. The nominal level of significance was set at P <0.05.




Results


Study Selection and Characteristics

An estimated 3,307 potentially relevant records were identified from databases and conferences as a result of the search strategy employed in the research. Figure 1 depicts the selection process and the rationale for excluding studies that were deemed ineligible. A total of 3,296 studies were excluded after they were screened for their abstracts and full texts. Thus, 11 randomized controlled trials (RCTs) involving 5,887 patients with advanced NSCLC were considered for inclusion in the meta-analysis (Table 1). These clinical trials were published between 2015 and 2021 and were divided into the following categories: Two of the studies were clinical trials in the II phase (23, 24), one was phase II/III trial (31, 32), and eight were phase III trials (25–30, 33–37). Particularly notable is that, despite the fact that KEYNOTE-407 released updated potency data in 2020, there was no data on eligible subgroup analyses, and as a result, it was excluded from the meta-analysis (38). The detailed risk of bias analysis revealed that there was a low risk of bias in all RCTs (Figure 2).




Figure 1 | PRISMA flow diagram.




Table 1 | Basic characteristics of included studies.






Figure 2 | Assessment of bias risk, (A) risk of bias graph, (B) risk of bias summary.





Effects of PD-1 Inhibitors by Age Group

Age group-specific survival data for NSCLC individuals was presented in nine publications. In individuals with age group <65 years (HR 0.68; 95% CI, 0.57–0.81; P <0.0001) and with age group ≥65 years (HR 0.77; 95% CI, 0.67–0.88; P = 0.0002), PD-1 inhibitors substantially increased OS relative to non-PD-1 inhibitor therapy. Interestingly, when the cutoff value of age group was set at 65–74 years and ≥75 years, we discovered OS benefit with the age group 65–74 years old individuals (HR 0.61; 95% CI, 0.46–0.80; P = 0.0005), while no OS benefit with the age group ≥75 years (HR 0.86; 95% CI, 0.66–1.13; P = 0.29) (Figure 3A). Subgroup analyses showed that in individuals with age group <65 years, pembrolizumab substantially enhanced OS not related with treatment line and treatment regimen, while nivolumab only improved OS in ≥2nd-line therapy (HR 0.72; 95% CI, 0.62–0.85; P = 0.0001). Nivolumab improved OS in individuals with age group 65–74 years in ≥2nd-line monotherapy (HR 0.61; 95% CI, 0.46–0.80; P = 0.0005) (Table S1). For PFS data from eight studies, PD-1 inhibitors substantially enhanced PFS compared with non-PD-1 inhibitor therapy in with age group <65 years (HR 0.71; 95% CI, 0.56–0.89; P = 0.003), and ≥65 years individuals (HR 0.76; 95% CI, 0.58–0.99; P = 0.04). Surprisingly, we did not observe PFS benefit in 65–74 years (HR 0.71; 95% CI, 0.40–1.28; P = 0.26), and ≥75 years individuals (HR 1.24; 95% CI, 0.73–2.11; P = 0.43) (Figure S1A and Table S2).




Figure 3 | Forest plots of HRs comparing OS between PD-1 inhibitors based therapy and non-PD-1 inhibitor based therapy with respect to (A) age group, (B) gender, (C) histomorphological subtypes, (D) PS score, (E) smoking status, (F) metastases status/site, (G) EGFR mutation status, (H) region and (I) PD-L1 tumor proportion score.





Effects of PD-1 Inhibitors by Gender

Nine studies have examined the potency of PD-1 inhibitors in both gender individuals about OS. The comprehensive results showed that PD-1 inhibitors substantially enhanced OS in both gender NSCLC individuals compared with non-PD-1 inhibitor therapy (HR 0.73; 95% CI, 0.67–0.80; P <0.00001 for male; HR 0.69; 95% CI, 0.53–0.90; P = 0.0005 for female) (Figure 3B). Subgroup analyses showed that in male individuals, pembrolizumab substantially enhanced OS not related with treatment line and treatment regimen. Nivolumab substantially enhanced OS in ≥2nd-line therapy (HR 0.68; 95% CI, 0.57–0.80; P <0.00001) or monotherapy (HR 0.74; 95% CI, 0.60–0.91; P = 0.005). In female individuals, we found that pembrolizumab and nivolumab both improved OS in ≥2nd-line therapy (HR 0.66; 95% CI, 0.52–0.83; P = 0.0004 for pembrolizumab; HR 0.75; 95% CI, 0.59–0.96; P = 0.02 for nivolumab), but not in 1st-line therapy. Pembrolizumab enhanced OS in both monotherapy (HR 0.77; 95% CI, 0.85–0.91; P = 0.002) and combination therapy (HR 0.32; 95% CI, 0.23–0.46; P <0.00001), but not nivolumab in female individuals (Table S1). In the aspect of PFS data from eight studies, which substantially enhanced PFS in male (HR 0.69; 95% CI, 0.58–0.82; P <0.0001) but not in female individuals (HR 0.80; 95% CI, 0.59–1.10; P = 0.17) (Figure S1B and Table S2).



Effects of PD-1 Inhibitors by Histomorphological Subtypes

The potency of PD-1 inhibitors on squamous and non-squamous NSCLC was studied in seven and eight studies, respectively. The integrated findings revealed that PD-1 inhibitors obviously enhanced OS in both squamous (HR 0.70; 95% CI, 0.62–0.79; P <0.00001) and non-squamous NSCLC (HR 0.74; 95% CI, 0.63–0.87; P = 0.0003) (Figure 3C). Subgroup analyses by the therapy line showed that in squamous NSCLC patients, pembrolizumab only benefits from 1st-line treatment (HR 0.71; 95% CI, 0.60–0.83; P <0.0001) and nivolumab only benefits from receiving ≥2nd-line treatment (HR 0.60; 95% CI, 0.47–0.75; P <0.0001). Subgroup analyses by the treatment regimen showed that pembrolizumab substantially enhanced OS from both monotherapy (HR 0.77; 95% CI, 0.65–0.92; P= 0.003) and combination therapy (HR 0.64; 95% CI, 0.49–0.85; P= 0.002), and nivolumab prolonged survival as monotherapy (HR 0.64; 95% CI, 0.53–0.79; P <0.0001). In non-squamous NSCLC individuals, pembrolizumab substantially enhanced OS not related with treatment line and treatment regimen, while nivolumab only improved OS in ≥2nd-line therapy (HR 0.73; 95% CI, 0.62–0.87; P = 0.0003) (Table S1). When it comes to PFS data from nine studies, which substantially enhanced PFS both in squamous NSCLC individuals (HR 0.63; 95% CI, 0.56–0.72; P <0.00001) and in non-squamous NSCLC individuals (HR 0.75; 95% CI, 0.58–0.99; P = 0.04) (Figure S1C and Table S2).



Effects of PD-1 Inhibitors by ECOG PS Score

For individuals with PS 0, nine studies examined the effectiveness of PD-1 inhibitors, while for individuals with PS 1, seven studies investigated the effectiveness. The combined results showed that compared with non-PD-1 inhibitor treatment, both individuals with PS 0 (HR 0.74; 95% CI, 0.64–0.84; P <0.00001) and PS 1 (0.65 HR; 95% CI, 0.57–0.75; P <0.00001) realized OS enhancements after applying PD-1 inhibitors (Figure 3D). For patients with PS 0, subgroup analyses by the treatment line showed that pembrolizumab only benefits from 1st-line treatment (HR 0.67; 95% CI, 0.54–0.83; P = 0.0002) and nivolumab only benefits from ≥2nd-line treatment (HR 0.66; 95% CI, 0.49–0.89; P = 0.007). Subgroup analyses by the treatment regimen showed that pembrolizumab enhanced OS in both monotherapy (HR 0.78; 95% CI, 0.65–0.94; P = 0.008) and combination therapy (HR 0.48; 95% CI, 0.33–0.69; P = 0.0001), but not nivolumab. In patients with PS 1, pembrolizumab substantially enhanced OS not related with treatment line and treatment regimen, nivolumab improved OS as ≥2nd-line monotherapy (HR 0.62; 95% CI, 0.51–0.76; P <0.00001) (Table S1). For PFS data from eight studies, which substantially enhanced PFS in individuals with PS 1 (HR 0.65; 95% CI, 0.59–0.72; P <0.00001) but not in individuals with PS 0 (HR 0.76; 95% CI, 0.53–1.10; P = 0.15) (Figure S1D and Table S2).



Effects of PD-1 Inhibitors by Smoking Status

PD-1 inhibitors were found to be more effective than non-PD-1 inhibitor medication in improving OS in individuals who were either actively smoking or had previously smoked six various studies (HR 0.67; 95% CI, 0.60–0.74; P <0.00001) (Figure 3E). Subgroup analyses by the treatment line showed that pembrolizumab benefits from 1st-line treatment (HR 0.65; 95% CI, 0.52–0.82; P = 0.0003) while nivolumab benefits from ≥2nd-line treatment (HR 0.68; 95% CI, 0.59–0.79; P <0.00001). Subgroup analyses by the treatment regimen showed that pembrolizumab improved OS in both monotherapy (HR 0.72; 95% CI, 0.59–0.88; P = 0.002) and combination therapy (HR 0.54; 95% CI, 0.41–0.71; P <0.0001), nivolumab benefits from monotherapy (HR 0.68; 95% CI, 0.59–0.79; P <0.00001) (Table S1). PD-1 inhibitors were found to be effective in six investigations in individuals who had never smoked. Cancer individuals who received PD-1 inhibitors and those who received conventional treatment had no statistically significant difference in survival (HR 0.78; 95% CI, 0.54–1.13; P = 0.19) (Figure 3E). An analysis of subgroups showed that only the combination therapy of pembrolizumab, pemetrexed and platinum was observed for survival benefit in individuals who never smoked (HR 0.23; 95% CI, 0.10–0.54; P = 0.0007) (Table S1). In terms of PFS data from six studies, PFS was substantially enhanced in individuals who are active or were former smokers (HR 0.67; 95% CI, 0.55–0.82; P = 0.0001) but not in individuals who never smoked (HR 1.06; 95% CI, 0.60–1.86; P = 0.85) (Figure S1E and Table S2).



Effects of PD-1 Inhibitors by Metastatic Status/Site

In individuals with asymptomatic brain metastases, there were four studies reporting data on overall survival and progression-free survival. Individuals on PD-1 inhibitors-based therapy had an OS rate of 0.70, with a 95% CI of 0.42–1.16 (P = 0.16), but a prolonged progression-free survival rate of 0.57, with a 95% CI of 0.43–0.76 (P = 0.0001) (Figure 3F and Figure S1F). Subgroup analyses showed that 1st-line therapy based on pembrolizumab, had better OS (HR 0.44; 95% CI, 0.27–0.70; P = 0.0006) and PFS (HR 0.44; 95% CI, 0.29–0.67; P = 0.0001) than those who received non-PD-1 inhibitor treatment (Tables S1, S2).

Individuals without brain metastases were the focus of five studies that examined the OS. Individuals without brain metastases who received PD-1 inhibitors had a longer OS (HR 0.65; 95% CI, 0.58–0.73; P <0.00001) compared to those who received non-PD-1 inhibitor therapy (Figure 3F). Subgroup analyses by the treatment line showed that in individuals without brain metastases, pembrolizumab benefits from 1st-line treatment (HR 0.60; 95% CI, 0.50–0.73; P <0.00001) and nivolumab benefits from ≥2nd-line treatment (HR 0.68; 95% CI, 0.59–0.78; P <0.00001). Subgroup analyses by the treatment regimen showed that pembrolizumab substantially enhanced OS both monotherapy (HR 0.64; 95% CI, 0.46–0.88; P = 0.006) and combination therapy (HR 0.59; 95% CI, 0.46–0.75; P <0.0001), and nivolumab prolonged survival as monotherapy (HR 0.68; 95% CI, 0.59–0.78; P <0.00001) (Table S1). In terms of PFS, we also observed survival benefits in patients without brain metastases (HR 0.65; 95% CI, 0.50–0.85; P = 0.002) (Figure S1F and Table S2).

Individuals with liver metastases were followed up in three RCTs as part of two investigations. Cancer individuals with liver metastases who were given with PD-1 inhibitors had a longer OS (HR 0.66; 95% CI, 0.51–0.85; P = 0.001) compared to those who received non-PD-1 inhibitor therapy (Figure 3F). According to a single research, the combination of pembrolizumab with chemotherapy was found to be significantly more successful than non-PD-1 inhibitor therapy in 1st-line treatment (HR, 0.62; 95% CI, 0.39–0.98; P = 0.04). According to the combined results of the investigations CheckMate 057 and CheckMate 017, individuals with liver metastases who received nivolumab as a ≥2nd-line monotherapy (HR 0.68; 95% CI, 0.50–0.91; P = 0.01) had a longer OS than those who received docetaxel (Table S1).



Effects of PD-1 Inhibitors by Driver Mutation Status

Results in terms of OS were published in two studies, both of which assessed whether PD-1 inhibitor monotherapy in the ≥2nd line was superior to docetaxel in individuals with EGFR mutations. Combined results showed that PD-1 inhibitors provided longer OS for EGFR wild-type individuals (HR 0.68; 95% CI, 0.60–0.78; P <0.00001), while did not for EGFR mutant individuals (HR 1.04; 95% CI, 0.70–1.53; P = 0.85) compared with non-PD-1 inhibitor therapy (Figure 3G). In terms of PFS, we did not observe PFS benefit in EGFR mutation-positive individuals (HR 1.10; 95% CI, 0.50–2.42; P = 0.81), or EGFR wild-type individuals (HR 0.69; 95% CI, 0.48–0.99; P = 0.05) (Figure S1G and Table S2).



Effects of PD-1 Inhibitors by Region

In individuals from East Asia, the effectiveness of PD-1 inhibitors has been demonstrated in four clinical trials. PD-1 inhibitors therapy was found to substantially improve OS when compared to non-PD-1 inhibitor therapy (HR 0.69; 95% CI, 0.57–0.83; P = 0.0001), according to the combined data (Figure 3H). Subgroup analyses showed that pembrolizumab substantially enhanced OS in 1st-line therapy (HR 0.69; 95% CI, 0.54–0.90; P = 0.005) (Table S1). Two studies reported the potency of PD-1 inhibitors in European individuals, and showed that nivolumab monotherapy as ≥2nd-line therapy did not prolong OS compared to non-PD-1 inhibitor treatment (HR 0.64; 95% CI, 0.40–1.03; P = 0.07) (Figure 3H and Table S1). Two studies reported the potency of PD-1 inhibitors in U.S./Canadian individuals, and showed that nivolumab monotherapy as ≥2nd-line therapy provided longer OS than non-PD-1 inhibitor treatment (HR 0.54; 95% CI, 0.41–0.71; P <0.0001) (Figure 3H and Table S1). In terms of PFS, similar to OS results, PD-1 inhibitors improved PFS in East Asian (HR 0.46; 95% CI, 0.29–0.71; P = 0.0006), U.S./Canadian (HR 0.65; 95% CI, 0.50–0.84; P = 0.001) populations compared to non-PD-1 inhibitor, but did not prolong survival in Europeans (HR 0.78; 95% CI, 0.43–1.39; P = 0.39) (Figure S1H and Table S2).



Effects of PD-1 Inhibitors by PD-L1 Tumor Proportion Score

There was five researches that looked at the potency of PD-1 inhibitors in individuals with PD-L1 TPS <1%, and the combined results showed that PD-1 inhibitors therapy substantially enhanced OS when compared to non-PD-1 inhibitor therapy (HR 0.69; 95% CI, 0.58–0.81; P <0.0001) (Figure 3I). Subgroup analyses by the treatment line showed that pembrolizumab benefits from 1st-line treatment (HR 0.55; 95% CI, 0.41–0.73; P <0.0001) and nivolumab benefits from ≥2nd-line treatment (HR 0.77; 95% CI, 0.63–0.96; P = 0.02). Subgroup analyses by the treatment regimen showed that pembrolizumab substantially enhanced OS as combination therapy (HR 0.55; 95% CI, 0.41–0.73; P <0.0001), and nivolumab prolonged survival as monotherapy (HR 0.77; 95% CI, 0.63–0.96; P = 0.02) (Table S1).

Seven studies reported the potency of PD-1 inhibitors in individuals with TPS ≥1%. The aggregated findings indicated that PD-1 inhibitors therapy prolonged OS (HR 0.71; 95% CI, 0.66–0.77; P <0.00001) (Figure 3I). Subgroup analyses showed that pembrolizumab substantially enhanced OS not related with treatment line and treatment regimen, and only observed benefit in ≥2nd-line monotherapy based on nivolumab (HR 0.63; 95% CI, 0.51–0.77; P <0.00001) (Table S1).

In the four trials that looked at the effectiveness of PD-1 inhibitors in individuals with TPS 1–49%, it was discovered that treatment with the medicine significantly enhanced OS when compared to treatment without the drug (HR 0.77; 95% CI, 0.63–0.93; P = 0.007) (Figure 3I). Analysis of subgroups by the treatment line showed that receiving ≥2nd-line treatment based on pembrolizumab prolonged OS (HR 0.78; 95% CI, 0.65–0.94; P = 0.009), but not in 1st-line treatment (HR 0.72; 95% CI, 0.52–1.01; P = 0.06). Pembrolizumab improved OS as both monotherapy (HR 0.85; 95% CI, 0.75–0.97; P = 0.01) and combination therapy (HR 0.60; 95% CI, 0.44–0.81; P = 0.0007) (Table S1).

According to the cumulative findings from six studies, PD-1 inhibitors therapy markedly enhanced OS over non-PD-1 inhibitor therapy in individuals with TPS ≥50% (HR 0.64; 95% CI, 0.57–0.72; P <0.00001) (Figure 3I). Subgroup analyses showed pembrolizumab substantially enhanced OS not related with treatment line and treatment regimen (Table S1).

A total of ten studies reported PFS data of NSCLC individuals stratified by PD-L1 tumor proportion score, and were found to benefit from PD-1 inhibitors compared to non-PD-1 inhibitor therapy with PD-L1 TPS <1% (HR 0.74; 95% CI, 0.58–0.95; P = 0.02), TPS ≥1% (HR 0.60; 95% CI, 0.42–0.86; P = 0.005), and TPS ≥50% (HR 0.58; 95% CI, 0.43–0.79; P = 0.0006), respectively, while PFS benefit was not observed in individuals with TPS 1–49% (HR 0.68; 95% CI, 0.41–1.12; P = 0.13) (Figure S1I and Table S2).



Drug Selection

The clinical and molecular features could be used to predict the efficacy of pembrolizumab and nivolumab in different treatment lines and treatment regimens, as shown in Table 2 and Table S3.

According to the cumulative findings from our results, PD-1 inhibitor therapy markedly enhanced OS over non-PD-1 inhibitor therapy in 1st-line and ≥2nd-line treatment in patients with different characteristics. Analysis of subgroups showed that in 1st-line treatment, pembrolizumab monotherapy and combination therapy substantially enhanced OS compared to non-PD-1 inhibitor treatment. In ≥2nd-line treatment, monotherapy based on pembrolizumab and nivolumab substantially prolonged patients OS.


Table 2 | Different treatment lines and regimens with OS benefited from PD-1 inhibitor over non-PD-1 inhibitors in targeted patients.





Sensitivity Analysis and Publication Bias

The two trials of KEYNOTE-021 and PROLUNG included a small number of individuals, thus the sensitivity analysis was carried out by excluding these two trials. The findings indicated that the predictive value of numerous clinical and molecular PD-1 inhibitors in the treatment of OS remained steady during the course of the analysis. Furthermore, we excluded the CheckMate 078 trial, which only provided HR, 95% CI was estimated from the forest plot, and found that the conclusion of the preliminary analysis had not changed. Besides, we found no significant publication bias according to the OS and PFS funnel of each subgroup (Figures S2, S3).




Discussion

In earlier meta-analyses of the effects of PD-1 inhibitors on NSCLC clinical and molecular characteristics, a smaller number of individuals were included than in the active study. Eleven RCTs involving 5,887 patients with advanced NSCLC made up our meta-analysis. Using the most recent clinical data, we seek to determine whether there are useful and cost-effective clinical and molecular pathological markers that can be used to predict the potency of PD-1 inhibitor therapy and guide treatment options for people who may benefit from pembrolizumab or nivolumab in the field.

Based on previous clinical trials, it remains controversial whether PD-1 inhibitors benefit elderly patients with NSCLC (39–43). When treating cancer in the elderly, it is not apparent if pembrolizumab or nivolumab should be utilized. In our meta-analysis, we found that treatment with PD-1 inhibitors in individuals <65 years old is more likely to get OS benefit from pembrolizumab. In individuals with 65–74 years, the OS benefit only was observed from ≥2nd-line monotherapy based on nivolumab, but the therapeutic effect of pembrolizumab needs to be further clarified. Furthermore, we did not find treatment benefit for PD-1 inhibitors in patient from age group 65–74 years for PFS; this may be the reason for the heterogeneity of the experiment or the small scale of this population. In individuals ≥ 75 years old, our result had not shown that PD-1 inhibitors are far more powerful than non-PD-1 inhibitor therapy; this may be due to, firstly, they are more likely to have a poor PS when they have comorbidities, which indicates that they will gain less benefit from medicine (44, 45). Secondly, elderly people are associated with a functional decline of the immune system called immune-senescence so that they are unable to restore anti-tumor activity (46), and thirdly, older adults experience more frequent or severe toxicities from immunotherapy, and they may be more vulnerable to treatment-related toxicities (47). Individuals from the age group of ≥75 make about half of all those diagnosed with NSCLC, and that figure is only going to rise. Additionally, a cost–benefit analysis should be performed (48, 49). Thus, we need to be cautious about using PD-1 inhibitors and there is a need for more explorations of PD-1 inhibitors in NSCLC individuals aged ≥75 years. The meta-analysis by Elias et al. explored the potency of PD-1/PD-L1 inhibitors in multiple kinds of solid tumor of the elderly population and found that this benefit was consistent in the subgroups of individuals with age groups <65 and ≥65, with HR of 0.68 (95% CI, 0.61–0.75) and HR of 0.64 (95% CI, 0.54–0.76). In the subgroup analyses of four PD-1 inhibitor treatment trials, they did not observe the improvement of OS in elderly individuals aged ≥75 years (HR Value 0.86; 95% CI, 0.41–1.83) (41). Zhang et al. conducted a meta-analysis of the potency of PD-1/CTLA-4 inhibitors in elderly individuals with lung cancer and showed that immunotherapy failed to prove that individuals ≥75 years old were statistically beneficial (HR Value 0.90; 95% CI, 0.64 to 1.25) (43). The outcomes of these studies provided additional support for our meta-analysis. Following the meta-analysis of Wu et al., individuals with age group 65 and older had considerably greater overall survival with PD-1 inhibitors than those receiving chemotherapy; however individuals with age group 75 and older had significantly shorter overall survival with PD-1 inhibitors. They discovered, however, that nivolumab was related with a superior overall survival (OS) and progression-free survival (PFS) in individuals with age group 65 and older with NSCLC (42). In our meta-analysis, we found that pembrolizumab was significantly associated with better OS (HR Value 0.73; 95% CI, 0.62–0.86; P-value = 0.0002) and PFS (HR Value 0.69; 95% CI, 0.52–0.91; P-value = 0.008) in with age group ≥65 years old individuals, while nivolumab did not substantially enhanced OS and PFS. The reason why our results varied from that of Wu et al. is that we included more RCTs and more individuals.

The variable of gender is well-known, and it has an impact on both innate and adaptive immune responses (50). The effect of the gender of individuals on the potency of PD-1 inhibitors as treatment in NSCLC still remains controversial (51–55). Our meta-analysis showed that for male individuals given with PD-1 inhibitors, OS and PFS were improved compared to those given with non-PD-1 inhibitor, whereas in females, we found only benefited in OS but not in PFS. Previous study also suggested that male was a favorable prognostic factor for PFS and male benefits more than female, although the OS for both genders can be improved by PD-1 inhibitors (52, 55, 56). Differences between men and women may be explained by the fact that women have a stronger immune environment in their bodies, which leads to more effective cancer cell escape mechanisms (due to stronger innate and adaptive immune responses), which may make PD-1 inhibitors less effective in women than in men and may lead to increased resistance against PD-1 inhibitors (50, 57, 58). On the other hand, men with higher smoking frequency associated with high TMB (59, 60), whereby further genetic mutations generate neoantigens, reflecting the high antigenicity of tumors (61, 62), may obtain greater benefit from PD-1 inhibitors in males. While common driver mutations in lung adenocarcinoma associated with low-TMB, usually female patients get higher EGFR mutations rate probability to have lower TMB (63) that lead females not respond well to immunotherapy. Consequently, improving the immune environment and the antigenicity of tumor in female patients may be a useful strategy, which is worth exploring in the future. Immunotherapy research and development should take gender disparities in immune response into consideration. We should also consider gender differences when we seek biomarkers which predict immunotherapy response.

Based on our analysis of subgroups of patients with histomorphological subtypes in NSCLC, we recommend individuals with squamous cell carcinoma to consider pembrolizumab as 1st-line treatment and nivolumab as ≥2nd-line treatment. We recommend pembrolizumab therapy as 1st-line treatment and pembrolizumab or nivolumab as ≥2nd-line treatment for individuals with non-squamous cell carcinoma. Both squamous and non-squamous cell carcinoma individuals can benefit from pembrolizumab monotherapy and combination therapy. Furthermore, the combination therapy of nivolumab in patients with any histomorphological subtypes remains to be explored.

The introduction of ICIs has substantially enhanced the prognosis of individuals with NSCLC, but only in individuals with ECOG PS of 0 or 1 (64). In our meta-analysis, both of the PS 0 and 1 patients given with PD-1 inhibitors achieved OS benefit compared with those given with non-PD-1 inhibitor. However, only PS 1 patients but not PS 0 patients acquired PFS benefit. When we performed a sensitivity analysis on patients with PS 0, excluding CheckMate 026, the 1st-line monotherapy based on nivolumab, and we unexpectedly observed a significant PFS benefit after applying PD-1 inhibitors. Therefore, the ECOG PS 0, 1 seems not an appropriate predictor for evaluating the potency of PD-1 inhibitors.

In addition, the potency of PD-1 inhibitors in various smoking status was also analyzed, and found that a survival benefit of PD-1 inhibitors was observed in active or former smokers, but not in never smokers from our results. Some studies have shown that in NSCLC, smokers have a favorable trend of PD-1 inhibitor treatment compared with non-smokers (65–67) and support the result of our meta-analysis. This may be because smoking is considered to increase the mutation load in tumors and increase the expression of carcinogenic new antigens, thus activating an effective anti-tumor immune response (68). A combination strategy, rather than a single medicine, pembrolizumab, may be given more consideration in patients who have never smoked.

At present, PD-1 inhibitors have become an important treatment choice for individuals with distant metastasis (such as brain or liver metastasis). Our meta-analysis of a longer PFS but not OS for PD-1 inhibitors in patients with asymptomatic brain metastases does not support previous studies that patients with advanced brain metastasis of NSCLC given with PD-1/PD-L1 inhibitors obtained longer OS (69). Reasons for these conflicting findings include that these results are mixed with the PD-1/PD-L1 inhibitors, while our results specifically focused on the effects of the PD-1 inhibitors on individuals with asymptomatic brain metastases. In addition, the possibility that the unknown consequence of crossover at disease progression, and a significant heterogeneity existed in the results (P-value = 0.08; I² = 56%), which also may be the reason why PFS does not translate to OS improvement. Notably, although OS was not a statistically significant benefit in individuals given with PD-1 inhibitors, compared with non-PD-1 inhibitor treatment, we observed that 1st-line treatment based on pembrolizumab prolonged survival in brain metastases patients for both OS and PFS. Following a retrospective cohort study revealed the potential benefits of the use of pembrolizumab for patients with brain metastases (70). As for individuals without brain metastasis, both OS and PFS were improved after PD-1 inhibitor treatment. Individuals with liver metastases had OS benefit from PD-1 inhibitors, and may benefit from 1st-line combined treatment of pembrolizumab with chemotherapy and ≥2nd-line nivolumab monotherapy from our subgroup analysis. Consequently, metastatic status/site may be independent predictors of survival outcome in NSCLC individuals given with PD-1 inhibitors.

The connection between PD-1 inhibitors and driving mutations has long been a focus of investigation. In this investigation, we discovered that EGFR mutation status was linked to the potency of PD-1 inhibitors. Individuals with EGFR wild-type cells benefited from PD-1 inhibitors, whereas those with EGFR mutations did not. On EGFR mutant NSCLC, it is possible that PD-1 inhibitors are ineffective due to the fact that: NSCLC individuals with EGFR wild-type and high levels of PD-L1 expression may benefit better from immune checkpoint blockade therapy than standard chemotherapy (71–73). Additionally, TMB levels in individuals with EGFR mutant tumors were shown to be lower than those in individuals with EGFR wild-type tumors, suggesting that TMB may be a contributing factor to the poor potency of immunomodulatory drugs in these individuals (74–77). Numerous studies have demonstrated that a high CD8+ T infiltration rate is related with a favorable prognosis for NSCLC (78–80). Nonetheless, tumors harboring EGFR mutations frequently have a reduced percentage group of CD8+ tumor-infiltrating lymphocytes (TILs) (77, 81), which may result in immunological dysfunction and a poor prognosis (82). Additionally, CD73 expression is increased in the tumor cells of NSCLC individuals with EGFR mutations (83). High expression of CD73 can cause immunosuppression via decreased T-cell activation and effector function, and hence reduced benefit from checkpoint inhibitor therapies (84, 85). Natural killer (NK) cells, CD4+ T cells, and CD8+ T cells are all found in high numbers in tumors with EGFR mutations (86). Tregs secrete interleukin-10, -35, and transforming growth factor− (TGF−) in order to suppress the anti-tumor immune response mediated by NK cells, CD4+ T cells, and CD8+ T cells (87).

Actively, PD-1 inhibitors are widely used in clinical practice, and this region information will be essential to bring maximum benefit to individuals with NSCLC. From our meta-analysis, different regions could predict clinical potency of PD-1 inhibitors, where survival benefit of PD-1 inhibitors was observed in individuals from East Asia and the U.S./Canada, but not in European individuals. Given the analysis of subgroups, due to the small number of individuals analyzed, the results should be interpreted with caution. Individuals with advanced NSCLC of different regions have different clinical, genetic characteristics, and socioenvironmental make-up that may influence their response to PD-1 inhibitors (88). It is possible that there is some yet unknown mechanism that could explain the differences, or it is far more likely that this statistical significance is due to chance (89). Therefore, further research and further confirmatory studies were required with large numbers of patients applying PD-1 inhibitors in different regions.

In our meta-analysis, we found that PD-1 inhibitor treatment substantially enhanced OS compared with non-PD-1 inhibitor therapy in individuals with any level of PD-L1 expression. Subgroup analyses showed that both pembrolizumab and nivolumab substantially enhanced OS of individuals with PD-L1 TPS <1% and TPS ≥1%, and pembrolizumab significantly prolonged OS of individuals with PD-L1 TPS ≥50%. We did not found survival benefit in individuals with TPS 1–49% given with 1st-line based on pembrolizumab, but when we performed a sensitivity analysis and excluded Keynote-042 (1st monotherapy based on pembrolizumab), the results were statistically significant when compared with non-PD-1 inhibitor treatment, that pembrolizumab combination therapy as 1st-line therapy substantially enhanced OS in individuals with PD-L1 TPS 1–49% (HR Value 0.60; 95% CI, 0.44–0.81; P-value = 0.0007). A meta-analysis had shown similar results that pembrolizumab combination therapy seem to be reasonable 1st-line regimens when PD-L1 TPS 1–49% (HR Value 0.55; 95% CI, 0.34–0.89; P-value = 0.015); by contrast, there was no significant statistical difference in ICI monotherapy as 1st-line therapy (90). Secondly, pembrolizumab combination therapy shows the advantage groups of early disease control in improving PFS and preventing early disease progression in individuals with PD-L1 TPS 1–49% (90, 91).

Despite the fact that our research generated helpful insights, we recognize that it has several limits. To begin, our analysis found publication bias and heterogeneity, which might be accounted by differences in the characteristics of the research that was included in the study. We found that heterogeneity among the selected investigations has a small impact on our principal conclusions, as evidenced by our subgroup analyses and sensitivity analysis results. Second, the data were extracted from summary data rather than from the individuals from each trial, which might lead to heterogeneity among the various studies. Third, because our study was based on correlations rather than causal findings, further investigation is needed to understand the mechanisms by which various clinical and molecular characteristics can predict PD-1 inhibitor potency, and to determine whether other biomarkers have a relationship with PD-1 inhibitor potency. Fourth, rather than research exploring the effect of specific clinicopathological characteristics on the effectiveness of PD-1 immune checkpoint blocking medicine, our meta-analysis is based on the results of planned subgroup analyses of published randomized controlled trials. Various clinicopathological characteristics such as smoking status and squamous cell carcinoma may be associated with one another. When we focus primarily on a single trait, it is possible that other confounding variables have an effect on the survival outcomes. Fifth, because not all results showed all subgroup characteristics, the effects of those that did were omitted in the analysis of subgroups, which may have resulted in imprecise categorization of factors leading to heterogeneity.

From our meta-analysis, in patients with NSCLC, age group, smoking status, metastasis status/site, EGFR mutation status, and region can predict the potency of PD-1 inhibitors, which individuals with age group <65 years, 65–74 years, active or previous smokers, without brain metastasis, liver metastasis, EGFR wild-type, East Asia and U.S./Canada may benefit from PD-1 inhibitor treatment. PD-1 inhibitors can improve OS regardless of gender, histomorphological subtypes, ECOG PS, and PD-L1 TPS. Patients with age group <65 years old, male, non squamous cell carcinoma, PS 1, TPS ≥1%, and TPS ≥50% benefited from pembrolizumab treatment not related with treatment line and treatment regimen.

In the treatment of NSCLC, the relationship between gene expression and the potency of chemotherapy is not intimate. Targeted therapy is an intervention that targets specific genes of a patient. Our meta-analysis showed that the efficacy of PD-1 inhibitors may be associated with clinical and molecular features, which maybe represent the genomic “terrain map” of patients. The so-called “terrain map” of genome is the specific picture of gene expression in patients with certain particular clinical and molecular characteristics, which may be related to the immune anti-tumor and tumor immune microenvironment. Therefore, the exploration of the overview of the genomic “terrain map” of patients is expected to comprehensively and deeply understand the relationship between different clinical and molecular characteristics and the efficacy of PD-1 inhibitors, so as to achieve the purpose of individualized therapy, which is not for a specific individual, but for a group of patients with the similar certain clinical and molecular characteristics, with the specific genetic “terrain map”.

In conclusion, specific clinical characteristics can be used to predict the potency of PD-1 inhibitors. They are useful in the practical application of PD-1 inhibitors to better guide the treatment of NSCLC patients and to acquire more accurate NSCLC treatment in immunotherapy. Additionally, our article may aid in the identification of patients for PD-1 inhibitor therapy and may serve as a reference for the design of future clinical trials. Subgroup analyses suggest that when selecting PD-1 inhibitor therapy for pembrolizumab and nivolumab, careful consideration should be given to the appropriate population, in order to achieve the precise and individualized treatment purpose of immunotherapy.
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Background

There is increasing incidence of pulmonary nodules due to the promotion and popularization of low-dose computed tomography (LDCT) screening for potential populations with suspected lung cancer. However, a high rate of false-positive and concern of radiation-related cancer risk of repeated CT scanning remains a major obstacle to its wide application. Here, we aimed to investigate the clinical value of a non-invasive and simple test, named the seven autoantibodies (7-AABs) assay (P53, PGP9.5, SOX2, GAGE7, GUB4-5, MAGEA1, and CAGE), in distinguishing malignant pulmonary diseases from benign ones in routine clinical practice, and construct a neural network diagnostic model with the development of machine learning methods.



Method

A total of 933 patients with lung diseases and 744 with lung nodules were identified. The serum levels of the 7-AABs were tested by an enzyme-linked Immunosorbent assay (ELISA). The primary goal was to assess the sensitivity and specificity of the 7-AABs panel in the detection of lung cancer. ROC curves were used to estimate the diagnosis potential of the 7-AABs in different groups. Next, we constructed a machine learning model based on the 7-AABs and imaging features to evaluate the diagnostic efficacy in lung nodules.



Results

The serum levels of all 7-AABs in the malignant lung diseases group were significantly higher than that in the benign group. The sensitivity and specificity of the 7-AABs panel test were 60.7% and 81.5% in the whole group, and 59.7% and 81.1% in cases with early lung nodules. Comparing to the 7-AABs panel test alone, the neural network model improved the AUC from 0.748 to 0.96 in patients with pulmonary nodules.



Conclusion

The 7-AABs panel may be a promising method for early detection of lung cancer, and we constructed a new diagnostic model with better efficiency to distinguish malignant lung nodules from benign nodules which could be used in clinical practice.





Keywords: autoantibodies, neural network, early diagnosis, lung cancer, radiology



Introduction

Lung cancer is the most common malignant tumor as well as the leading cause of cancer-related deaths worldwide. According to the newest global statistics, approximately 85% of lung cancers are identified at advanced stages that are incurable (1, 2). This is mainly ascribed to the ineffective and insufficient methods for early diagnosis. As is known, 5-year survival could reach 77%-92% in patients with stage I lung cancer while it is less than 10% in stage IV (3, 4). Therefore, there is an urgent need to develop robust methods to detect lung cancer at the early stage in order to improve the long-term survival.

To date, radiographic screening is the major approach for early detection of lung cancer. The National Lung Screening Trial (NLST) reported that low-dose computed tomography (LDCT) can reduce lung cancer mortality by 20% (5). The NELSON study suggested that LDCT could detect more and smaller cancers especially in the early stage (6). However, there are several problems including low sensitivity and a high false-positive rate which result in excessive diagnosis and treatment, and repeated LDCT scanning that could increase the risk of radiation-related cancers and psychological stress like anxiety (7).

With the deep understanding of immunoediting theory, previous studies have suggested that the immune system could recognize over-expressed, mutated, misfolded, or aberrantly degraded self-proteins from tumor cells in the early stage of carcinogenesis (8). Abnormal proteins would acquire immunogenicity and lead to the formation of autoantibodies (AABs) via humoral immune responses (9). Furthermore, the signal amplification effect of the immune system could cause some AABs to be captured several months or years earlier than the appearance of symptomatic cancer (10). Compared to other traditional tumor markers mainly for efficient monitoring rather than early diagnosis, AABs possess unique advantages for early detection including preclinical expression, high specificity, and long-term stability. Considering the relatively low sensitivity of a single AAB, a reasonable combination of AABs could improve sensitivity and diagnostic yield. In 2008, a panel of AABs (P53, C-myc, HER2, NYESO-1, GAGE, MUG1, and GBU4-5) showed a sensitivity of 5%-36% and specificity of 96%-100% via an individual antibody (11). However, when using these AABs as a panel, the sensitivity increased up to 76%. Moreover, a recent study suggested that addition of AABs into a new panel (P53, NYESO-1, GAGE, GBU4-5, SOX2, MAGE4, and HuD) could further improve the sensitivity and specificity (12). Now EarlyCDT-Lung has been widely applied in clinical practice overseas (13). More recently, Ren et al. performed a prospective study to investigate the clinical value of a 7-AABs (P53, PGP9.5, CAGE, GBU4-5, SOX2, MAGE7, and MAGEA1) panel in the early detection of lung cancer in a Chinese population (14). They reported this panel had high specificity but relatively low sensitivity in patients presenting with ground-glass nodules (GGNs) and/or solid nodules. Therefore, we would like to construct a new diagnostic model combining different types of data including autoantibodies panels, LDCT, and clinical characteristics of patients to predict early lung nodules.

Over the decades, machine learning has been considered an important method showing remarkable performance on most clinical prediction tasks compared with traditional methods (15). The neural network model could integrate both continuous and discrete data of patients, which shows great advantages over logistic regression (16), and based on the 7-AABs, LDCT data, and clinical characteristics of patients we collected, a new neural network diagnostic model was proposed especially for early stage lung cancer, showcasing a favorable result both in the test set and validation set.

In this study, we summarize and analyze the features of a 7-AABs panel in detection of lung cancer and lung nodules in routine clinical practice in our center. And we further propose a comprehensive diagnostic model including clinical and imaging features in combination with the 7-AABs of patients predicting benign or malignant properties in early lung nodules.



Method and Materials


Samples Collection

From August 2017 to July 2020, 2126 patients with pulmonary diseases who underwent the 7-AABs panel test were identified. During this period, 123 patients were lost to follow-up, 16 died of indefinite causes, 143 patients suffered other malignancies, 13 patients had previously undergone antitumor therapy, and 890 patients are still under observation; these patients were excluded from this study. Finally, 933 patients were included with pathological diagnosis. A total of 571 were identified as having lung cancer, including 502 NSCLC and 69 SCLC determined by surgery and/or biopsy, 362 were considered to have benign lung diseases including benign lung nodules (both pathological and clinical where patients whose pulmonary nodules decreased, disappeared, and calcified during the period of follow-up, and patients with solid nodules that remained stable for at least 2 years), tuberculosis, and pneumonia (Figure 1).




Figure 1 | Flowchart of this research.



Approval to use blood samples was obtained from an Institutional Review Board. The project was approved by the Ethics Committee of Xijing Hospital, Fourth Military Medical University (20130121-6).



Autoantibody Detection

Serum from 5 mL of blood was separated by centrifugation at 4°C and stored in a sterile tube at -80°C (within 4 h of blood sample collection). The 7-AABs panel assay was conducted in our own laboratory (Respiratory Medicine Laboratory, Xijing Hospital). All blood samples were tested simultaneously. All laboratory testers were blinded to the baseline features of the blood samples. Every set of nine patients’ serum was tested within 3 days of collection. A commercially available enzyme-linked immunosorbent assay (ELISA) kit was used according to the manufacturer’s recommendations. The samples and kit components were equilibrated to laboratory temperature and diluted according to the instructions. Overall, 50 uL of diluted serum samples and standards were added to the appropriate wells and incubated for 1 h. The plate was washed three times followed by addition of 50 uL of diluted secondary antibodies anti-human IgG HRP. After half an hour of incubation, the plate was washed three times. The substrate was added and the color development reaction was terminated after 15 min with 50 uL stop buffer. The plate was measured for optical density (O.D.) at 450 nm on a Dynex MRX Revelation microplate reader. The O.D. units were converted to calibrated reference units according to the standard curve.

The serum from all samples was collected before any systemic or antineoplastic treatment such as surgery, chemotherapy, immunotherapy, and so on. Samples were judged to be positive if the measured concentration level of one or more of the seven AABs was above the cutoffs recommended by the previous study.



Image Acquisition and Analysis

For patients with pulmonary nodules, chest CT was performed using spiral CT volumetric scan technology (both thickness and interval of layers were set to 5 mm), based on which images were reconstructed using multi-plane reconstruction (MPR) technology with a thin layer (0.625 mm), volume reconstruction (VR), and maximum density projection (MIP) methods. Two experienced radiologists worked independently to determine whether pulmonary nodules were benign or malignant. Different radiological signs including vessels, spiculation, lobulated, pleural indentation, and vacuole signs were recorded. No patient data were visible to the readers. If patients with pulmonary nodules had a chest CT examination in our hospital before 2017, the CT images were also used to compare the chronological changes of pulmonary nodules.



Data Analysis and Statistics

The differences of the 7-AABs panel levels were done using non-parametric tests (Mann-Whitney U Test). The proportion samples were presented with a 95% exact confidence interval (CI) for binomial proportions. The Chi-square test was used to determine whether the proportion of positive results was significantly different between malignant and benign lung diseases. For all the statistical analyses, P<0.05 was considered significant and all tests were two-sided. SPSS (version 26.0), Graphpad 8.0, and Python were used for all analyses. The sensitivity and specificity of single or combined AABs were evaluated by receiver operating characteristic curves (ROC), and diagnostic efficacy between the 7-AABs and model was also compared by ROC curves.



Model Structure

We designed a neural network model combining both continuous and discrete features of clinical patients to predict properties in early lung nodules. The structure of our model is shown in Figure 2. The inputs of our model are denoted with feature_i, which included clinical features, nodules features, and seven autoantibodies results. The output of the model is the confidence score y, a large y means high confidence of the positive prediction. Our proposed framework consists of three parts: Encoders, mean pooling, and hidden layers. Encoders are for extracting hidden features of the input features of different types and dimensions, it consists of n dense layers (Encoder_i, i∈1,2,3…,n,n is the number of input features), each Encoder_i mapped one input feature into a hidden feature (hidden_feature_i, i∈1,2,3…,n) (Details of the variables are listed in Table 1). With the help of the encoders, input features of different types and dimensions are mapped into the same dimension. Mean pooling calculates the average of input vectors, and conveys the result h to the next layers. Hidden layers contain two dense layers, mapping h which integrates all input information of the patient to clinical results y. The dense layer is the basic module in our framework, whose parameters includes weight matrix W and bias vector b, taking a linear transformation of the input. It can transform x into a vector with the same dimension of bias vector b. Formula:

	




Figure 2 | Network analysis construction.




Table 1 | Dimensions and types of variables associated in the model.



Outputs of each dense layers are activated by the activation function tanh.



Data Process

The concentrations of the seven autoantibodies are continuous variables, hence, we normalized each autoantibody and concatenated seven autoantibodies normalization result scalars into a seven-dimension autoantibodies vector. The formula is as follows xi refers to the concentration of autoantibodies, μ refers to the mean value of any autoantibodies of all patients, and σ refers to standard deviation.

	

The medical history and characteristics of patients were discrete variables, we transformed them into one-hot vectors.




Result


Patients Demographics

To research the efficiency of the 7-AABs panel in lung diseases, we enrolled 933 patients in our study. A total of 571 patients were in the malignant diseases group including 502 with NSCLC and 69 with SCLC. There were 289 women (50.7%) and 282 men (49.3%). A total of 236 (41.3%) of them had a history of smoking. In the benign diseases group, 154 (38.4%) patients were women and 208 (61.6%) were men. Overall, 154 (42.5%) cases had a history of smoking. Benign diseases included pneumonia, tuberculosis, cryptogenic organizing pneumonia, pulmonary fibrosis, pulmonary granulomas, pulmonary sequestration, pulmonary hamartoma, and congenital cystic adenomatoid. Demographics in lung disease are listed in Table 2.


Table 2 | Patient demographics.





Autoantibody Level in the Malignant Disease Group and Benign Disease Group

The mean concentrations of the AABs including P53, PGP9.5, SOX2, GAGE7, GBU4-5, MAGEA1, and CAGE were 8.87 U/ml, 6.17 U/ml, 7.46 U/ml, 9.59 U/ml, 3.46 U/ml, 6.36 U/ml, and 11.80 U/ml in the malignant group, and 3.25 U/ml, 3.11 U/ml, 3.40 U/ml, 4.08 U/ml, 1.87 U/ml, 3.15 U/ml, and 1.75 U/ml in the benign group, respectively (Table 3). The average concentrations levels of all 7-AABs in the malignant diseases group were higher than that in the benign diseases group (P<0.001), exhibiting an outstanding performance in the distinction between malignant diseases and benign diseases.


Table 3 | Concentration and reactivity of 7-AABs in all patients and lung nodules group.





Clinical Value of 7-AABs Panel Assay in Lung Cancer

In this group, the 7-AABs panel showed the highest sensitivity (60.7%, 95%CI 49.9%-68.3%) and specificity (81.5%, 95%CI 75.8%-88.4%). To clarify the effect of tumor parameters, tumor stage and size of nodules or lesions were recorded (Table 4). The results showed that the sensitivities of the 7-AABs panel were 61.7% (95%CI 51.9%-69.8%), 58.8% (95%CI 48.2%-67.3%), 71.4% (95%CI 47.8%-88.7%), and 72.7% (95%CI 49.8%-89.3%) in AAH+AIS, stage I and II, stage III, and stage IV, respectively. There was no significantly difference between the subgroup in AAH+AIS and stage I and II (P>0.05). However, the sensitivities in stage III and stage IV were significantly higher than that of patients in stage I and II (P<0.05). Additionally, we conducted the value of the 7-AABs panel in different nodule or lesion sizes which showed that the sensitivities of nodules or lesions whose diameter was ≤8 mm, 9-20 mm, 21-30 mm, and >30 mm were 57.3% (95%CI 24.2%-71.6%), 59.9% (95%CI 43.3%-67.9%), 64.9% (95%CI 44.5%-76.9%), and 80.7% (95%CI 69.1%-89.5%), respectively. There was a significant difference between the >30 mm group and other groups including ≤8 mm, 9-20 mm, and 21-30 mm (P<0.05). In this study, we also divided pulmonary nodules into solid nodules, pure ground glass nodules (pGGNs), and mixed GGNs (mGGNs). But we found the sensitivities of the 7-AABs panel were similar among these groups (P>0.05).


Table 4 | Baseline characteristics of the patients with lung nodules.





Effectiveness of the 7-AABs Panel in Early Detection of Lung Nodules

To further investigate the performance of the 7-AABs panel in early diagnosis of lung nodules, we identified 744 patients from full cohorts with lung nodules including radiological GGO, GGNs, and (or) solid nodules. Among these patients, 459 (61.6%) were pathologically confirmed with malignancies and 285 (38.4%) were identified as having benign nodules. The sensitivities and specificities of the 7-AABs panel test were 59.7% (95%CI 47.1%-69.4%) and 81.1% (95% CI 65.4%-88.1%) respectively in patients with lung nodules. There was no significant difference between the full cohort and patients with lung nodules. And all seven autoantibodies’ expressions are shown in Table 3. The receiver operating characteristic (ROC) curve analysis showed that the 7-AABs exert a great potential on lung cancer diagnosis and lung nodules, and the AUC reached 0.7448 and 0.7476 in all lung diseases and early lung nodules respectively; there is no significant difference in AUC between these two groups (Figures 3, 4).




Figure 3 | The receiver operating characteristic (ROC) curve analysis of seven autoantibodies and combined test in lung cancer.






Figure 4 | The receiver operating characteristic (ROC) curve analysis of seven autoantibodies and combined test in lung nodules.





Network Model Efficiency in Early Lung Nodules

To further utilize clinical and imaging data of lung cancer patients, we built a network diagnosis model based on clinical and imaging information combining 7-AABs data, which could improve both the sensitivity and specificity of lung nodules. We used clinical information (including age, smoking history, cancer history), imaging data (containing size, numbers of lung nodules, property of lung nodules, vessel sign, spiculation sign, lobulated sign, pleural indentation, and bubble-like sign), and 7-AABs panel results to construct the diagnosis model integrally. The model showed an AUC of 0.96 which greatly improved the diagnosis performance (Figure 5). The sensitivity, specificity, and accuracy of this model were 0.964, 0.791, and 0.918 respectively, which showed great advantages for patients with lung nodules compared to LDCT and 7-AABs alone. The recall and F1 were 0.83 and 0.86 respectively which showed the good performance and repeatability of this diagnosis model.




Figure 5 | The receiver operating characteristic (ROC) curve analysis of network diagnosis model in lung nodules.






Discussion

As is known, LDCT screening is widely used for the early detection of suspected malignant pulmonary nodules, but it cannot be immediately qualitative. In order to distinguish the malignant from benign nodules, PET/CT, fine needle aspiration biopsy (FNB), transbronchial needle aspiration (TBNA), pathology of sputum, and different types of bronchoendoscope are applied in clinical application. However, these approaches have several problems including high price, inability for early screening, trauma, or poor reliability for microscopic nodules. Certainly, there are some traditional biomarkers such as carcino-embryonic antigen (CEA), neuron-specific enolase (NSE), cytokeratin 19 fragments (CYFRA-21) in lung cancer. The sensitivity of these biomarkers is less than 15% in early detection of lung cancer, which is not feasible for screening of lung cancer (17).

AABs which react with tumor-associated antigens have been discovered in blood samples from various of solid tumors including lung cancer, and have been found in the serum of patients who develop lung cancer at a very early stage. So AABs are potential biomarkers with non-invasive, high sensitivity, and easy-performed properties in early detection of lung cancer (18). In this study, we used a 7-AABs panel (P53, PGP9.5, CAGE, GBU4-5, SOX2, MAGE7, and MAGEA1) to distinguish patients presenting with malignant diseases from ones with benign diseases and further compared the efficiency in the lung nodules group. We found the average concentration levels of the 7-AABs panel in the lung cancer group were significantly higher than that in the benign diseases group, and in the lung nodules group, no distinct results were found. These results are consistent with a previous study (14, 19). It provides evidence that the 7-AABs panel exists dependently in patients with malignant diseases. It suggests that patients whose concentration levels of the 7-AABs were higher in serum could suffer from the higher possibility of malignancy. And the network model combining the 7-AABs could become more efficient to lung cancer patients.

Some AABs panels have been reported in previous literature. In the USA, EarlyCDT-Lung was the first reported AABs panel for detection of lung cancer. In comparison to a 6-AABs panel, a 7-AABs panel had higher sensitivity. Interestingly, the test specificity was improved by changing from a 6-AABs panel to the current 7-AABs panel (20). Now, the 7-AABs panel (EarlyCDT-Lung) is performed in routine clinical application in the USA. Additionally, apart from the EarlyCDT-Lung, there are other AABs panels under assessment in clinical application. A previous study by Yao et al. reported the clinical validation of a new AABs panel including SMOX, NOLC1, MALAT1, and HMMR. It showed that the sensitivity and specificity were 47.5% and 97.3% (21). In order to create a preferable AABs panel, a different AABs panel (P53, PGP9.5, GAGE, GBU4-5, SOX2, MAGE7, and MAGEA1) was applied by a large-scale ELISA screening in lung cancer patients in China. Ren et al. found that the total sensitivity and specificity of the 7-AABs panel were 61% and 90% in lung cancer. And the sensitivities of the 7-AABs panel were 62% and 59% in stage I and stage II lung cancer patients with pulmonary nodules. In this study, we also tested the reliability of the 7-AABs panel in lung cancer, and found a sensitivity of 60.7% in the lung cancer group with a specificity of 81.5%. Meanwhile, we confirmed the clinical value of the 7-AABs panel in early detection of lung nodules. The sensitivity and specificity of the 7-AABs panel were about 59.7% and 81.1% in patients with pulmonary nodules, which is consistent with the majority of previous studies about the 7-AABs panel and the results of the EarlyCDT-Lung assay (22, 23). But the specificity in our study was lower than Ren’s study. This is probably due to various factors. First, the different results are often restricted by the amounts of samples. Second, the patients enrolled from different regions may have different characteristics in the tumorigenesis process. Maybe the clinical manifestation and biochemical characteristics of nodules for populations are different. Third, the composition ratio of pathology, morphology, and size of nodules is different, e.g., there are more AAH and AIS in our study. These may be the potential reasons for the difference.

In the current study, there was no statistical significance about the positive rate of the 7-AABs panel in patients presenting with nodules with a diameter of <8 mm, 9-20 mm, and 21-30 mm. It indicates that the 7-AABs panel served as a promising method of judging the nature of the <8 mm nodules. Furthermore, it confirms that the 7-ABBs panel is valid and can be utilized for lung screening. Some previous research reported that the positive rate of the 7-ABBs panel did not correlate with stage (24). But our study obtained opposite results. This study found that the sensitivities of lung cancer patients with stage III and stage IV were significantly higher than in patients with stage I and II. It probably meant that advanced lung cancer would release more tumor-related antigens, then more AABs would be produced. Then we can assume that the sensitivity in patients with advanced lung cancer would be higher than that in patients in the early stage. The results of morphology subgroup analyses confirmed the assumption. As we know, the pathological types of GGNs are mostly pre-invasion lesions including atypical adenocarcinoma hyperplasia (AAH), adenocarcinoma in situ (AIS), and minimally invasive adenocarcinoma (MIA). But there are more invasive adenocarcinomas(IACs) in malignant solid nodules. This study showed that the ratios of IAC were 9.0% (67/744), 16.7% (124/744), 30.8% (229/744), and 43.4% (323/744) in GGO pGGNs, mGGNs, and solid nodules, respectively. And it illustrated that the sensitivities ranged from 52.1% to 72.3% in patients, with a sensitivity of 52.1% in the GGO group, 61.3% in the pGGNs group, 72.3% in the mGGNs group, and 63.2% in the solid group. So it further confirmed the assumption that the sensitivity of the 7-AABs panel would improve with more invasive lesions. However, more studies are needed to confirm the assumption. In our study, we also found that the sensitivity of patients with a lesion diameter of >3 cm was significantly higher than that in patients with nodules of <3 cm. The results meant that the 7-AABs panel could not only be applied in early detection of patients with modules but also in diagnosis of advanced lung cancer.

Although the 7-ABBs panel has been approved by China Food and Drug Administration, it lacks large-scale clinical studies to further choose the optimum subgroup population. Except for the 7-AABs panel, other liquid biomarkers including circulating tumor cells (25, 26), circulating-tumor DNA (27), microRNAs (28), and DNA methylation (29) are gradually emerging. Status also showed promising results for the non-invasive detection and diagnosis of lung cancer. Finding the optimal combination with other information of patients to facilitate the early detection of lung cancer is imperative.

Machine learning is emerging as the best method for large amounts of samples and data (30). Network learning is a type of machine learning that can process different types of data at the same time, including continuous variables and discrete variables, so it has its own unique advantages for the construction of diagnostic models. To further utilize the results of the 7-AABs, given their high specificity and the significant roles of lung nodules in early lung cancer, we wanted to build a comprehensive model to enhance the comparatively low sensitivity of 7-AABs alone, hence we constructed a diagnostic model of early pulmonary nodules with high diagnostic efficiency by analyzing the imaging characteristics and clinical characteristics of lung cancer patients and combining it with the advantages of the seven serum antibodies of patients. And compared with previous models like the Mayo model and Brock model (31, 32), we took advantage of almost all the patients` information that we could get plus high specificity 7-AABs results, rather than just several characteristics of nodules. Therefore, we found great performance in comparison with previous models in the fields of sensitivity, specificity, and accuracy. However, there are several aspects that we need to improve on in our study. First, the samples in our research still need to be collected in a larger scale to verify our results. Second, we are considering adding more test results such as CEA, CTCs, and DNA methylation level to maintain our model, and to further increase the sensitivity and specificity.

In summary, this study confirmed the clinical value of the 7-AABs panel in early detection and diagnosis of lung cancer. When combined with clinical and imaging data, the model could significantly improve sensitivity and reduce the FPR of the 7-AABs panel or LDCT screening alone. Meanwhile, we first found the correlation between stage and sensitivity of the 7-AABs panel. Maybe the 7-AABs panel can serve as an adjunctive non-invasive biomarker test capable of distinguishing malignant from benign nodules.
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Background

The combination of immunotherapy and chemoradiotherapy has become the standard therapeutic strategy for patients with unresected locally advance-stage non-small cell lung cancer (NSCLC) and induced treatment-related adverse effects, particularly immune checkpoint inhibitor-related pneumonitis (CIP) and radiation pneumonitis (RP). The aim of this study is to differentiate between CIP and RP by pretreatment CT radiomics and clinical or radiological parameters.



Methods

A total of 126 advance-stage NSCLC patients with pneumonitis were enrolled in this retrospective study and divided into the training dataset (n =88) and the validation dataset (n = 38). A total of 837 radiomics features were extracted from regions of interest based on the lung parenchyma window of CT images. A radiomics signature was constructed on the basis of the predictive features by the least absolute shrinkage and selection operator. A logistic regression was applied to develop a radiomics nomogram. Receiver operating characteristics curve and area under the curve (AUC) were applied to evaluate the performance of pneumonitis etiology identification.



Results

There was no significant difference between the training and the validation datasets for any clinicopathological parameters in this study. The radiomics signature, named Rad-score, consisting of 11 selected radiomics features, has potential ability to differentiate between CIP and RP with the empirical and α-binormal-based AUCs of 0.891 and 0.896. These results were verified in the validation dataset with AUC = 0.901 and 0.874, respectively. The clinical and radiological parameters of bilateral changes (p < 0.001) and sharp border (p = 0.001) were associated with the identification of CIP and RP. The nomogram model showed good performance on discrimination in the training dataset (AUC = 0.953 and 0.950) and in the validation dataset (AUC = 0.947 and 0.936).



Conclusions

CT-based radiomics features have potential values for differentiating between patients with CIP and patients with RP. The addition of bilateral changes and sharp border produced superior model performance on classifying, which could be a useful method to improve related clinical decision-making.





Keywords: radiomics nomogram, immune checkpoint inhibitor-related pneumonitis, radiation pneumonitis, NSCLC, differential diagnosis



Introduction

Immune checkpoint inhibitors (ICIs) have established a new paradigm for cancer therapeutic and created many breakthroughs in clinical practice. Consolidation immunotherapy of immune checkpoint inhibitors following concurrent chemoradiotherapy (CCRT) is the current standard of care for patients with unresectable locally advance-stage non-small cell lung cancer (NSCLC) (1, 2). While the combination of ICIs and radiotherapy (RT) has shown promising prospects, treatment-related pneumonitis, including checkpoint inhibitor-related pneumonitis (CIP) and radiation pneumonitis (RP) (3, 4), one of the most frequent and clinically challenging adverse events in the combination setting, should raise concerns.

CIP is a rare but seriously adverse event with incidence of approximately 5% in any grade and <3% in grade 3 or higher level for NSCLC patients who received ICIs (5). Meanwhile, approximately 60% of patients with thoracic tumors receive RT at some point during the course of the disease (6). RT contributed to lung injury and induced pneumonitis. The incidence of radiation pneumonitis ranges from 4 to 10% in grade 3 or higher in lung cancer patients after radiotherapy within 6 months (7). Differentiating a diagnosis between CIP and RP is a difficult challenge in clinical practice. The clinical symptoms of CIP seem to be non-specific as far as clinical manifestations are being concerned. Clinical symptoms, such as fever, cough, and shortness of breath, are found in both CIP and RP (8). Additionally, the thoracic CT radiological findings of CIP are similar to the RP model, especially in the early stage of the disease course. Although some studies have reported the typical radiological findings of CIP and RP, these manifestations are only suggestive due to pneumonitis having a wide range of radiological appearance (9). Furthermore, these patients are at risk for both ICI- and RT-induced pneumonitis, and a differentiating diagnosis can have an important effect on clinical management, such as the decision to continue or restart the ICI treatment.

Radiomics is inspired by the combination of artificial intelligence and medical imaging. High-throughput and quantitative images of features reflect the underlying pathophysiology and reveal information on pathogenesis and etiology (10). CT radiomics analysis, as an interdisciplinary technique, has been widely used in distinguishing between benign and malignant tumors (11), predicting the prognosis of patients with a tumor (12), monitoring therapeutic responses (13), and gene expression (14), yet scanty attention has been paid to investigating how to distinguish between CIP and RP using radiomics features for patients with NSCLC. Given the previous conclusions, whether CT radiomics can be used for the identification of CIP and RP becomes crucial and worth exploring. Theoretically, the characteristics of pneumonitis provided by CT hide the potential correlation with pneumonitis etiology and can be quantitatively analyzed. It is expected that the high-throughput and high-dimensional CT radiomics features play a vital role in distinguishing between CIP and RP. We hypothesized that constructing a model and developing a quantitative tool could improve the diagnostic efficiency for CIP and RP via analysis of CT radiomics features and clinical or radiological parameters.



Materials and Methods


Study Design and Workflow

Firstly, NSCLC patients who were treated with ICIs or RT and developed pneumonitis were enrolled in this study. Chest CT images were collected for subsequent radiomics analysis. After that, radiomics features were extracted from regions of interest (ROIs). Then, radiomics features were selected based on their effectiveness in differentiating the subtype of pneumonitis. Next, Rad-scores and nomogram were constructed and evaluated in the training and validation datasets.



Patient Selection

In this study, a total of 126 NSCLC patients who received radiotherapy or immune checkpoint inhibitors and developed pneumonitis between April 2018 and August 2021 at Shandong Provincial Hospital Affiliated to Shandong First Medical University were recruited. The inclusion criteria were as follows: (1) pathological diagnosis of NSCLC by biopsy or bronchofiberoscopy, (2) standard chest CT scans, and (3) collection of CT images and clinical or radiological parameters of patients who developed pneumonitis. The exclusion criteria were as follows: (1) insufficient image quality, such as artifacts, (2) with treatment history of thoracic surgery, and (3) with the history of anti-tumor or anti-inflammatory therapy. In this study, pneumonitis was defined as immune checkpoint inhibitor-related and radiation pneumonitis which did not occur owing to other confirmed reasons such as bacterial and virus infections. The subtype of pneumonitis was determined by the following procedures. Patients with CIP were identified by a history of using immune checkpoint inhibitors, nonproductive cough, fever, and other clinical symptoms. Varied radiographic findings, such as from chest CT imaging, should be considered, such as cryptogenic organizing pneumonia, pneumonitis presenting as acute interstitial pneumonia, acute respiratory distress syndrome, etc. The RP datasets that consisted of 69 patients were randomly enrolled from NSCLC patients who were treated with thoracic radiotherapy and developed RP within 6 months after RT. The symptoms include shortness of breath, nonproductive cough, fever, and other clinical symptoms. The definitions of CIP and RP were consistent with the previous guidelines (15, 16). Clinical factors, including gender, age, smoking history, histology, and radiological findings—such as number of lobes, volume of lung, bilateral changes, and sharp border—were recorded.



CT Image Acquisition

CT images were collected from all enrolled patients. All CT scans were acquired from a 128-row CT scanner (Philips iCT 128, Philips Medical System, The Netherlands). The CT scans were acquired with the following protocols: tube voltage, 120 kV; tube current, ranging from 300 to 400 mA; slice thickness, 3 mm; matrix size, 512 × 512; in-plane resolution, 0.8142 × 0.8142 mm2; and helical scanning mode.



Region of Interest

The ROIs, defined as the lung injury region visualized on the lung parenchyma window of CT images, were delineated by two experienced radiologist and oncologist in all CT scans using AccuContour software (version 3.0, Manteia Medical Technologies Co. Ltd., Xiamen, China). Given that a larger variability existed in the border of the pneumonitis region, cylindrical ROIs of diameter 20 mm and height 15 mm (consecutive five slices) were contoured to ensure that the features are valuable and correct. Then, the contoured ROIs were checked and modified slice by slice by another experienced radiologist. Examples of contoured ROIs on the lung parenchyma window of CT images are depicted in Figure 1.




Figure 1 | Examples of regions of interest for two subtypes of pneumonitis. (A) Checkpoint inhibitor-related pneumonitis on routine CT and (B) radiation pneumonitis on routine CT.





Feature Extraction

Radiomics features were extracted using embedded radiomics computational module-based PyRadiomics packages that enable feature calculation in the 3D slicer (version 4.11.2, www.slicer.org) software. In this study, 93 radiomics features were extracted from original CT images, including (1) 18 first-order intensity histogram (IH)-based features and statistical matrix (SM)-based features divided into (2) 24 gray-level co-occurrence matrix-based features, (3) 16 gray-level run-length matrix-based features, (4) 16 gray-level size zone matrix-based features, (5) 5 neighboring gray-tone difference matrices, and (6) 14 gray-level dependence matrix features. Moreover, 744 wavelet-based features (including IH and SM features) were extracted from eight wavelet decompositions.



Radiomics Signature and Nomogram Construction

Before radiomics signature building, feature selection was implemented to keep the signature more robust and effective. In this study, least absolute shrinkage and selection operator (LASSO) (with a binary regression model, a five-fold cross-validation method, an “auc” loss measurement, and using non-normalized data) was performed to determine the most predictive features. After feature selection, a radiomics signature, also termed Rad-score, was established from a linear combination of selected features and corresponding coefficients derived from LASSO.

Moreover, to explore whether clinical or radiological parameters will add more benefit for differentiating subtypes of pneumonitis, nomograms were constructed by incorporating Rad-score and clinical factors compared to Rad-score alone. Notably, the clinical factors used for nomogram establishment were tested via univariate analysis.



Validation of Radiomics Signature and Nomogram

The correlation between the Rad-score and subtype of pneumonitis was evaluated using the receiver operating characteristic curve (ROC) and area under the curve (AUC). Due to the limited sample size of patients, inevitable bias exists in the uneven appearance of the empirical ROC, which will result in a lower or higher estimated performance. Therefore, ROC curves may perform poorly for evaluation despite a superior AUC when the positive and negative data used for building a prediction model are imbalanced. Therefore, a precision–recall curve (PRC) that plots the positive prediction value against the true positive rate across all thresholds was recommendable for such case. It represents a more accurate method to assess established classification models, and the area under PRC is defined as average precision (AP). Consequently, the α-binomial model-based ROC curve and PRC proposed by Brodersen et al. to plot smooth curves were used to address the above-mentioned issues in this study (17). The discrimination of nomogram was evaluated by α-binomial model-based ROC curve and PRC. Meanwhile, the agreement between the actual CIP probability and predicted CIP probability was assessed by a calibration curve, and Hosmer–Lemeshow test was utilized to determine the agreement; a p-value >0.05 indicates good agreement. Finally, the Rad-score and the nomogram were compared using decision curve analysis with regards to clinical utility.



Statistical Analysis

Statistical analyses were performed in R software (version 3.3.1). Comparisons, calibration curve, decision curve analysis, and univariate analyses were implemented in R with the “stats” and “rms” packages. Chi-square test or Fisher’s test was used to analyze the categorical variables. Mann–Whitney U-tests were employed to compare the patients’ continuous characteristics where appropriate. In this study, univariate analysis was performed by Spearman’s correlation test, and a coefficient higher than 0.85 indicates that the clinical factors are correlated to the subtype of pneumonitis. LASSO was performed in R with the glmnet package. The reported statistical significance levels were all two-sided. The statistical significance level was set to 0.05.




Results


Patient Characteristics

In total, 126 consecutive patients were enrolled in this study and were divided into training and validation datasets with a ratio of 7:3, including 88 and 38 patients, respectively. The clinical and radiological factors are summarized in Table 1. There were no significant differences between these factors in the two sets, including gender, age, and radiological findings.


Table 1 | Clinical and radiological parameters of patients with pneumonitis in the training and validation datasets.





Radiomics Signature Construction and Validation

After feature selection using LASSO binary regression model, 11 radiomics features remained with non-zero coefficients, and the results are illustrated in Figure 2. A Rad-score was established using a linear combination of selected predictive features and corresponding coefficients. The formula for calculating the Rad score is as follows:

	




Figure 2 | Feature selection using the least absolute shrinkage and selection operator (LASSO) with a binary regression model. (A) The LASSO coefficient profile was plotted using coefficients against log(λ). (B) Tuning parameter against parameter log(λ). The areas under the curve were depicted with corresponding λ. The vertical lines are maximum and 1-standard error (1-se) criteria, respectively. As a result, 12 radiomics features with nonzero coefficients were selected using 1-se criteria.



We plotted box plots to show the statistical distribution of Rad-scores in the training and validation datasets, as shown in Figure 3. There were statistically significant differences between the training and validation datasets (all p-values <0.0001). The empirical and α-binormal-based ROC curves and PRCs of the established Rad-score are displayed in Figure 4. The empirical and α-binormal AUCs and APs of Rad-score are summarized in Table 2. The Rad-score achieved a good performance for making a distinction between CIP and RP in NSCLC patients with AUCαbin = 0.891 (95%CI, 0.876–0.906) and AUCemp = 0.896 (95%CI, 0.879–0.913), respectively. Similar results were committed in the validation dataset; the above-mentioned Rad-score showed a favorable assessment efficacy with AUCαbin = 0.901 (95%CI, 0.855–0.947) and AUCemp = 0.874 (95%CI, 0.843–0.905) for discriminating between patients with CIP and RP. The results of Rad-score had achieved a satisfactory performance.




Figure 3 | Boxplots for subtypes of lung injury in the (A) training and (B) validation datasets, respectively. ****p-value <0.0001.






Figure 4 | The performance of the developed Rad-score. (A) Receiver operating characteristic (ROC) curves. (B) Precision–recall curve (PRC). The subscripts emp and αbin mean empirical and α-binormal-based ROC or PRC, respectively.




Table 2 | Comparison of the performances of Rad-score and nomogram.





Nomogram Construction and Validation

Before nomogram construction, univariate analyses were performed for clinical factors and radiological features using chi-square test or Mann–Whitney U-tests. In the training dataset, the differences of clinicopathological characteristics and radiological findings between the patients with CIP and RP are shown in Table 3. The median age of patients with CIP and RP were 56.8 and 57.4, and there was no discrepancy in the subtype of pneumonitis by gender (p = 0.313) and smoking history (p = 0.200). Moreover, there was a trend towards more lung lobes (p = 0.184) and volumes (p = 0.101) infected in patients with radiation pneumonitis compared with patients with CIP. We did not figure out the values of histology (p = 0.067), radiological elements (p = 0.910), and other factors for classification between CIP and RP. The variables of bilateral changes (p < 0.001) and sharp border (p = 0.001) were considered independent biomarkers and had a statistically significant difference between CIP and RP.


Table 3 | Clinical and radiological parameters of patients with checkpoint inhibitor-related pneumonitis (CIP) and radiation pneumonitis (RP) in the training dataset.



To determine the benefits for prediction performances of radiomics features, the Rad-score, bilateral changes, and sharp border were incorporated into the radiomics nomogram, as shown in Figure 5. In Figure 6, the nomogram model displayed the highest discrepancy between CIP and RP with the empirical and α-binormal-based AUC of 0.953 and 0.950 in the training set. In the validation samples, the nomogram yielded the greatest AUC (0.947, 95% CI: 0.912–0.982; 0.936, 95%CI: 0.905–0.967), which confirmed that the nomogram model achieved better differential capacity than the Rad-score. As illustrated by the results, an obvious separation between CIP and RP was detected in the validation dataset with AP of 0.943 and 0.887 (as shown in Table 2).




Figure 5 | Nomograms constructed in this study using the training dataset.






Figure 6 | The performance of the developed nomogram. (A) Receiver operating characteristic (ROC) curves. (B) Precision–recall curve (PRC). The subscripts emp and αbin mean empirical and α-binormal-based ROC or PRC, respectively.



The calibration curve manifested sufficient consistency between estimated CIP probability using the nomogram and the actual observed outcome in Figure 7. The closer the calibration curve was to the diagonal, the better the predictive ability of the nomogram. The P-value of Hosmer–Lemeshow test for subtype of pneumonitis was 0.511. To determine the clinical utility, decision curves were plotted for Rad-score and radiomics nomogram (shown in Figure 8). It showed that the radiomics nomogram produced a greater net benefit than the Rad-score.




Figure 7 | Calibration curve of the radiomics nomogram presented as a solid red line. The diagonal dashed line indicates perfect agreement.






Figure 8 | The decision curves of the Rad-score, radiomics nomogram, and two extreme curves were plotted based on the validation dataset. It showed that the use of the radiomics nomogram to predict CIP probability in patients with non-small cell lung cancer has a greater benefit than the use of Rad-score.






Discussion

With the evolution of immunotherapy, the combination of immunotherapy and radiotherapy became increasingly important in guiding NSCLC treatment according to the latest NCCN guidelines (18). However, the widespread utilization of ICIs has contributed in off-target immune-related adverse events, especially CIP. In this retrospective study, we developed and validated a classification model based on CT radiomics for distinguishing between CIP and RP. Radiomics nomograms were extracted and showed good performance on the training and validation datasets with AUC = 0.953 and 0.947, which proved that the CT-based radiomics nomogram was feasible. In the radiomics nomogram, Rad-score has the largest weight and is more important for distinguishing subtypes of pneumonitis. All features used to construct the Rad-score were wavelets; the reasonable hypothesis was that the similar pixel intensity of different pneumonitis derived from original images provide limited differentiation power in the modeling process. However, multiple frequency decomposition of the original CT image can decode the hidden difference of phenotype between CIP and RP (19). As far as we are concerned, this is the first study that uses comprehensive information by including both radiomics, clinical, and radiological factors in the classification of CIP and RP.

Previous studies demonstrated the safety of thoracic RT in patients receiving ICIs (20). Nevertheless, current evidence has suggested that radiotherapy had immune stimulating effects, which could potentially enhance the effectiveness of ICIs and increase the risk of relevant immune-related adverse events (21). Preliminary studies mentioned the radiologic appearances and clinical symptoms of CIP, which were similar with RP characteristics (22). The clinical symptoms of pneumonitis after immune checkpoint inhibitors or radiotherapy included cough, dyspnea, fever, and shortness of breath. Moreover, the most frequent CT image findings are ground-glass opacities or consolidative opacities in subpleural regions among patients with CIP (23). Generally, distinguishing between CIP and RP has a crucial impact on the treatment to pneumonitis and decision-making on therapy in the near feature.

Since the occurrence of CIP, CT morphological features have been treated as important clues for diagnosing CIP. Our present study revealed that these features were valuable but not the only strong clue for diagnosing CIP or RP. We noted that bilateral changes and a sharp border showed significant difference for identifying CIP and RP. ICI pneumonitis trended toward a higher likelihood of bilateral CT changes (p < 0.001) than pneumonitis from RT alone. Patients with CIP were less likely to have a sharp border (p = 0.001) in comparison with RP. This conclusion was consistent with previous studies (24). On the other hand, the Rad-score and nomogram were evaluated by α-binominal model-based ROC and PRCs and compared to empirical curves. In this study, the results showed that no significant difference was observed between the two types of curve. Besides this, performance measures based on PRCs were helpful to supplement and validate the ROC curves. It can effectively address the practical limitations derived from empirical curves (17). Furthermore, the decision curves demonstrated that radiomics nomogram added more benefits for differentiating CIP from RP than Rad-score. Generally, the nomogram was robust and accurate for distinguishing the subtype of pneumonitis.

Our result verified the values of quantitative radiomics features, instead of qualitative radiological factors, to discriminate pneumonitis etiology. Recently, a study performed a radiomics analysis and extracted 1,860 features in a total of 290 patients who were treated with immunotherapy (25). Radiomics features were identified and predicted subsequent immunotherapy-related pneumonitis. In accordance with RP, some researchers stated that the multi-region CT radiomics features can help to predict grade ≥2 RP for NSCLC patients (26). As Du et al. proposed, a radiomics model based on thoracic cone-beam computed tomography had a potential value of RP prediction (27). The radiomics features had an ability to assess the heterogeneity of image intensities and highlight small differences that cannot be recognized by the naked eyes. Yang et al. utilized CT-based radiomics to differentiate COVID-19 from other pneumonias in patients with accuracy of 89.83% and AUC of 0.940 (28). Tabatabaei et al. inferred that radiomics features, conjoined with random forest and neural network, appeared to yield promising results in distinguishing between COVID-19 and H1N1 influenza by CT scanning, with AUC = 0.970 (29).

As far as we know, few studies focused on this topic. Chen et al. extracted radiomics features from CT images and only trained 29 patients with RT and 23 patients with ICIs (30). The classifier has shown a performance on the training dataset with AUC =0.79 and the validation dataset with AUC = 0.840. The results were in line with ours, but the predictive efficacy of this model was much lower. Cheng et al. collected the CT images of 73 NSCLC patients with ICI or RT and extracted only 3 types of radiomics features (31). They figured out that the kind of bag-of-word features achieved an AUC of 0.937. Despite the encouraging results, there were some limitations in the above-mentioned study. Firstly, the small sample size and limited radiomics features that resulted in this conclusion can be hardly generalized. Secondly, no classification model, such as radiomics signatures or nomogram, has been built for discriminating between CIP and RP. Our results indicated that an integrated model combined with radiomics features and clinical factors may help to differ CIP from RP in NSCLC. Thirdly, there were no clinical and laboratory parameters involved, which have been proved to reveal the mechanism of two kinds of pneumonitis to some extent (32, 33).

This difference in the pathogenesis of pneumonitis remains to be discussed. To our best knowledge, Chen et al. mentioned that checkpoint inhibitor pneumonitis was more likely to involve more lobes of the lung (24). Based on our wide clinical experience and practice, RP was commonly limited in the radiation field of the lung, while CIP was always irregularly distributed in random fields of the lung. Moreover, lymphocytes were predominant to the pathogenesis of pneumonitis. The relationship between neutrophil-to-lymphocyte ratio and CIP may provide a reasonable explanation (34). The value of inflammatory cytokine in the diagnosis of CIP has not yet been completely evaluated. IL-10, an anti-inflammatory cytokine, was maintained at a lower level in RP patients at baseline (35). In contrast, lung cancer patients with CIP, shown to have increased IL-6, were associated with the occurrence of disease (36).

It is necessary to identify the mechanism of pneumonitis arising from immunotherapy and radiotherapy. Radiotherapy could directly damage DNA and reactive oxygen species generation, then mediate intracellular signaling, and result in the release of molecules and cytokines (37). The occurrence of acute pneumonitis and chronic pulmonary fibrosis is mainly through the TGF-β/Smad (38), HMGB1/TLR4 (39), and Nrf2/ARE signaling pathways (40). Glucocorticoid drugs are the mainstay of RILI treatment in clinical practices. Regarding IRLI, generalized immune activation owing to checkpoint neutralization, preexisting autoantibodies, and off-target effects of T cell-mediated immunity will lead to immune-related lung injury (41). Immunosuppressive drugs such as glucocorticoids, mycophenolate mofetil, and cytokine inhibitors were mainly used for IRLI treatment (42). Zhang et al. reported the crosstalk among signaling pathways in RILI and IRLI, which noted that the TGF-β signaling pathway played an important role in the crosstalk between IRIL and RILI (41); more exploration and discovery are required to pinpoint the mechanisms of RILI and IRLI.

There are some limitations in this study. First, it is a retrospective study with 126 patients. A larger sample size and prospective study are necessary to explore and validate in the near future. Second, training and validation datasets were acquired from a single institution, which resulted in a conclusion hardly generalizable to other study centers. Further investigation will concentrate on samples from various institutions as external validation dataset. Third, no other laboratory parameters were included in the analysis. We trust that the subsequent research should be to develop a robust model.



Conclusions

In summary, there are many similarities of clinical symptoms and radiological findings between immune checkpoint inhibitor-related pneumonitis and radiation pneumonitis for patients with NSCLC, which propose great management challenges in clinical practice. Our results have successfully suggested that CT radiomics features are capable of differentiating between CIP and RP. Additions of bilateral changes and sharp border produce a superior nomogram model performance. Our findings suggest that a radiomics nomogram could be used for clinical decision-making and providing an accurate diagnostic tool.
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Treating patients with cancer complicated by severe opportunistic infections is particularly challenging since classical cancer treatments, such as chemotherapy, often induce profound immune suppression and, as a result, may favor infection progression. Little is known about the potential place of immune checkpoint inhibitors in these complex situations. Here, we report a 66-year-old man who was concomitantly diagnosed with non-small cell lung cancer and progressive multifocal leukoencephalopathy. The patient was treated with anti-PD-L1 antibody atezolizumab, which allowed effective control of both lung cancer and progressive multifocal leukoencephalopathy, as demonstrated by the patient’s remarkable neurologic clinical improvement, JC viral load reduction in his cerebrospinal fluid, regression of the brain lesions visualized through MRI, and the strict radiological stability of his cancer. In parallel, treatment with atezolizumab was associated with biological evidence of T-cell reinvigoration. Hence, our data suggest that immune checkpoint inhibitors may constitute a treatment option for patients with cancer complicated by severe opportunistic infections.




Keywords: PML - progressive multifocal leucoencephalopathy, JC virus (JCV), immune checkpoint inhibitors (ICI), immunotherapy, atezolizumab, PD1 and PDL1, non small cell lung cancer (NSCLC), lung adecarcinoma



Introduction

Over the past decade, immune checkpoint inhibitors (ICIs) promoted dramatic advances in cancer treatment. These innovative therapies enable durable clinical response for a subset of patients with unresectable malignancies, including advanced non-small cell lung cancer (NSCLC), which is the largest single contributor of cancer deaths in the United States (1). More recently, ICIs targeting programmed cell death 1 (PD1) or its ligand (PD-L1) were proposed for the treatment of progressive multifocal leukoencephalopathy (PML) (2, 3). The latter is a devastating brain infectious disease caused by JC virus (JCV) in the course of cellular immune deficiency. Since there is no effective anti-viral treatment for PML, survival depends on the ability to achieve timely immune reconstitution. Otherwise, the prognosis is particularly grim with mortality rate reaching 90% for hematologic malignancies-associated PML (4). We hereby report a patient who was concomitantly diagnosed with NSCLC and PML and successfully treated for both with atezolizumab monotherapy.



Case Report

A 66-year-old Caucasian man was admitted for severe aphasia, dysphagia, right hemiparesis, and gait impairment progressing for 1 month, making the patient bedridden and unable to communicate in any way (see Supplementary Video). Karnofsky performance status was evaluated at 30 (severely disabled). His medical history mainly consisted of former smoking, chronic alcohol consumption, gouty arthritis, arterial hypertension, and bioprosthetic aortic valve replacement. Brain magnetic resonance imaging (MRI) showed T2-weighted-fluid-attenuated inversion recovery (T2-FLAIR) hyperintense bilateral multifocal non-hemorrhagic white matter lesions without any mass effect nor enhancement after intravenous gadolinium injection. On diffusion-weighted imaging (DWI), these lesions exhibited typical ill-defined hyperintense edging and hypointense core suggestive of an active-stage disease (Figure 1A and Supplementary Figure S1). Cerebrospinal fluid (CSF) analysis revealed normal white blood cell count and protein level. Polymerase chain reaction (PCR) assay found 11,421 JCV copies/ml of CSF, upholding a definite diagnosis of PML defined by the American Academy of Neurology diagnostic criteria (5).




Figure 1 | Panel (A) Brain MRI scan at admission showing T2-fluid attenuated inversion recovery (FLAIR)-weighted multifocal hyperintense white matter lesions with diffusion-weighted imaging (DWI, narrowed windowing for clarity purpose) ill-defined hyperintense edges and hypointense core in keeping with disease activity. Panel (B) Brain MRI scan 1 year after treatment initiation showing regression of the T2/FLAIR hyperintense lesions and disappearance of the DWI (narrowed windowing) hypersignal, in keeping with gliosis (ADC not shown). Note progressive brain atrophy in previously affected areas. Panel (C) Patient’s clinical course and evolution of JC viral load in the cerebrospinal fluid (CSF) over time. JC virus PCR assay’s quantification limit is 500 copies/ml; detection limit is 75 copies/ml.



Complete blood count and flow cytometry were performed to search an underlying immune deficiency and revealed lymphopenia affecting predominantly CD4+ T cells (530 lymphocytes/μL including 140 CD4+ cells/μL, 210 CD8+ cells/μL, and 100 CD19+ cells/μL). Human immunodeficiency virus (HIV) serology was repeatedly negative on two separate samples. Whole-body [18F]-fluorodeoxyglucose positron emission tomography (18FDG-PET) and associated chest computed tomography (CT) revealed a 1.4 cm hypermetabolic nodular and irregular mass located at the lateral edge of the right upper lobe associated with ipsilateral hilar, paratracheal and subcarinal hypermetabolic lymphadenopathy (Figures 2A, B). Lung CT-guided biopsy was performed, and pathological analyses were consistent with the diagnosis of lung adenocarcinoma (Figure 2C). PD-L1 was expressed by 50% of tumor cells (Figure 2D). Anaplastic lymphoma kinase (ALK) and ROS1 immunohistochemical analyses were negative. We found no mutation in EGFR gene and next-generation sequencing (NGS) assay only found a MET mutation with no clinical impact. The patient was eventually diagnosed with PML in a context of stage IIIA (T1bN2M0) NSCLC according to the eighth American joint committee on cancer classification.




Figure 2 | Panel (A) Chest CT performed before treatment initiation showing a 14-mm right upper lobe irregular nodular lesion. Panel (B) This lesion was found to be hypermetabolic on [18F]-fluorodeoxyglucose positron emission tomography. Panel (C) Lung biopsy specimen showing a modified fibrous tissue infiltrated by irregular and ramified tubuloacinar structures formed by non-small neoplastic cells with hyperchromatic nucleus and weakly eosinophilic cytoplasm. The overall appearance is compatible with a lung adenocarcinoma (hematoxylin-eosin stain, 200x). Panel (D) PD-L1 is expressed by 50% of tumor cells (PD-L1 immunoperoxydase, 200x). Panels (E, F) Chest CT performed (E) 6 months and (F) 1 year after treatment initiation showing stability of the lesion.



To reinvigorate both anti-JCV and anti-tumor immunity, the patient was started on atezolizumab, an anti-PD-L1 humanized monoclonal antibody, at a dosage of 1200 mg every 3 weeks. Clinical follow-up consisted of monthly physical and neurological examinations. Radiological follow-up consisted of brain MRI and thoracic-abdominal-pelvic CT every 3 months. JCV viral load in the CSF was evaluated by PCR assay at least every 3 months. To monitor immune exhaustion, we performed immunophenotyping using multicolor flow cytometry on peripheral blood mononuclear cells (PBMC) isolates collected the day before and 5 weeks after treatment initiation as well as on PBMC isolates from a healthy control subject.

One month after treatment initiation, the patient started to improve clinically. After 6 weeks, he was able to speak simple sentences and to walk in the corridor with a walker and the physiotherapist’s aid. CSF JCV load was considerably reduced to 1870 copies/ml (Figure 1C) and brain MRI was stable, without any enhancement after gadolinium injection. In parallel, detection of PD1 on the patient’s peripheral CD8+ and CD4+ T cells, which was noticeably high while compared to the healthy control subject, as well as detection of T cell immunoreceptor with Ig and ITIM domain (TIGIT), another inhibitory immune checkpoint, decreased with atezolizumab treatment (Supplementary Figure S2). As expected, PD-L1 expression drastically decreased on monocytes. No substantial change in CD3+, CD4+, and CD8+ cell counts was observed after treatment. Over the same period, the patient experienced two episodes of mild right wrist and ankle oligoarthritis which were successfully treated with non-steroidal anti-inflammatory drugs and colchicine. After the second event, colchicine was pursued at a daily dose of 0.5 mg and arthritis never recurred.

The patient was discharged to a revalidation center, where he continued to improve gradually. CSF JCV load reduced accordingly and was even below the PCR’s detection limit (75 copies/mL) 9 months after treatment initiation (Figure 1C). Brain MRI showed regression of the extent of the T2-FLAIR lesions and disappearance of DWI signs of disease activity (Figure 1B and Supplementary Figure S1). Regarding lung adenocarcinoma, repeated thoracic-abdominal-pelvic CTs demonstrated a stable disease (Figures 2E, F).

At the time of the most recent follow-up visit, over 1 year after treatment initiation, the patient lives independently at home and is still improving. He can walk at least 100 m without assistance, eat with no restriction, and participate in complex group conversations although some degree of aphasia remains (see Supplementary Video). He does not report any respiratory nor other cancer-related symptoms and adenocarcinoma has remained perfectly radiologically stable. Karnofsky performance status is evaluated at 70 (able to care for self).



Discussion

Primary infection with archetype JCV, the transmissible and non-neurotropic form of the virus, typically occurs during childhood and leads to lifelong asymptomatic infection in immunocompetent hosts. However, in the course of cellular immune deficiency, JCV reactivation may occur, leading to replication-driven genetic rearrangements, thereby conferring the virus the ability to cause lytic oligodendrocytes infection and, therefore, PML (Figure 3A) (4, 6). Nowadays, HIV infection, lymphoproliferative disorders, and immunosuppressive or immunomodulatory drugs account for most PML cases (4). Less frequently, PML may occur during the course of solid cancers, even in the absence of any immunosuppressive therapy. Indeed, cancers, as chronic infections, induce immune exhaustion, a state of functional adaptation of immune cells mediated by inhibitory immune checkpoints and notably characterized by loss of effector functions in response to chronic antigen exposure (7). There is an increasing body of evidence that immune exhaustion, and notably the PD1/PD-L1 pathway, is involved in PML pathophysiology (2). Although we acknowledge the limitations of single-case reporting, we postulate that atezolizumab successfully counteracted immune exhaustion in our patient, which reinvigorated anti-tumor and anti-JCV immunity, as suggested by the patient’s clinical, virological, and radiological improvement as well as by the reduction of PD1 and TIGIT expression on peripheral blood T cells, allowing effective control of both diseases (Figure 3B).




Figure 3 | Proposed mechanism through which control of lung adenocarcinoma and progressive multifocal leukoencephalopathy (PML) was obtained with atezolizumab. Panel (A) In basal condition, adenocarcinoma induces immune exhaustion, a phenomenon mediated by inhibitory immune checkpoints, such as PD1, and characterized by progressive loss of immune cells effector functions. Resulting immune deficiency allows tumor escape from the immune system leading to its progression, but also replication of archetype JC virus (JCV). JCV accumulates replication-driven genetic rearrangements, conferring it the ability to infect glial cells and cause PML. Panel (B) Anti-PD-L1 antibody atezolizumab disrupts the interaction between PD1 and its ligand, PD-L1, mediating immune exhaustion. This disruption leads to immune cells reinvigoration, permitting the immune system to regain control of both lung adenocarcinoma and JCV replication and, therefore, control of PML.



Over the past three years, several reports suggested that blocking the PD1/PD-L1 pathway might be the long-awaited treatment for PML (2). However, these initial enthusiastic results have been tempered by later reports depicting sustained neurological degradation and death despite anti-PD1 therapy, thereby highlighting the need to determine patients most susceptible to benefit from this treatment (8). Based on the few observations reported thus far, several risk factors for treatment failure have been suggested, such as high CSF JCV copy number, concomitant use of immunosuppressive drugs, absence of pre-treatment anti-JCV activity detected in vitro, and more terminally exhausted phenotypes of immune cells (6, 8, 9). However, a robust and reproductible strategy to determine treatment-responsive patients is yet to be determined and should be investigated by further studies. Another caveat when using PD1/PD-L1 pathway inhibitors to treat PML is the risk of developing immune-related adverse events (irAEs) or immune-reconstitution inflammatory syndrome (IRIS), which is defined by a clinical deterioration temporally associated with immune reinvigoration. A close clinical follow-up is therefore essential when a patient is started on this therapeutic class to detect adverse events promptly. Since treatment of these usually relies on corticosteroids, which impairs anti-JCV immunity, benefits expected from treating IRIS and irAEs must be balanced with the risk of favoring PML progression (3). To date, the optimal management for these complex clinical situations is still unknown and should be further investigated.

Treating patients with cancer complicated by potentially deadly opportunistic infections is particularly challenging since classical oncologic treatments, such as chemotherapy, often induce even more profound immune deficiency, thereby favoring infection progression. Our case suggests that ICIs constitute a reasonable treatment option for a subset of these particularly complex situations since immune checkpoint blockade could be effective for treating both the infectious disease and the underlying cancer. Hence, beyond PML, ICIs have been used successfully to achieve control of other severe opportunistic infections, such as mucormycosis or aspergillosis (10, 11). Moreover, anti-PD1 treatment nivolumab reportedly induced complete remission of an HPV-positive head and neck squamous cell carcinoma in a patient with a previous history of PML without inducing infection relapse nor neurological immune-related adverse events (12).
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Supplementary Figure 1 | Brain MRI over the course of 12 months showed a reduction of the extent of both the T2-FLAIR lesions and the edge of restricted diffusion. There was no enhancement after gadolinium injection to suggest immune reconstitution inflammatory syndrome. ADC, apparent diffusion coefficient; FLAIR; fluid attenuated inversion recovery; DWI, diffusion-weighted imaging; T1 + G, T1-weighted sequences after gadolinium injection.

Supplementary Figure 2 | Multicolor flow cytometry performed on patient’s peripheral blood mononuclear cell (PBMC) isolates collected the day before and 5 weeks after treatment initiation as well as on PBMC isolates from a healthy control subject. Panel (A) Reduction of PD1 expression on peripheral CD8+ and CD4+ T cells following atezolizumab initiation. Panel (B) Reduction of PD-L1 expression on peripheral monocytes following atezolizumab initiation. PD-L1 was already weakly expressed by B cells and T cells before treatment. Panel (C) Reduction of TIGIT expression on peripheral CD8+ and CD4+ T cells following atezolizumab initiation. Methods: Frozen PBMCs from the patient collected the day before and 5 weeks after atezolizumab initiation as well as from a healthy control subject were thawed and washed twice in a staining buffer (DPBS+ 3% FBS). PBMCs were then counted on ABX Micros 60 analyzer and 2 x106 PBMCs were engaged in the staining. These were stained 20 min in the dark at 4°C with the following anti-human antibodies: CD3-V450 (UCHT1), CD4-BV786 (SK3), CD8-PE (HIT8a), CD19-BUV395 (3G8), CD56-APC R700 (NCAM16.2), CD19-PECy5 (HIB19), CD14-APC (M5E2), PD1-BV650 (EH12.2H7), PD1L-PECy7 (MIH1), and TIGIT- PE/Dazzle594 (A15153G). PBMCs were washed twice with the staining buffer and stained 30 min in the dark at 4°C with fixable viability dye 520. Finally, PBMCs were washed twice in the same staining buffer and analyzed on FACS BD LSR Fortessa. Red: One day before atezolizumab initiation. Blue: Five weeks after atezolizumab initiation. Green: Healthy control subject. FMO, fluorescence minus one.

Supplementary Video | Evolution of the patient’s clinical status over time. At admission, patient’s neurologic clinical evaluation was notably relevant for severe aphasia, astasia-abasia, and right hemiparesis. One year after treatment initiation, his clinical examination showed improvement of aphasia and complete resolution of the right hemiparesis. The patient is now able to get up and walk independently.
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Background

Although immunotherapy has been widely used, there is currently no research comparing immunotherapy for non-small cell lung cancer (NSCLC) patients with brain metastases (BMs). This meta-analysis addresses a gap in the comparison of immunotherapy efficacy, including immune checkpoint inhibitors (ICIs), chemotherapy (CT), radiotherapy (RT), and ICI combined CT or RT.



Methods

A search of Pubmed, Cochrane, EMBASE, and ClinicalTrial.gov was conducted to identify studies which enrolled NSCLC patients with BM treated with ICIs. The outcomes consisted of intracerebral overall response rate (iORR), intracerebral disease control rate (iDCR), extracranial overall response rate (EORR), distant brain failure (DBF), local control (LC), progression-free survival (PFS), and overall survival (OS).



Results

A total of 3160 participants from 46 trials were included in the final analysis. Patients treated with immunotherapy were associated with a longer PFS (0.48, 95%CI: 0.41-0.56), and a longer OS (0.64, 95%CI: 0.60-0.69) compared with immunotherapy-naive patients. In prospective studies, dual ICI combined CT and ICI combined CT achieved a better OS. The hazard ratio (HR) of dual ICI combined CT versus dual ICI was 0.61, and the HR of ICI combined CT versus ICI monotherapy was 0.58. Moreover, no statistical difference in PFS, OS, EORR, iORR, iDCR, and EDCR was found between patients with ICI monotherapy and ICI combined cranial radiotherapy. Concurrent ICI combined RT was shown to decrease the rate of DBF (OR = 0.15, 95% CI: 0.03-0.73) compared with RT after ICI. Patients treated with WBRT might have an inferior efficacy than those with SRS because the iORR of SRS was 0.75 (0.70, 0.80) and WBRT was 0. Furthermore, no obvious difference in PFS and OS was observed among the three different types of ICI, which targets PD-1, PD-L1, and CTLA-4, respectively.



Conclusions

Patients treated with ICI got superior efficacy to those without ICI. Furthermore, dual ICI combined CT and ICI combined CT seemed to be optimal for NSCLC patients with BM. In terms of response and survival, concurrent administration of SRS and ICI led to better outcomes for patients with BMs than non-concurrent or non-SRS.



Importance of the Study

In the new era of immunotherapy, our meta-analysis validated the importance of immunotherapy for non-small cell lung cancer (NSCLC) patients with brain metastases (BMs). By comparing the long-term and short-term impacts of various regimens, all immunotherapy treatments had superior efficacy to immunotherapy-naive. At the same time, through pairwise comparison in immunotherapy, our findings can help clinicians to make treatment decisions for NSCLC patients with BMs.



Systematic Review Registration

https://www.crd.york.ac.uk/PROSPERO/display_record.php?RecordID=269621, identifier CRD42021269621.
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Highlights

	Immunotherapy improved OS and PFS compared to immunotherapy-naive regimens.

	Dual ICI combined CT and ICI combined CT might be the two first-line recommendations for NSCLC patients with BM.

	Efficacy of ICI combined RT in NSCLC patients with BM depends on the specific method of RT, and the sequence of RT and ICI.





Introduction

Lung cancer has the characteristics of high incidence, high mortality, and low detection rate (1, 2). Metastasis is considered a leading reason for lung cancer patients’ death, especially brain metastases (BMs) (3). Based on the pathological type, lung cancer consists of small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) (4). The mean survival time of untreated NSCLC patients with BM is as short as 1-2 months (5).

Although advances have been achieved in BM patients’ treatment recently, the survival rate is still unsatisfactory, possibly because the blood-brain barrier (BBB) hinders drug entry into the brain, such as chemotherapy (CT), of which the median overall survival was only 4-8 months (6–9). Surgery, whole-brain radiation therapy (WBRT), and stereotactic radiation surgery (SRS) are often referred to as conventional local treatments for BM (10). However, WBRT and SRS have certain limitations, such as radiation neurotoxicity, cognitive deterioration, etc. (11–13). In recent years, the emergence of tyrosine kinase inhibitors (TKIs) changed the treatments for BM, particularly in those patients with positive driver genes like epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), and c-ros oncogene 1 (ROS1) (14). Compared with first- and second-generation EGFR-TKIs, third-generation EGFR-TKIs demonstrated truly higher BBB permeability and better efficacy in patients with BM (15). Still, approximately 26% of patients with BM have no driver gene mutations (16).

Therefore, the emergence of immune checkpoint inhibitors (ICIs) that target PD-1, PD-L1, or CTLA-4 offers hope to advanced NSCLC patients with negative driver genes (17). Cohen JV et al. proposed that ICIs and active T cells can penetrate BBB (18), which is necessary for ICIs to work (19). Keynote-024 established immunotherapy as a first-line treatment for advanced NSCLC patients with positive PD-L1 (20). However, for those with unknown PD-L1 expression levels, the response rate was only 17%-19% (21–23). In addition, the results of previous clinical trials also showed that immunotherapy in combination with radiotherapy (RT) or CT might improve the survival of NSCLC patients (24–26).

However, the efficacy of immunotherapy in BM remains controversial, depending on various immunotherapy regimens (27, 28). Besides, most studies included in Alencar’s analysis (29) were retrospective with limited sample size and long-term efficacy. Although Yin et al. and Vivianedid et al. did some analyses about the efficacy of BMs immunotherapy, but the number of studies they included was limited and their analyses lacked efficacy comparison between diversified immunotherapy approaches (30, 31). Therefore, we designed and conducted this meta-analysis to evaluate the efficacy of immunotherapy more comprehensively in NSCLC patients with BM.



Materials and Methods


Sources of Data

This meta-analysis was performed in accordance with the Preferred Reporting Items for Systematic Review and Meta-Analyses (PRISMA) statement. And it was registered at the International Prospective Register of Systematic Reviews (PROSPERO) (number: CRD42021269621). Pubmed, Cochrane, EMBASE, Web of Science, and ClinicalTrial.gov were used to search literature by entering keywords and setting constraints. We collected all qualified clinical trials before September 25, 2021. The term words are “Carcinoma, Non-Small-Cell Lung,” “Immunotherapy,” “Immune Checkpoint Inhibitors,” “Pembrolizumab,” “Nivolumab,” “Atezolizumab,” “Durvalumab,” “Cemiplimab,” “Camrelizumab,” “Sintilimab,” “Tislelizumab,” or “Toripalimab.” And this literature retrieval process was performed independently by two authors (Xianjing Chu and Lishui Niu).



Inclusion and Exclusion Criteria

Literature titles and abstracts were screened by two authors independently, and then the results were combined to delete duplicate results. In case of disagreement, a third researcher was required. There were no language restrictions. Studies that meet the following standards are regarded as eligible studies. The inclusion standards are: 1) the participants are stage IV NSCLC patients; 2) the type of studies is randomized controlled trials or cohort studies; 3) intervention is immunotherapy; 4) outcomes included one or more of the following indexes: iORR, iDCR, EORR, OS, PFS, DBF, LC; 5) the studies are about NSCLC with BM. Studies of reviews, editorials, comments, case reports, animal trails, or letters are excluded.



Data Extraction

Two investigators extracted data independently by browsing full text of studies. The following information was extracted: 1) authors and publication year; 2) study type; 3) median follow-up time; 4) interventions; 5) number of total participants; 6) number of participants with BM; 7) sex; 8) age; 9) smoking history; 10) the state of driving gene mutation; 11) PD-L1 expression; 12) the histological types; 13) radiotherapy history; 14) number of metastases lesions; 15) max diameter of metastases; 16) EORR; 17) iORR; 18) iDCR; 19) hazard ratio (HR) for PFS; 20) HR for OS; 21) DBF 22) LC. Two authors independently evaluated the methodological quality (risk of bias).

For non-RCT studies, Newcastle-Ottawa Scale (NOS) was used to calculate the risk of bias. In NOS, there are three assessing criteria for cohort studies including selection of cohorts (4 points), comparability of cohorts (2 points), and assessment of outcome (3 points). For case-control studies, selection (4 points), comparability (2 points), and exposure (3 points) are key criteria. A total score of 5 or above is considered high quality (32).

For RCT studies, the risk of bias and applicability concerns graph was created by using the Cochrane risk of bias tool. Version 2 of the Cochrane risk-of-bias tool divides the main bias types into five domains which are bias arising from the randomization process, bias due to deviations from intended interventions, bias due to missing outcome data, bias in measurement of the outcome, and bias in selection of the reported result. Risk-of-bias judgments within domains were then mapped to an overall judgment for the outcome. The outcomes include high risk of bias, some concerns, and low risk of bias (33).



Outcomes Assessing

Short-term efficacy indicators and long-term indicators are extracted. The short-term indicators include progression-free survival (PFS: the time from randomization to objective tumor progression), intracerebral objective response rate (iORR), intracerebral disease control rate (iDCR), extracranial overall response rate (EORR), extracranial disease control rate (EDCR), distant brain failure (DBF), and local control (LC), while long-term indicators consist of overall survival (OS: the time from randomization to all-cause death) (34). ORR is the sum of proportion of patients getting complete intracranial response (CR: disappearance of every target lesion, and short axis of pathological lymph nodes to be within 10 mm) and partial intracranial response (PR: at least 30% decrease of target lesions’ diameters) (35, 36). DCR refers to the ratio between patients getting complete intracranial response, partial intracranial response, and stable disease (SD: either sufficient shrinkage <30% or sufficient increase <20%). Additionally, DBF is defined as the rate between the number of patients with the appearance of new BM or a stable or decreasing lesion size and the total number of BM people. Local control (LC) is defined as a stable or decreasing lesion size (37).



Statistical Analysis

The primary outcomes in this study were iORR, iDCR, EORR, DBF, and HRs for PFS and OS. The heterogeneity within studies was assessed using the Chi-square test and I2 statistics. p<0.05, or I2>50% indicated significant heterogeneity. The random-effect model was used for later analysis in terms of significant heterogeneity, otherwise, the fixed-effect model was used. For ORR, DCR, EORR, and DBF, the odds ratios (OR) and their 95% confidence intervals (CIs) of these outcomes were estimated. The hazard ratios (HRs) and their 95%CIs were calculated for evaluating the efficacy of the following groups: ICI vs CT, ICI+CT vs CT, ICI+RT vs ICI, and ICI+RT vs RT in NSCLC patients with BM. Subgroup analysis was performed for the sequencing of ICI and radiotherapy (concurrent vs. sequential), different intracranial radiation methods (SRS vs. WBRT), and design of studies (retrospective vs. prospective). To make the results more intuitive, forest plots were created. The pair-wise network meta-analyses of different ICI regimens and ICI types in prospective studies were performed by R version 3.2.1 and the STATA 14.0, using the fixed-effects model. Publication bias was assessed using Begg and Egger tests. Sensitivity analyses were performed for evaluating the influence of each study by omitting one study each time. Other analyses were completed using Stata software version 14.0 (Corp, College Station TX, USA) and Rev Manager 5.3. p<0.05 was considered significant unless otherwise specified.




Results


Search Strategy of Study Selection

Our literature identified 4443 studies initially, of which 2189 studies were regarded as duplicate records, 226 studies were marked as ineligible by automation tools, and 334 studies were removed for other reasons, such as lack of abstract. After screening the remaining 1684 abstracts, 1080 abstracts were excluded due to irrelevance. Following a retrieving process of relevant 604 records, we could not find 182 of them in publication. Among the remaining 422 articles, 102 were excluded for the article types (reviews, case reports, et al.), 119 did not include outcomes of BM subgroup, 69 were non-immunotherapy, and 86 articles contained results of other cancers such as melanoma. Subsequently, 46 studies were incorporated into the final analysis (27–29, 37–80). We illustrated the detailed process of the literature searches in a flow chart (Figure 1).




Figure 1 | Flow chart of study selection in the meta-analysis.





General Characteristics of Included Studies

These included trials were heterogeneous, of which 22 were prospective, and 24 were retrospective. The immunotherapy group comprised patients treated with ICI monotherapy, ICI combined RT and ICI combined CT. Patients who were treated without ICI were incorporated into the immunotherapy-naive group. ICI monotherapy was defined as non-irradiation or non-chemotherapy 4 weeks prior to the ICI therapy, and the remaining immunotherapy groups were ICI combined RT or ICI combined CT group. To assess the efficacy of the sequencing of immunotherapy and radiotherapy on BM, ICI combined RT was divided into concurrent, RT before ICI, and RT after ICI.

Among the immunotherapy group, 23 arms were ICI monotherapy, nine were ICI combined CT, and 22 were ICI combined RT (Figure S1A), which contained 14 cohorts with RT before ICI, 12 concurrent, and four with RT after ICI (Figure S1C). Furthermore, seven groups received ICI combined SRS, one cohort received ICI combined WBRT, and the rest called mixed regimens did not differentiate between the two alternatives. But ICI combined RT groups were all analyzed in retrospective studies. Moreover, four dual ICI combined therapy were enrolled. A total of 33 trials were treated with PD-1 inhibitors. PD-1 combined CLTA-4 inhibitors were used in two studies. Four of the studies used PD-L1 inhibitors, and one involved PD-L1 and CLTA-4 inhibitors. Mixed regimens were classified as those in which the type of ICI was unknown, containing six trials.

We summarized participants’ sex, age, smoking history, EGFR/KRAS/ALK mutation, the expression of PD-L1, number and diameter of BM lesions, and pathological type in both Table 1 and Figure S1B, and the efficacy in Table S3.


Table 1 | Baseline of patients characteristics.





Pool-Analysis of the Efficacy of Different Immunotherapy Systematic Regimens

Strong evidence in Figure 2A showed that when compared with the ICI naive group, the immunotherapy group was associated with significantly longer PFS (0.48, 95% CI: 0.41-0.56) and OS (0.64, 95%CI: 0.60-0.69). 501 patients with BM were included to evaluate PFS of ICI monotherapy against CT, and 823 patients were enrolled to compare OS. The HRs of PFS and OS were 0.75 (0.58, 0.91) and 0.61 (0.47-0.75). The HR of ICI combined CT versus CT was 0.40 (95%CI: 0.30-0.50), and 0.43 (95%CI: 0.30-0.56). The HRs were 0.50 (0.26-0.74) and 0.76 (0.70-0.92) respectively in ICI combined RT versus RT. A significant difference was also observed between immunotherapy and immunotherapy-naive groups in the retrospective and prospective studies respectively. The HR of PFS was 0.46 and OS was 0.76 in retrospective studies, which was 0.50 and 0.49 in prospective studies (Figure 2B).




Figure 2 | Forest plots illustrating pooled results of efficacy for the comparison of patients with or without immune checkpoint inhibitors. The immunotherapy group was defined as patients who received ICI. The immunotherapy-naive group was defined as patients who didn’t receive ICI. (A) illustrates a pooled result in all studies, and (B) illustrates a pooled result of subgroup analysis according to the type of study. No, number; CI, confidence interval; P, p-value of heterogeneity. PFS, progression-free survival. OS, overall survival; CT, chemotherapy; RT, radiotherapy.



A network meta-analysis was conducted in prospective studies to compare the efficacy of various ICI systemic regimens for the treatment of NSCLC patients with BM (Figure S2). In terms of OS (Figure 3A), ICI monotherapy, ICI combined CT, dual ICI, and dual ICI combined CT exhibited a relatively better efficacy compared to CT (HR = 0.76, 95%CI = 0.62-0.92; HR = 0.44, 95%CI = 0.33-0.58; HR = 0.65, 95%CI = 0.45-0.94; HR =0.4, 95%CI =0.3-0.54, respectively). Dual ICI combined CT and ICI combined CT achieved the highest OS. When compared to ICI monotherapy, the HR of ICI combined CT was 0.58, and the HR of dual ICI combined CT was 0.53. Furthermore, the HR between dual ICI combined CT and dual ICI was 0.61(0.4, 0.94).




Figure 3 | Efficacy of different immune checkpoint inhibitor regimens profiles based on overall survival (A) and progression-free survival (B). Each cell of the efficacy profiles contains the pooled hazard ratio and 95% confidence intervals; significant results are in red, otherwise, in blue. The pooled hazard ratio and 95% confidence intervals indicate the results of the column name compared with the row name. ICI, immune checkpoint inhibitor; CT, chemotherapy.



As shown in Figure 3B, ICI monotherapy, ICI combined CT, and dual ICI combined CT were all more effective than CT (HR = 0.83, 95%CI = 0.66-1; HR = 0.43, 95%CI = 0.31-0.59; HR = 0.4, 95%CI = 0.25-0.64). There was no difference between dual ICI and CT, and only Natasha (73) investigated the efficacy of dual ICI (durvalumab plus tremelimumab), which might cause bias in the comparison. The optimal for enhancing PFS were also dual ICI combined CT and ICI combined CT, of which the HR was 0.4 and 0.43, respectively.



Pool-Analysis of the Efficacy of ICI Monotherapy Versus ICI Combined Radiotherapy

The standard treatment for NSCLC patients with BM was cranial radiation previously, so the comparison was performed to analyze the effectiveness of ICI combined RT and ICI monotherapy (Figure 4). Surprisingly, there was no statistical difference in PFS (HR=0.97, 95%CI: 0.40-2.35), OS (HR=0.69, 95%CI: 0.23-1.15), EORR (OR=0.75, 95%CI: 0.28-2.01), iORR (OR=1.27, 95%CI: 0.65-2.47), iDCR (OR=1.52, 95%CI: 0.80-2.91), and EDCR (OR=0.99, 95%CI: 0.26-3.81) for patients with ICI combined intracranial radiation or ICI monotherapy (Figure 4A).




Figure 4 | (A) Illustrates a pooled therapeutic result in comparison of immune checkpoint inhibitor monotherapy and immune checkpoint inhibitor combined radiotherapy. (B) Illustrates a pooled therapeutic result of comparison among radiotherapy before immune checkpoint inhibitor, concurrent immune checkpoint inhibitor combined radiotherapy, and radiotherapy after immune checkpoint inhibitor. (C) Illustrates a pooled result in comparison of stereotactic radiation surgery and whole-brain radiation therapy. ICI, immune checkpoint inhibitor; RT, radiotherapy; SRS, stereotactic radiation surgery; WBRT, whole-brain radiation therapy; PFS, progression-free survival. OS, overall survival; iORR, intracerebral objective response rate; iDCR, intracerebral disease control rate; EORR, extracranial overall response rate; EDCR, extracranial disease control rate; DBF, distant brain failure; LC, local control.



Therefore, we hypothesized whether the sequencing of immunotherapy and RT affected the efficacy of ICI combined RT. Subsequently, a subgroup meta-analysis of three radiotherapy regimens, RT before ICI (BEFORE), concurrent RT and ICI (CONCURRENT), and RT after ICI (AFTER), was conducted (Figure 4B). In the comparison of Before and Concurrent groups, no obvious differences were observed in iORR, iDCR, EORR, and DBF (OR = 0.94, 95%CI: 0.39-2.26; OR = 0.91, 95%CI: 0.48-1.72; OR = 0.20, 95%CI: 0.00-8.82; OR = 1.78, 95%CI: 0.41-7.73, separately). The DBF of BEFORE versus AFTER group was 0.67, ranging from 0.17 to 2.68, indicating no difference. A discernible difference between CONCURRENT and AFTER was shown in DBF (OR = 0.15, 95%CI: 0.03-0.73), which demonstrated that concurrent treatment was associated with favorable locoregional disease control.

For NSCLC patients with BMs, WBRT and SRS are the preferred intracranial radiation treatments. In our study, seven trials assessed the short-term efficacy of ICI combined SRS or WBRT (Figure 4C). Referring to ICI combined SRS, the iORR, iDCR, EORR, and EDCR were 75%, 84%, 73%, and 50%, separately. In terms of ICI combined WBRT, these were 0%, 57%, 0%, and 43%, separately.



Pool-Analysis of the Efficacy in Different ICI Type

Moreover, a network meta-analysis was performed to compare the efficacy of PD-1, PD-L1, and PD-1 combined CLTA4 inhibitors (Figure 5). As shown in Figure 5A, PD-1, PD-L1, and PD-1 combined CLTA4 inhibitors all demonstrated a better OS (Figure 5A) and PFS (Figure 5B) in comparison with CT. However, no significant difference was observed among the three types of ICI for treating BM, which might indicate that they were all potential choices.




Figure 5 | Efficacy of different types of immune checkpoint inhibitor profiles based on overall survival (A) and progression-free survival (B). Each cell of the efficacy profiles contains the pooled hazard ratio and 95% confidence intervals; significant results are in red, otherwise, in blue. The pooled hazard ratio and 95% confidence intervals indicate the results of the column name compared with the row name.





Sensitivity Analysis and Risk of Bias

Sensitivity analysis was performed by excluding one individual study each time to assess the influence of each individual study on the pooled HRs for OS or PFS. The omission of any single study did not appreciably change the pooled HR, and the estimates in each case were well within the confidence limits of the overall estimate (Figure S4). The NOS results are listed in Table S2. Figure S5 provides the Cochrane risk of bias. Thus, our meta-analysis revealed a positive correlation between immunotherapy and the prognosis of NSCLC patients with BM.




Discussion

NSCLC patients complicated with BMs, especially those whose driver genes mutations are negative or TKI resistant, remain a challenge to treat. However, the roles of ICI regimens for those patients are not completely established. We, therefore, summarized the ICI regimens in NSCLC patients with BMs and performed a meta-analysis to provide a theoretical basis for future treatment strategies. In total, we included 46 articles with 3160 NSCLC patients with BMs. Twenty-two articles were prospective studies, and 24 articles were retrospective studies. Three findings were yielded in our study.

Firstly, immunotherapy may be preferable over non-immunotherapy for NSCLC patients with BMs, with longer PFS (HR = 0.48) and OS (HR = 0.64). The advantage may be caused by the synergy between immunotherapy and chemotherapy/radiotherapy (81–86). For example, immunotherapy enhanced the radiotherapy-induced abscopal effect and reversed the immunosuppressive effect of radiation, by blocking the immune checkpoint between antigen-presenting cells and lymphocytes in regional lymph nodes and other organs. Meanwhile, radiation destroyed the endothelial junctions of the BBB, promoted tumor antigen release, and up-regulated T-cell mediated immune response and PD-L1 expression, which in turn prompted the efficacy of immunotherapy. Simultaneously, chemotherapy promoted tumor immunity by inducing immunogenic cell death as part of its intended therapeutic effect and disrupting strategies that tumors use to evade immune recognition. Moreover, CTLA-4 can impair the critical signal transmission of T-cell activation by competitively inhibiting the CD28 receptor’s binding to B-7 ligands, and PD-1 blocks T-cell activation directly. ICI could inhibit the two pathways so that active peripheral immune cells could penetrate BBB. Our findings were consistent with the conclusions of real-world clinical studies, which showed that immunotherapy had a therapeutic benefit in NSCLC patients with BM.

Secondly, no significant difference in PFS (HR = 0.97, 95%CI: 0.40-2.35), OS (HR = 0.69, 95%CI: 0.23-1.15), EORR (OR = 0.75, 95%CI: 0.28-2.01), iORR (OR = 1.27, 95%CI: 0.65-2.47), iDCR (OR = 1.52, 95%CI: 0.80-2.91), and EDCR (EORR (OR = 0.99, 95%CI: 0.26-3.81) was observed between ICI combined RT and ICI monotherapy, which is consistent with Alencar’s study (30). The difference in PD-L1 expression or lymphocyte tumor infiltration might be the biological mechanism of variable response rates on ICIs for BMs (87, 88). However, there were insufficient data to assess survival outcomes and stratify response based on other important factors like the time of BM diagnosis (newly diagnosed or recurrent), the number, size, and location of metastases, the presence of extracranial disease, the presence of actionable driver gene mutations, and PD-L1 expression.

Interestingly, the sequencing of immunotherapy and RT in the treatment of BM from NSCLC might influence the efficacy of ICI combined RT. Concurrent ICI combined RT might have a lower recurrence rate than sequential ICI combined RT, especially RT after ICI, with a DBF of 0.15. However, no significant improvement in efficacy was found in concurrent ICI combined RT, like iORR, iDCR, EORR, or EDCR, which is inconsistent with previous studies. The interval of ICI and cranial RT might be the core of inconsistency. The largest published retrospective study of patients receiving concurrent immuno-combined RT, the interval of which was shorter than 2 weeks, had a significantly longer OS, reduced incidence of new BM lesions, and an acceptable safety profile (89). The latest prospective study by Wang (unpublished, NCT02978404), a phase II study, in which the interval between nivolumab and SRS was also 2 weeks, achieved a median intracranial PFS of 6.5 months, and an OS of 21.4 months. Coincidentally, in the Emory trial of Khan (unpublished, NCT02858869), the interval of which between pembrolizumab and SRS was 2 to 3 days, also reached a median intracranial PFS of 7.5 months, and an OS of 32.8 months. In addition, a prospective study (unpublished, NCT02696993) that adopted concurrent SRS with dual immunotherapy (Nivolumab and Ipilimumab) with a 7-day interval, achieved a median intracranial PFS of 9.7 months, and a 4-month intracranial PFS rate of 75%. In combination with our analysis and the positive results of ongoing prospective trials, it provides strong support for the efficacy of concurrent ICI combined with RT in 4 weeks (90, 91), which is the drug wash-out period and the destruction of the BBB endothelial cell generated by radiotherapy, for NSCLC patients with BM.

Moreover, when evaluating the efficacy and tolerability of ICI combined RT for BM, it’s important to consider the variety of radiation treatment modalities and dose fractionation prescriptions used. Initial analysis suggested SRS achieved an obvious increase in iORR and EORR, compared to WBRT, which were 75% versus 0 and 73% versus 0, respectively. It was possibly connected to dosage distribution. WBRT delivers the same modest palliative radiation dosage to healthy brain tissue (non-ablative). While SRS delivers a strong ablative dosage solely to metastatic tissue (92). In our included research, the average number of BM was two, the diameter of which ranged from 0.5 to 2 cm, which was defined as small oligometastases. However, WBRT might be suitable for diffuse BM, and it had more acute toxicities than SRS, increases fatigue, lowers the quality of life, and impairs cognitive function (93). Our results correspond to multiple clinical studies, which indicated SRS might eventually replace WBRT for patients with localized (1-3) minor lesions (less than 4 cm in size).

Thirdly, dual ICI combined CT and ICI combined CT provided a better PFS and OS. Compared to dual ICI, the HRs of dual ICI combined CT were 0.61 and 0.67. The HRs of ICI combined CT versus ICI were 0.58 and 0.52, respectively. Surprisingly, there was no difference between dual ICI and ICI combined CT. The mechanisms and efficacy of ICI combined CT varied by different CT agents. Such as platinum-based CT, on the one hand, its favorable immunomodulation effects may boost tumor cells’ susceptibility to PD-1/PD-L1 inhibitors. On the other hand, down-regulation of intracellular PD-L1 expression by PD-1/PD-L1 inhibitors could make patients sensitive to platinum-based CT. However, the mechanisms and efficacy of ICI combined with CT varied by different chemotherapy agents. A dual ICI regimen was defined as a combined blockade of PD-1/L1 and CTLA-4, which offers a number of advantages over a single PD-1 inhibitor without the limitation of BBB. Firstly, PD-1/L1 inhibition is linked to CTLA-4 overexpression, thus anti-CTLA-4 inhibitors might prevent further immune escape directly. Secondly, myeloid-derived suppressor cells can severely limit T cell function inside the tumor microenvironment, but dual ICI can raise the fraction of CD8+ effector T cells relative to MDSCs synergistically. Thirdly, dual ICI could raise inflammatory cytokine production, such as TNF-α and IFN-γ, while lowering T cell anergy. Finally, dual ICI could lead to the growth of memory T cells, which facilitates longer-term anti-tumor immunity (94). But the brain was an immune-specialized environment, in which immune responses against tumors were restricted. Taken together, these confounding factors might weaken the difference of efficacy of ICI combined CT and dual ICI. After combining the results of dual ICI combined CT and ICI combined CT in our study, the ranking of efficacy and recommendation based on the five treatment groups were as follows: dual ICI combined CT, ICI combined CT, dual ICI, ICI monotherapy, and CT.

Another aspect that determines the effectiveness of ICIs is the choice of PD-1, PD-L1, or CTLA-4 inhibitors. Even though Duan et al. (95) found PD-1 inhibitors had better OS and PFS than PD-L1 inhibitors in various cancers, it’s uncertain if the three forms of ICIs, PD-1, PD-L1, and CLTA-4 inhibitors in NSCLC patients with BMs have different intracranial activity. Our analysis found no statistical difference in PD-1, PD-1 combined CLTA-4, and PD-L1 inhibitors for the first time. Still, further exploration was warranted to elucidate the specific mechanism.

Our strengths involved a comprehensive, systematic review of studies by a multidisciplinary team including specialists in NSCLC with BM and epidemiological methods. A broad search strategy was employed to catch all relevant studies. Therefore, our analysis was more comprehensive than other literature with similar topics. Furthermore, there was no proof of publication bias. Importantly, our study not only was the first meta-analysis concerning different ICI regimens, but also the first to compare the intracranial efficacy of WBRT and SRS, and three different ICI types for NSCLC patients with BM.

Our limitations deserve comments. In the analysis of ICI monotherapy versus ICI combined RT, most studies were retrospective, which makes pairwise analysis unavailable, and more prone to selection bias. Despite that, the results that ICI monotherapy might be effective as a single treatment for patients with BM were consistent with, and replenish, Alencar’s therapeutic perspective.

In conclusion, ICI should be considered for selected individuals lacking actionable driver gene mutations. Furthermore, concurrent ICI combined RT in 4 weeks demonstrated improved DBF, and SRS was superior to WBRT for localized and tiny BMs. Our findings revealed that dual ICI combined CT and ICI combined CT had better OS and PFS, giving possible efficacy speculations for clinical decisions. More prospective clinical studies evaluating the benefit of PD-1, PD-L1, and CTLA-4 inhibitors are required in the future, to elucidate why no significant difference in the efficacy of three distinct types of ICI was identified.
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Objective

Atezolizumab is becoming a significant therapy for non-small cell lung cancer (NSCLC), but its efficacy needs to be further improved. The aims of this study are to clarify the potency of atezolizumab-based therapy in advanced NSCLC patients with different clinical and molecular features, and to choose a better therapeutic regimen of atezolizumab to achieve more precise treatment in immunotherapy.



Methods

Randomized clinical trials (RCTs) in the Cochrane Library, PubMed, Embase Science Direct, and Google Scholar, together with major oncology conferences that compared atezolizumab with chemotherapy-based treatment for individuals with advanced NSCLC published prior to February 2022, were searched. Studies, bias risk assessment, and data extraction were selected by two independent authors. We extracted the basic features of the included studies, together with the 95% confidence interval (CI) and hazard ratios (HRs), from all patients and subgroups. The combined treatment data were assessed using the inverse variance weighting method.



Results

Seven RCTs including 4,859 patients were included. Our meta-analysis findings indicated that atezolizumab substantially enhanced OS (HR 0.82; 95% CI, 0.77–0.88; p < 0.00001) and PFS (HR 0.72; 95% CI, 0.61–0.85; p < 0.0001) in patients with advanced NSCLC compared with chemotherapy-based treatment. Atezolizumab substantially enhanced OS in patients aged <65 years old and 65–74 years old, those with wild-type EGFR, those without liver metastases, active or previous smokers, white patients and those with TC3 or IC3, TC2/3 or IC2/3, TC1/2/3 or IC1/2/3, and TC0 and IC0, but not in patients aged ≥75 years, never smokers, those with liver metastases, those with EGFR mutant, Asians, Black or African Americans, or those with TC1/2 or IC1/2. Patients with advanced NSCLC who received atezolizumab showed OS improvement regardless of sex (male or female), histological type (non-squamous or squamous NSCLC), performance status (0 or 1), and line of treatment (1st-line therapy or ≥2nd-line therapy). Subgroup analysis revealed that male individuals, those with non-squamous NSCLC, those with PS 1, active or previous smokers, and those with wild-type EGFR, TC3 or IC3, and TC1/2/3 or IC1/2/3 achieved OS benefit from atezolizumab treatment not related to the treatment line and treatment regimen.



Conclusions

Age group, smoking history, liver metastasis status, EGFR mutation status, race, and PD-L1 expression can be used to predict the potency of atezolizumab and provide a better treatment regimen for patients with advanced NSCLC to achieve accurate and personalized treatment.
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Introduction

Lung cancer is one of the most common fatal solid malignancies worldwide and the leading cause of death (1). Non-small cell lung cancer (NSCLC) accounts for nearly 85% of all lung cancers (2). Over the past 20 years, research on immunobiology and cancer immune checkpoint blocking therapies has stimulated further interest in immunotherapy for NSCLC (3–5). Immune checkpoint inhibitors (ICIs) have become the 1st-line therapy for a variety of malignant tumors, adding immunotherapy to the ranks of surgery, chemotherapy, radiotherapy, and targeted therapy (6, 7). Atezolizumab is currently regarded as an effective treatment option for NSCLC (8), and its mechanism of action is different from other inhibitors; this kind of monoclonal antibody directly binds to programmed cell death ligand 1 (PD-L1), promoting double blockade of B7 and programmed cell death protein 1 (PD-1) receptors, thereby restoring anticancer immunity (9). The results of many large-scale randomized controlled trials (RCTs) based on atezolizumab in NSCLC patients have confirmed the concept of a durable anti-tumor response and improved overall survival (OS) and progression-free survival (PFS) (10).

However, only a few individuals (15%–25%) have observed a survival benefit, and most individuals have primary or acquired resistance to ICIs (11). Serious and life-threatening adverse events were observed in these patients. It is becoming even more urgent to explore suitable biomarkers to identify candidates for atezolizumab and achieve accurate treatment of NSCLC, both to protect individuals from ineffective treatment and to limit the number of individuals exposed to the potential autoimmune side effects of targeted axis drugs (12, 13).

To date, PD-L1 expression has emerged as the best-known and most commonly used biomarker to predict which patients are highly likely to respond to immunotherapy in NSCLC (14, 15). The association between atezolizumab and PD-L1 expression response has been explored in several NSCLC studies (16–18). Atezolizumab is more likely to benefit individuals with high levels of expression of PD-L1 reflected in tissue samples (19). Unfortunately, obtaining sufficient tumor tissue for molecular detection in individuals with advanced NSCLC is challenging. Furthermore, the lack of unification between various anti-PD-L1 clones and immunohistochemistry platforms and methodological issues, such as antibodies and positive thresholds for evaluating PD-L1 expression, are also difficult issues (13, 20, 21). Another predictive biomarker is the tumor mutation burden (TMB); high TMB has a clinical effect on atezolizumab in patients with NSCLC (22), but there is no consensus at present. Although CD8 + T cells and other emerging biomarkers have broad prospects, they also have some limitations (23–25).

It is important to identify other practical and economic factors to predict the potency of atezolizumab. There are differences in the role of atezolizumab in individuals with different clinical and molecular features (26). Therefore, we conducted this meta-analysis to determine the predictive value of various clinical and molecular attributes to guide the selection of individuals with NSCLC who would benefit from atezolizumab. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses reporting checklist was used in the meta-analysis.



Methods


Inclusion and Exclusion Criteria

Articles that met the inclusion and exclusion criteria selected PICOs-based elements (participants, intervention, comparison, and outcomes). Prior to screening the studies by title and abstract, duplicate articles were removed from the collected studies. This was done in order to identify research papers that fulfilled the following inclusion criteria: (I) atezolizumab alone or in combination with chemotherapy ± antiangiogenic drugs compared with chemotherapy ± angiogenesis treatment for the treatment of NSCLC individuals; (II) reported hazard ratio (HR) and confidence interval (CI) 95% for OS and/or PFS with predefined subgroups, such as age group, sex, histological type, Eastern Cooperative Oncology Group (ECOG) performance status (PS) score, smoking status, liver metastasis status, EGFR mutation status, race, the expression of PD-L1 in tumor-infiltrating immune cells (IC) or tumor cells (TC), and treatment line; (III) multiple studies confirmed the same trial, using the latest data with the longest follow-up and the largest patient population; (IV) we incorporated all of the distinct subgroups if multiple studies were described from the same clinical trial.

The following criteria were applied to exclude the studies involved: (I) does not distinguish between the effects of multiple ICIs, and (II) inadequate existing survival data, or the control group garnered only a placebo. For information resources, we refer not only to the full text of the article but also to the appendix and the references listed at the end of each article.



Literature Search and Data Collection

The selection of research and extraction of data were independently completed by two authors (WL and GH). If any ambiguity was encountered, a third author was sought (PC). We searched a variety of electronic databases, including Cochrane Library, PubMed, Embase Science Direct, and Google Scholar, together with major oncology conferences. The main browse terms were randomized clinical trials, atezolizumab, NSCLC, potency, efficacy, and predictor, and other words were also added. The articles were published prior to February 2022 according to the search criteria. The information for each study was recorded as follows: trial name, publication year, first author, study phase, treatment line, age composition, sex composition, smoking status, histological type, PD-L1 expression, ECOG score, primary endpoint, clinical trial design and blinding, as well as the survival outcome measures of predefined subgroups.



Quality Assessment and Statistical Analyses

The validity and reliability of the study were evaluated by two researchers who worked independently (WL and GH) using the Cochrane bias tool. All statistical analyses were performed using the statistical software Review Manager version 5.3. The main endpoint of the study was to compare OS between atezolizumab-based therapy and chemotherapy-based treatment, which was measured by HR and the corresponding CI. PFS was used as a secondary endpoint. HR was calculated using either fixed-effects models or random effects based on the heterogeneity of the studies included in the analysis. The existence of heterogeneity was tested using the I2 statistic test and chi-square test. A fixed-effects model was used when heterogeneity was considered acceptable (I2 <50% and p > 0.10); otherwise, the random-effects model was used. Because the treatment of interest is typically evaluated in a single trial, fixed-effects models are employed. The results are presented as forest plots, along with pooled summary estimates and 95% CI that correspond to these estimates. The logarithmic scales on forest plots were used to manually extract HR and 95% CI when they were not reported directly by the authors in the text.

Sensitivity analysis was conducted by excluding studies for which the HR and associated 95% CI could not be obtained directly from the studies themselves or with a small sample size. The nominal level of significance was set at p < 0.05.




Results


Study Selection and Characteristics

A total of 573 potentially relevant records were identified from the databases and conferences as a result of the search strategy employed in the research. Figure 1 depicts the selection process, as well as the rationale for excluding studies deemed ineligible. A total of 566 studies were excluded after screening for their abstracts and full texts. Thus, 7 RCTs involving 4,859 individuals with advanced NSCLC were included in the meta-analysis (Table 1). These RCTs were published between 2016 and 2021 and were divided into the following categories: one of the studies was a clinical trial in phase II (18), and six were phase III trials (19, 27–36). Detailed risk of bias analysis revealed that the risk of bias in all RCTs was low (Figures 2, S1).




Figure 1 | PRISMA flow diagram.




Table 1 | Basic characteristics of included studies.






Figure 2 | Risk of bias graph.





Effects of Atezolizumab in NSCLC

Eight studies examined the efficacy of atezolizumab-based therapy in NSCLC compared with chemotherapy-based treatment. The comprehensive results showed that atezolizumab substantially enhanced OS (HR 0.82; 95% CI, 0.77–0.88; p < 0.00001) (Figure 3A). Seven investigations reported that atezolizumab-based therapy achieved PFS improvement in NSCLC patients compared to chemotherapy-based treatment (HR 0.72; 95% CI, 0.61–0.85; p < 0.0001) (Figure 3B). Based on the treatment regimens, atezolizumab combined with chemotherapy significantly prolonged patients’ PFS compared to chemotherapy alone; however, this survival benefit was not observed with atezolizumab monotherapy. In addition, a significant improvement in OS was observed with atezolizumab monotherapy or combination therapy (Figures 3C–F).




Figure 3 | Forest plots of HRs comparing (A) OS and (B) PFS between atezolizumab-based therapy and chemotherapy-based therapy, (C) OS and (D) PFS based on atezolizumab monotherapy, and (E) OS and (F) PFS based on atezolizumab combined therapy.





Effects of Atezolizumab by Age Group

Age group-specific survival data for individuals with NSCLC were presented in seven articles. In individuals aged <65 years (HR 0.82; 95% CI, 0.75–0.90; p < 0.0001) and those aged ≥65 years (HR 0.78; 95% CI, 0.67–0.90; p = 0.0006), atezolizumab-based therapy substantially increased OS relative to chemotherapy-based treatment. Interestingly, when the cutoff value of age was set at 65–74 years old and ≥75 years old, we discovered an OS benefit in individuals aged 65–74 years old (HR 0.84; 95% CI, 0.72–0.98; p = 0.02), while no OS benefit was observed in patients aged ≥75 years (HR 0.89; 95% CI, 0.66-1.19; p = 0.42) (Figure 4A).




Figure 4 | Forest plots of HRs comparing OS between atezolizumab-based therapy and chemotherapy-based therapy with respect to (A) age group, (B) gender, (C) histological type, (D) PS score, (E) smoking status, (F) liver metastases status, (G) EGFR mutation status, (H) race, (I) PD-L1expression, and (J) treatment line.



Subgroup analyses based on the treatment regimen showed that this factor did not affect the OS improvement with atezolizumab in individuals aged <65 years. Subgroup analyses based on the line of therapy showed that the combined HR of six studies in 1st-line therapy was 0.82 (95% CI, 0.73–0.91; p = 0.0003). Only one study was related to ≥2nd-line therapy, with an HR of 0.84 (95% CI, 0.70–1.01; p = 0.06). In addition, atezolizumab significantly improved OS in individuals aged 65–74 years old who received 1st-line combination therapy (HR 0.84; 95% CI, 0.72–0.99; p = 0.04), but not those in 1st-line monotherapy. However, no prolonged survival was observed in individuals aged ≥75 years regardless of 1st-line monotherapy and 1st-line combination therapy. (Table S1). For PFS data from four studies, atezolizumab-based therapy substantially enhanced survival compared with chemotherapy-based treatment in patients aged <65 years (HR 0.67; 95% CI, 0.59–0.76; p < 0.00001) and ≥65 years (HR 0.60; 95% CI, 0.50–0.72; p < 0.00001). Similarly, we observed PFS benefit in individuals aged 65–74 years old (HR 0.60; 95% CI, 0.49–0.73; p < 0.00001) and ≥75 years old (HR 0.62; 95% CI, 0.43–0.90; p = 0.01) (Figure S2A and Table S2).



Effects of Atezolizumab by Gender

Seven studies examined the potency of atezolizumab-based therapy in both female and male individuals with respect to OS. The comprehensive results showed that atezolizumab substantially enhanced OS in both sexes of NSCLC patients compared with chemotherapy-based treatment (HR 0.80; 95% CI, 0.71–0.90; p = 0.0002 for female patients; HR 0.83; 95% CI, 0.76–0.90; p < 0.0001 for male patients) (Figure 4B). Subgroup analyses showed that in male patients, atezolizumab substantially enhanced OS, which was not related to treatment line and treatment regimen. In female patients, we found that atezolizumab improved OS in 1st-line therapy (HR 0.80; 95% CI, 0.70–0.91; p = 0.0010), but not in ≥2nd-line therapy. Atezolizumab enhanced OS in both monotherapy (HR 0.80; 95% CI, 0.67–0.96; p = 0.01) and combination therapy (HR 0.80; 95% CI, 0.69–0.93; p = 0.004) (Table S1). PFS data from four studies showed substantially enhanced PFS in female patients (HR 0.62; 95% CI, 0.53–0.73; p < 0.00001) and in male patients (HR 0.64; 95% CI, 0.58–0.72; p < 0.00001) (Figure S2B and Table S2).



Effects of Atezolizumab by Histological Type

The potency of atezolizumab-based therapy for non-squamous and squamous NSCLC was studied in seven and four studies, respectively. The integrated findings revealed that atezolizumab enhanced OS in both non-squamous NSCLC (HR 0.81; 95% CI, 0.75–0.88; p < 0.00001) and squamous cell carcinoma (HR 0.84; 95% CI, 0.74–0.97; p = 0.01) (Figure 4C). Subgroup analyses showed that in non-squamous NSCLC individuals, atezolizumab substantially enhanced OS, which was not related to treatment line or treatment regimen. In squamous NSCLC patients, atezolizumab only benefited from ≥2nd-line treatment (HR 0.79; 95% CI, 0.64–0.99; p = 0.04) and monotherapy (HR 0.80; 95% CI, 0.65–0.99; p = 0.04) (Table S1). PFS data from five studies showed substantially enhanced PFS in non-squamous NSCLC individuals (HR 0.61; 95% CI, 0.55–0.67; p < 0.00001), but not in squamous NSCLC individuals (HR 0.80; 95% CI, 0.62–1.05; p = 0.11) (Figure S2C and Table S2).



Effects of Atezolizumab by ECOG PS Score

Seven studies examined the effectiveness of atezolizumab-based therapy in individuals with PS scores of 0 and 1. The integrated results revealed that compared with chemotherapy-based therapy, individuals with PS 0 (HR 0.82; 95% CI, 0.73–0.92; p = 0.0008) and PS 1 (HR 0.81; 95% CI, 0.74–0.88; p < 0.00001) realized OS enhancements after applying atezolizumab (Figure 4D). For patients with PS 0, subgroup analyses by the treatment line showed that atezolizumab only benefits from 1st-line treatment (HR 0.83; 95% CI, 0.72–0.94; p = 0.004), but did not benefit from ≥2nd-line therapy. Based on the treatment regimen, subgroup analyses showed that atezolizumab enhanced OS in both monotherapy (HR 0.77; 95% CI, 0.64–0.93; p = 0.006) and combination therapy (HR 0.85; 95% CI, 0.74–0.99; p = 0.04). In patients with PS 1, atezolizumab substantially enhanced OS unrelated to the treatment line and treatment regimen (Table S1). PFS data from four studies showed substantially enhanced PFS both in individuals with PS 0 (HR 0.59; 95% CI, 0.51–0.69; p < 0.00001) and in individuals with PS 1 (HR 0.66; 95% CI, 0.59–0.74; p < 0.00001) (Figure S2D and Table S2).



Effects of Atezolizumab by Smoking Status

Atezolizumab-based therapy was found to be more effective than chemotherapy-based treatment in improving OS in individuals who either were actively smoking or had previously smoked (HR 0.82; 95% CI, 0.76–0.88; p < 0.00001) (Figure 4E). Subgroup analyses showed that in active or previous smokers, atezolizumab substantially enhanced OS unrelated to treatment line and treatment regimen (Table S1). Individuals who had never smoked who received atezolizumab and those who received conventional treatment had no statistically significant difference in OS (HR 0.84; 95% CI, 0.70–1.00; p = 0.05) (Figure 4E). Analysis of subgroups revealed that no prolonged OS was observed in never-smokers, and in either therapy line or treatment regimen (Table S1). PFS data from four studies showed substantially enhanced PFS in individuals who were active or former smokers (HR 0.63; 95% CI, 0.58–0.70; p < 0.00001) and in individuals who never smoked (HR 0.68; 95% CI, 0.52–0.89; p = 0.004) (Figure S2E and Table S2).



Effects of Atezolizumab by Liver Metastatic Status

In individuals with liver metastases, five studies reported data on OS and PFS. Individuals on atezolizumab-based therapy had an OS rate of 0.94, with a 95% CI of 0.78–1.14 (p = 0.55), and a prolonged PFS rate of 0.71, with a 95% CI of 0.54–0.94 (p = 0.02) (Figures 4F and S1F). Subgroup analyses showed that in individuals with liver metastases, there was no significant difference in OS between the two groups, either on the treatment line or on the treatment regimen (Tables S1, S2). Individuals without liver metastases were the focus of three studies that examined OS. Individuals without liver metastases who received atezolizumab-based therapy had a longer OS (HR 0.80; 95% CI, 0.70–0.90; p = 0.0005) than those who received chemotherapy-based treatment (Figure 4F). Subgroup analyses showed that in individuals without liver metastases, atezolizumab benefits from 1st-line treatment (HR 0.80; 95% CI, 0.70–0.90; p = 0.0005) and combination therapy (HR 0.77; 95% CI, 0.66–0.90; p = 0.0010) (Table S1). In terms of PFS, we also observed survival benefits in patients without liver metastases (HR 0.62; 95% CI, 0.56–0.68; p < 0.00001) (Figure S2F and Table S2).



Effects of Atezolizumab by EGFR Mutation Status

Results in terms of OS were published in three studies, and combined results showed that atezolizumab provided longer OS for EGFR wild-type individuals (HR 0.80; 95% CI, 0.72–0.88; p < 0.00001), but not for EGFR mutant individuals (HR 1.09; 95% CI, 0.81–1.47; p = 0.56) compared with chemotherapy-based treatment (Figure 4G). The results were not affected by the treatment line or regimen in our subgroup analyses. In terms of PFS, we similarly did not observe a PFS benefit in EGFR mutation-positive individuals (HR 0.85; 95% CI, 0.46–1.56; p = 0.60), but a survival benefit in EGFR wild-type individuals (HR 0.62; 95% CI, 0.52–0.74; p < 0.00001) was observed (Figure S2G and Table S2).



Effects of Atezolizumab by Race

For white patients, the effectiveness of atezolizumab-based therapy has been demonstrated in five clinical trials. OS was substantially improved by atezolizumab compared to chemotherapy-based treatment (HR 0.84; 95% CI, 0.76–0.92; p = 0.0002), according to the combined data (Figure 4H). Subgroup analyses showed that atezolizumab substantially enhanced OS in 1st-line combination therapy (HR 0.82; 95% CI, 0.74–0.91; p = 0.0003), but not in 1st-line monotherapy (Table S1). The potency of atezolizumab-based therapy for Asian and Black or African American NSCLC patients was studied in five and three studies, respectively. The integrated findings revealed that atezolizumab-based therapy did not obviously enhance OS in both Asian (HR 0.89; 95% CI, 0.70–1.15; p = 0.38) and Black or African American patients with NSCLC (HR 0.84; 95% CI, 0.36–1.95; p = 0.68) (Figure 4H). In terms of PFS, atezolizumab-based therapy improved PFS in Asian (HR 0.53; 95% CI, 0.32–0.86; p = 0.010) and White (HR 0.69; 95% CI, 0.60–0.79; p < 0.00001) patients compared to chemotherapy-based treatment, but did not prolong survival in Black or African American patients with NSCLC (HR 0.39; 95% CI, 0.07–2.08; p = 0.27) (Figure S2H and Table S2).



Effects of Atezolizumab by PD-L1 Expression

Seven studies examined the potency of atezolizumab-based therapy in individuals with PD-L1 expression on <1% of TC and IC (TC0 and IC0) and showed that atezolizumab substantially enhanced OS when compared to chemotherapy-based treatment (HR 0.87; 95% CI, 0.78–0.96; p = 0.005) (Figure 4I). Subgroup analyses showed that atezolizumab benefits from 1st-line treatment (HR 0.86; 95% CI, 0.77–0.97; p = 0.02) and monotherapy (HR 0.82; 95% CI, 0.69–0.97; p = 0.02) (Table S1).

Six studies reported the potency of atezolizumab in individuals with PD-L1 expression on ≥1% of TC or IC (TC1/2/3 or IC1/2/3). The aggregated findings indicated that atezolizumab prolonged the OS (HR 0.77; 95% CI, 0.70–0.85; p < 0.00001) (Figure 4I). Subgroup analyses showed that atezolizumab substantially enhanced OS unrelated to the treatment line and treatment regimen (Table S1).

In three trials that examined the effectiveness of atezolizumab-based therapy in individuals with PD-L1 expression on ≥1% TC or IC and <50% TC and <10% IC (TC1/2 or IC1/2), there was no significant difference in OS between atezolizumab and chemotherapy (HR 0.83; 95% CI, 0.65–1.06; p = 0.13) (Figure 4I). Analysis of subgroups showed that prolonged survival was observed in 1st-line combination therapy based on atezolizumab (HR 0.77; 95% CI, 0.60–0.98; p = 0.04), but not in monotherapy (Table S1).

In four studies that examined the potency of atezolizumab in individuals with PD-L1 expression on ≥5% of TC or IC (TC2/3 or IC2/3), it was discovered that atezolizumab substantially enhanced OS when compared to chemotherapy-based therapy (HR 0.72; 95% CI, 0.61–0.84; p < 0.0001) (Figure 4I). Analysis of subgroups by the treatment line showed that receiving 1st-line treatment (HR 0.80; 95% CI, 0.65–0.99; p = 0.04) and ≥2nd-line treatment (HR 0.62; 95% CI, 0.49–0.78; p < 0.0001) both prolonged the patient’s OS. Atezolizumab improved OS as monotherapy (HR 0.71; 95% CI, 0.60–0.85; p = 0.0002), but not as a combination therapy (Table S1).

According to the cumulative findings from eight studies, atezolizumab-based therapy markedly enhanced OS over chemotherapy-based treatment in individuals with PD-L1 expression on ≥50% TC or ≥10% IC (TC3 or IC3) (HR 0.65; 95% CI, 0.55–0.76; p < 0.00001) (Figure 4I). Atezolizumab substantially enhanced OS unrelated to the treatment line and treatment regimen according to subgroup analyses (Table S1).

Seven studies reported PFS of individuals with NSCLC stratified by PD-L1 expression, and we found that only individuals with PD-L1-negative expression did not observe a PFS benefit (HR 0.80; 95% CI, 0.63–1.01; p = 0.07), whereas all other individuals with PD-L1-positive expression achieved PFS benefits in atezolizumab-based therapy (Figure S2I and S2).



Drug Selection

Clinical and molecular characteristics could be used to predict the efficacy of atezolizumab in different treatment lines and regimens, as shown in Tables 2 and S3. According to our pooled results, atezolizumab-based therapy had significantly enhanced OS over chemotherapy-based treatment in 1st-line and ≥2nd-line treatment in individuals with specific features (HR 0.84; 95% CI, 0.77–0.90; p < 0.00001 for 1st-line therapy; HR 0.79; 95% CI, 0.70–0.90; p = 0.0002 for ≥2nd-line therapy) (Figure 4J). Analysis of subgroups showed that in 1st-line treatment, atezolizumab combination therapy substantially enhanced OS compared to chemotherapy-based treatment in patients aged <65 years old; those aged 65–74 years old; male patients and female patients; patients with non-squamous NSCLC, PS 0, PS 1, and EGFR wild-type; those without liver metastasis; active or previous smokers; white patients; and those with TC1/2/3 or IC1/2/3, TC1/2 or IC1/2, and TC3 or IC3. In ≥2nd-line treatment, atezolizumab monotherapy substantially prolonged the OS of patients aged ≥65 years; male patients; those with squamous NSCLC, non-squamous NSCLC, and PS 1; active or previous smokers; and those with EGFR wild-type, TC1/2/3 or IC1/2/3, TC2/3 or IC2/3, and TC3 or IC3. In addition, TC0 and IC0, as well as PS 0 showed survival benefits in 1st-line monotherapy. In terms of PFS, we observed a survival benefit in patients receiving 1st-line based on atezolizumab (HR, 0.65; 95%CI, 0.60–0.70; p < 0.00001), but not in those receiving ≥2nd-line treatment (HR, 0.96; 95%CI, 0.86–1.07; p = 0.41) (Figure S2J and Table S5).


Table 2 | Different treatment lines and regimens with OS benefited from atezolizumab-based therapy over chemotherapy-based therapy in targeted patients.





Sensitivity Analysis and Publication Bias

The two trials of POPLAR and IMpower110 included a small number of individuals; thus, sensitivity analysis was conducted by excluding these two trials. The findings showed that a large number of clinical and molecular therapies based on atezolizumab remained stable in predicting OS during the analysis. In addition, when the Socinski 2018 study, included in the IMpower150 trial, was excluded, which only provided HR, the 95% CI was estimated from the forest plot, and we discovered that the preliminary analysis conclusion did not change. In addition, we found no significant publication bias according to overall OS and PFS funnel of the whole (Figure S3) and subgroups (Figures S4 and S5).




Discussion

We used the most recent clinical data and sought to determine whether practical and economical clinical and molecular pathological markers are available, which can be used to predict the potency of atezolizumab and guide treatment options for populations that may benefit from atezolizumab in the field.

Preclinical and clinical data suggest that whether PD-L1 inhibitors are beneficial to elderly patients with NSCLC remains controversial (37–40). It is still unclear whether PD-L1 inhibitors, such as atezolizumab, will be used in elderly patients. In individuals aged ≥75 years, our results did not show that atezolizumab was more effective than chemotherapy-based treatment for OS. This may be due to the decline in immune system function in the elderly, which makes them unable to restore anti-tumor activity (39), and it may also be due to the vulnerability of elderly patients to more severe immune-related toxicity than young patients (41). Thus, caution should be exercised when using atezolizumab in patients aged ≥75 years. These results were similar to those of a meta-analysis by Elias et al., which showed that PD-1/PD-L1 inhibitors provided benefits in solid tumor individuals aged <65 and ≥65 years, but not in patients aged ≥75 years (42). It is noted that according to our results, early atezolizumab-based combination therapy is recommended for individuals aged <65 years. In individuals aged 65–74 years old, the potency of ≥2nd-line treatment based on atezolizumab needs to be further clarified.

Gender variables are known to affect both innate and adaptive immune responses (43). The effect of individual sex on the potency of atezolizumab in the treatment of NSCLC remains controversial (44–48). Our meta-analysis showed that OS and PFS were both improved in male and female individuals administered atezolizumab compared with those administered chemotherapy-based treatment. However, in women, we did not find a survival benefit in the ≥2nd-line based on atezolizumab. This may be the reason for the small size of these populations. Furthermore, 1st-line treatment is more effective in female patients, probably because of a more effective immune system and limited disease burden (19). Therefore, it is worth noting that in future studies, there is more concern about the potency of female patients in ≥2nd-line treatment based on atezolizumab.

The RCTs of IMpower130 and 131 have similar clinical characteristics and the same treatment regimens, with the exception of different histological types, while different OS results were observed; IMpower130 (non-squamous) achieved an OS benefit, but IMpower131 (squamous) did not. This difference in results intrigued us and indicated that histological type may be a non-negligible factor affecting the potency of atezolizumab. Our meta-analysis results showed that for individuals with non-squamous cell NSCLC, both OS and PFS were improved regardless of the treatment line or regimen. However, squamous cell NSCLC only benefits the ≥2nd-line and monotherapy based on atezolizumab in OS, but not in first-line or combination therapy. In terms of PFS, we did not observe enhanced survival in patients with squamous cell NSCLC. The reason may be that squamous NSCLC accounts for 20%–30% of all lung cancer tissue types, whose characteristics are different from those of non-squamous NSCLC, and its prognosis is more serious (49). In addition, individuals with squamous NSCLC are older, have a higher comorbidity burden, have a history of smoking exposure, and may have clinical characteristics of nephrotoxicity (8, 50); therefore, treatment is not as effective as non-squamous cell carcinoma. Additionally, we found that atezolizumab, as an effective treatment option for NSCLC, is not histologically restricted to ≥2nd-line treatment. Based on the results of our analysis, histological type does not seem to be an appropriate predictor for evaluating the potency of atezolizumab.

The introduction of ICIs significantly improved the prognosis of NSCLC patients but was limited to ECOG PS 0 or 1 (51). In our meta-analysis, both PS 0 and 1 patients administered atezolizumab achieved OS and PFS benefits compared with those administered chemotherapy-based treatment. Therefore, an ECOG PS of 0 or 1 does not seem to be an appropriate predictor for evaluating the potency of atezolizumab. Because most RCTs excluded individuals with poorer PS (PS ≥2), we could not study the effect of atezolizumab on the PS ≥2 population. A meta-analysis of 19 real-world clinical studies revealed that a poorer survival rate existed in individuals receiving immunotherapy with PS≥2 (52). If PS ≥2 predicts poor atezolizumab potency, it should be verified by RCTs in the future.

The potency of atezolizumab in various smoking statuses was also analyzed in our analysis, and it was found that the survival benefit of atezolizumab was observed in active or former smokers but not in those who had never smoked. Some studies have shown that in NSCLC, smokers have a favorable trend for ICIs compared with non-smokers (53–55), which is consistent with our results. This may be because smoking is thought to increase the mutation load in tumors, increasing the expression of carcinogenic neo-antigen, and thus activating an efficient anti-tumor immune response (56, 57). Preclinical and clinical studies have shown that higher mutation and neoantigen loads are related to long-lasting clinical benefits of immunotherapy (58–60). This may explain why molecular smoking characteristics are associated with atezolizumab potency in NSCLC. Therefore, smoking history is a powerful clinical biomarker for the choice of atezolizumab therapy.

Due to a particularly unfavorable prognosis in NSCLC patients with distant metastases (e.g., liver metastasis) (61–63), immunotherapy has become an important treatment option for these individuals at present. Our meta-analysis showed that PFS, but not OS, was a statistically significant benefit in individuals with liver metastases treated with atezolizumab. Notably, we further found that the improvement in PFS was mainly reflected in atezolizumab 1st-line combination therapy for liver metastases. For patients without liver metastasis, OS was improved, which is similar to the atezolizumab 1st-line combined chemotherapy, but not monotherapy. These results suggest that NSCLC patients with and without liver metastasis may benefit more from combination atezolizumab treatment. A previous study showed that PD-1/PD-L1 inhibitors plus chemotherapy can lower the risk of progression by 29% and the risk of death by 21% in patients with liver metastases (64). Shiroyama et al. found that NSCLC patients with liver metastases were significantly younger and had more metastatic sites and poorer baseline ECOG PS, and lung cancer patients with these characteristics also have poorer prognoses (65). Moreover, liver metastases usually demonstrate incomplete activation of CD8 + T cells (66), deficient activation of CD8 + T cells (67), CD4 + T-cell inactivation (68), and Kupffer cells-induced regulatory T-cell activation (16), which reduced the probability of atezolizumab responding to liver metastases and did not improve OS. Consequently, liver metastatic status may be a survival outcome-independent predictor in NSCLC individuals given with atezolizumab. In addition, the strategy of atezolizumab combination therapy can expand the range of patients who respond to immunotherapy and improve the quality of clinical response, which is more than the effect of monotherapy. In addition, there are no data based on atezolizumab as a 2nd-line treatment, which deserves further exploration.

The relationship between atezolizumab and driver mutations has long been a hot research topic. In this study, we discovered that EGFR mutation status was linked to the potency of atezolizumab-based therapy. Individuals with wild-type EGFR benefited from atezolizumab treatment, whereas those with EGFR mutations did not. The biological rationale behind the effect of EGFR mutation status on the benefit of atezolizumab may be related to the fact that EGFR-mutant NSCLC subpopulations have more active escape/resistance pathways, which may limit the efficacy of atezolizumab in this context (69). Additionally, in EGFR mutant NSCLC, it is possible that atezolizumab is ineffective due to the fact that, first, previous studies indicated that the expression of PD-L1 is substantially lower in EGFR mutant tumors than in EGFR wild-type tumors, resulting in defective response to atezolizumab therapy in EGFR mutant patients (70, 71). Second, individuals with EGFR-sensitive mutations were more common in non-smokers, and their TMB was substantially lower than those with wild-type EGFR, suggesting that TMB may be a contributing factor to the poor potency of atezolizumab in EGFR-mutant patients (72–75). Third, unlike wild-type EGFR patients, EGFR mutations affect anti-tumor immune responses by modulating factors that may be associated with tumor microenvironmental status (for instance, tumor-infiltrating lymphocytes, regulatory T cells, and exosome CD73) (76–78). Although individuals with EGFR mutations usually do not respond well to atezolizumab, some can benefit from immunotherapy. OS was improved in EGFR mutation-sensitive individuals (19DEL and L858R) after atezolizumab plus chemotherapy and bevacizumab treatment in IMpower150 (30). The association between EGFR mutation status and atezolizumab therapy response should be explored, and further studies of these mechanisms are needed to effectively predict survival and to provide a better personalized treatment for individuals with EGFR mutations in NSCLC.

Atezolizumab is widely used in clinical practice, and this information is essential to maximize the benefit to individuals with NSCLC. We found that only white patients achieved OS improvement with 1st-line combination therapy based on atezolizumab, while both Asian patients and Black or African Americans did not. In terms of PFS, we found that both Asian and white patients achieved survival improvement, but Black and African Americans did not. Given the analysis of subgroups, the results should be interpreted with caution because of the small number of individuals analyzed. Individuals with advanced NSCLC of different races have different clinical and genetic characteristics and socio-environmental makeup, which may influence their response to atezolizumab (79). It is possible that there is some yet unknown mechanism that could explain these differences, or it is far more likely that this statistical significance is due to chance. Therefore, further research and confirmatory studies with large numbers of patients applying atezolizumab-based therapy in different races, including ≥2nd-line therapy, are needed. Additionally, based on the results of our analysis, race can be used as a suitable predictor of atezolizumab.

The expression of PD-L1 in tumor cells assessed by immunohistochemistry is a crucial means to choose and stratify NSCLC individuals who could show better potency of checkpoint inhibitors (80). PD-L1 expression patterns in TC or IC have been discovered to possess potential clinical and biological relevance in NSCLC, and their expression independently attenuates anti-tumor immune function (80, 81). Our analysis results show that NSCLC patients with PD-L1-negative expression (TC0 and IC0) can have improved OS from atezolizumab, and we recommend that these patients use atezolizumab as a 1st-line monotherapy. Therefore, even for PD-L1-negative individuals, atezolizumab treatment is a good treatment option for such patients. Although individuals with low levels of PD-L1 expression (TC1/2 or IC1/2) could benefit from PFS after atezolizumab-based therapy (HR = 0.66; 95% CI, 0.56–0.77; p < 0.00001), there was no significant difference in OS results compared with chemotherapy-based treatment (HR = 0.83; 95% CI, 0.65–1.06; p = 0.13), which may be due to the fact that PFS benefits did not translate into OS benefits, which may be an inherent limitation of the experiments involved because of the risk of systematic bias and confounding factors, such as differences in the performance of different PD-L1 assays (82), or may be because PD-L1 expression did not take into account other interferences that inhibit the immune response to tumor cells, such as regulatory lymphocytes and bone marrow-derived suppressor cells (83), all of which resulted in the finding that OS did not benefit in this kind of population. When we performed a sensitivity analysis of patients with TC1/2 or IC1/2, excluding IMpower132, the 1st-line monotherapy based on atezolizumab, we unexpectedly observed a significant OS benefit after applying atezolizumab. Therefore, since there is only one monotherapy study based on atezolizumab and the evidence is insufficient, atezolizumab combination therapy should be prioritized in these patients. Furthermore, according to our results, for NCSLC patients with positive PD-L1 expression (TC1/2/3 or IC1/2/3), although OS was improved regardless of the treatment line and treatment regime, we did not find that atezolizumab, as ≥2nd-line treatment, improved patients’ PFS. Therefore, according to our in-depth analyses of Tables 2 and S3, we strongly recommend 1st-line atezolizumab combination therapy for these patients. Following this, an enhanced OS and PFS benefit was observed in the high-level expression of PD-L1 (TC3 or IC3) regardless of the treatment line or regimen. Studies have shown that atezolizumab has a long-lasting clinical response in individuals with advanced NSCLC with high levels of PD-L1 expression on TC or IC, which supports our findings (80, 81). Our analysis results also showed that TC2/3 or IC2/3 patients with NSCLC could obtain OS improvement from atezolizumab, and we recommended that these patients should use atezolizumab for ≥2nd-line monotherapy. Thus, PD-L1 expression can be considered as a suitable biomarker for atezolizumab-based therapy. A full understanding of the association between PD-L1 expression and the therapeutic effect of atezolizumab is conducive to the better selection of detailed regimens and improvement of the individualization of treatment.

In addition, although our results suggest that the treatment line cannot be used to predict the potency of atezolizumab, both 1st-line and ≥2nd-line treatments achieved OS improvement. However, the ≥2nd-line treatment subgroup seemed to have a better OS benefit (HR, 0.84; 95% CI, 0.77–0.90; for 1st-line; HR, 0.79; 95% CI, 0.70–0.90; for ≥2nd-line therapy). However, previous studies have shown that the treatment line could be deemed an appropriate predictor in PD-1/PD-L1 inhibitor therapy, and the 1st-line treatment subgroup has a better OS benefit. They believe that previous traditional chemotherapy or radiotherapy may produce potential immunosuppression and serious adverse reactions, which may have a negative impact on future immunotherapy (84). Inconsistent with our analysis, these contradictory findings may be the result of a combination of PD-1 and PD-L1 inhibitors, while our results specifically focused on the potency of atezolizumab in individuals receiving different treatment lines. In atezolizumab 1st-line therapy, the coverage of those who benefited from combination therapy was broader, while monotherapy benefits were observed only in patients with PS 0, TC0, and IC0. Some studies have shown that chemotherapy and ICI given at the same time may improve the anti-tumor effect of ICI. The immunogenic effect of chemotherapy is explained by several proposed mechanisms: the cytotoxicity of chemotherapy leads to the shedding of tumor antigen and an increase in dendritic cell antigen cross-presentation, and changes in the immune regulatory system lead to the proliferation of effector T cells, inhibition of regulatory T cells, and enhanced innate immunity (85–88). There are few studies and data related to ≥2nd-line combination therapy and insufficient evidence; therefore, it is worth paying close attention to the efficacy of atezolizumab ≥2nd-line combination therapy in subsequent studies.

It is of great concern to explore the molecular and immune mechanisms of atezolizumab and reveal the reasons why these patients may get or lack benefit from atezolizumab treatment, which is a great challenge for research in the field of cancer treatment in the future and also helpful for personalized treatment in the future. Although our research yielded useful insights, we acknowledge that this study has some limitations. First, these data were extracted from pooled data rather than from individuals in the trials, leading to selection bias. Second, different clinicopathological features, such as smoking status and EGFR mutations, may be associated with each other, causing confounding bias. While we are mainly concerned with a single trait, other confounding variables may affect survival outcomes. Third, since our study was based on correlation rather than causal findings, further research is required to comprehend the mechanisms by which different clinical and molecular features can predict atezolizumab potency, and to determine whether other biomarkers are associated with atezolizumab potency. The open-label design used in the included studies was another limitation, which may have led to potentially biased OS and PFS results.

From our meta-analysis, in NSCLC individuals, age group, smoking status, liver metastasis status, EGFR mutation status, race, as well as expression of PD-L1 can predict the potency of atezolizumab in individuals aged <65 years old and 65–74 years old, active or previous smokers, those without liver metastasis, those with EGFR wild-type, white individuals, and those with TC3 or IC3, TC2/3 or IC2/3, TC1/2/3 or IC1/2/3, as well as TC0 and IC0, all of whom may benefit from atezolizumab treatment. Atezolizumab can improve OS regardless of sex, histological type, ECOG PS performance status, and treatment line. According to subgroup analysis, male individuals, those with non-squamous NSCLC and PS 1, active or previous smokers, and those with wild-type EGFR, TC3 or IC3, and TC1/2/3 or IC1/2/3 could benefit from atezolizumab treatment not related to treatment line and treatment regimen.

In summary, specific clinical characteristics can be used to predict atezolizumab potency. These findings contribute to the practical application of atezolizumab in obtaining more accurate treatments for NSCLC. Subgroup analysis suggests that the appropriate population should be considered when selecting atezolizumab treatment to refine the choice of scheme and improve the individualization of treatment.
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Immune checkpoint inhibitor (ICI)-induced colitis is one of the known complications of therapies targeting cytotoxic programmed cell death protein 1 (PD-1), cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), and programmed cell death ligand 1 (PD-L1). ICI-associated colitis is routinely treated with immunosuppressive therapy, including corticosteroids and/or agents targeting tumor necrosis factor-α (TNF-α). In this report, a 69-year-old male patient developed severe ICI-induced colitis 2 weeks after anti-PD-L1 mAb (i.e., durvalumab) treatment; unexpectedly failed to respond to systemic corticosteroid, anti-TNF, and anti-integrin agents; and unfortunately died in 1 month. This case reminds clinical physicians to be on the alert for early-onset acute ICI-induced colitis and emphasizes that urgent optimized rescue measures are required for patients with severe ICI-induced colitis.




Keywords: anti-tumor necrosis factor-α, colitis, durvalumab, immune checkpoint inhibitor, programmed cell death ligand 1, vedolizumab



Introduction

Immune checkpoint inhibitors (ICIs) have shown to be revolutionary in the treatment of various tumors and improve the long-term survival of patients across numerous cancer types (1). ICIs target cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), programmed cell death protein 1 (PD-1), and programmed cell death ligand 1 (PD-L1) and are associated with increased T-cell activation, thereby inducing effective antitumor immune responses in a subset of patients (2, 3). However, ICI therapy may trigger various organ-specific immune-related adverse effects in some patients. Increasing lines of evidence have shown that anti-CTLA-4 therapy (e.g., ipilimumab) usually causes hypophysitis, whereas pneumonitis and thyroiditis appear to be more common with anti-PD-1 therapy (e.g., nivolumab and pembrolizumab) (4). ICIs can lead to gastrointestinal toxicity such as diarrhea (27%–54% with anti-CTLA-4 treatment) and colitis (8%–22% with anti-CTLA-4 treatment and only 1%–2% with anti-PD-1 treatment) (4–7). Very few data are available about gastrointestinal adverse effects associated with anti-PD-L1 agents.

ICI-associated colitis is routinely treated with immunosuppressive therapy, including corticosteroids and/or agents targeting tumor necrosis factor-α (TNF-α) or integrin α4β7 (8). Here, we described that a 69-year-old male patient presented severe ICI-induced colitis due to anti-PD-L1 mAb (i.e., durvalumab) treatment for small cell lung cancer (SCLC; poorly differentiated neuroendocrine carcinoma) but failed to respond to rescuable therapy including systemic corticosteroids, anti-TNF (i.e., infliximab), and anti-integrin (i.e., vedolizumab) and unfortunately died of massive bleeding, which may contribute to optimizing current treatment strategies for patients with severe ICI-induced colitis.



Case Presentation

A 69-year-old man with a 1-month history of right chest pain, cough, and expectoration had undergone an X-ray of the chest at the outpatient clinic of the Shanghai Tenth People’s Hospital of Tongji University (Shanghai, China) on October 23, 2021. Chest X-ray examination showed a high-density mass in the middle lobe of the right lung (Figure 1A). Further CT-guided percutaneous lung biopsy of these lung nodules was performed on November 10, 2021. One week later, biopsy pathology revealed CK7(+), TIF-1(+), SYN(+), CD56(+), and ki-67 (60% +), confirming that it was poorly differentiated neuroendocrine carcinoma (SCLC) (Figures 1B, D–K). What was worse, PET-CT showed that he had pleural, mediastinal lymph node, and cerebellar metastases. Brain MRI confirmed metastasis of lung cancer in the cerebellar tonsillar (Figure 1C).




Figure 1 | Radiologic findings and histological features of small cell lung cancer (poorly differentiated neuroendocrine carcinoma). Chest X-ray examination showed a mass of high density in right middle lobe (A), which was presented more clearly by CT (B). Brain MRI confirmed metastasis in cerebellar tonsillar (C). H&E staining performed is shown in panels (D–F), which were magnified by ×100, ×200, and ×400, respectively. Further immunohistochemistry staining showed CK7(+) (G), TIF-1(+) (H), SYN(+) (I), CD56(+) (J), and ki-67 (60% +) (K), all with magnification of ×200.



Thus, the patient was admitted to the Department of Oncology in our hospital on November 15, 2021. He was a non-drinker and non-smoker, and had tuberculosis 50 years ago, which had been cured already. In addition, he had no history of any other diseases like gastrointestinal diseases and autoimmune diseases or medication use such as non-steroidal anti-inflammatory drugs (NSAIDs), proton pump inhibitors, or probiotics. He also denied any family history of hypertension, diabetes, and tumor. On admission, he had experienced a weight loss of 5 kg in 4 months and gradually worsening right chest pain, cough, and expectoration despite that he had taken an antibiotic (i.e., amoxil capsule) since 1 week ago. His Karnofsky performance score (KPS) was 80, and his body mass index (BMI) was 19.37. Physical examination was almost negative except for mild coarse breath sounds of both lungs on auscultation. Laboratory tests revealed significant increases in carcinoembryonic antigen (CEA; 7.90 ng/ml; n.v., <5.2 ng/ml), carbohydrate antigen (CA)-153 (27.10 U/ml, n.v., <26.4 U/ml), CA-125 (104 U/ml; n.v., <35 U/ml), and neuron-specific enolase (NSE; 32 ng/ml; n.v., <16.3 ng/ml); but C-reactive protein (CRP; 3.30 mg/L; normal value (n.v.), <8.2 mg/L), white blood cell (WBC; 8.56 × 10(9)/L; n.v., 3.5–9.5 × 109/L), red blood cell (RBC, 4.29 × 1012/L; n.v., 4.3–5.8 × 1012/L), platelet (PLT; 439 × 109/L; n.v., 125–350 × 109/L), and hemoglobin (Hb; 138 g/L; n.v., 130–175 g/L), serum albumin (ALB, 37.3 g/L; n.v., 35–50 g/L), hepatic and renal functions, bleeding time test, D-dimer (0.50 mg/L; n.v., <0.55 mg/L FEU), and fecal tests were almost normal (Table 1). Considering that his KPS and BMI are relatively low within normal limits, his oncologist recommended a regimen of anti-PD-L1+IP, namely, durvalumab, a PD-L1 antibody, intravenous injection on the 1st day and irinotecan and cisplatin intravenous injection on the 1st and 8th days, allowing for the evaluation of his tolerance to chemotherapy after the first injection. After informed consent was acquired, durvalumab (1,500 mg; Imfinzi; AstraZeneca, Cambridge, UK) was administered to the patient together with irinotecan (115 mg, Pfizer, Manhattan, NY, USA) and cisplatin (50 mg, Teva Pharma AG, Basel, Switzerland) on November 16, 2021 (1st day). No adverse reaction was reported by him in the next 1 week. No obvious change was found in his laboratory test 1 week later, except for a slight increase of D-dimer (0.95 mg/L) (Table 1). Therefore, he received irinotecan and cisplatin of the same dosage as mentioned above on November 23, 2021 (8th day). Later, he presented mild diarrhea (2–3 times/day, grade I) for three days. His oncologist considered it was chemotherapy-induced diarrhea and prescribed him antidiarrheal medicine in an outpatient clinic. However, he developed moderate diarrhea 5–6 times/day and mild abdominal pain (grade II) afterward, even though he had taken antidiarrheal medicine daily at home. Thus, he had to be hospitalized again in the Department of Oncology in our hospital on November 29, 2021. In this instance, laboratory tests revealed significant increases in CRP (59.77 mg/L). As shown in Table 1, ALB (33.1 g/L), WBC (1.76 × 109/L), RBC (3.98 × 1012/L), and Hb (121 g/L) were significantly decreased. Routine fecal test (RFT) and fecal occult blood test (FOBT) were still negative, as well as fecal ova/parasites tests, stool pathogen cultures, and Clostridium difficile toxin tests. In addition, serum coagulation function tests were revealed to be normal, but D-dimer increased significantly (>20.3 mg/L). Further CT angiography excluded mesenteric embolism or bowel perforation.


Table 1 | Laboratory test results of the baseline and follow-up of the patient.



His symptoms worsened with bloody diarrhea (6–10 times/day) and moderate abdominal pain (grade III). FOBT became positive (++), but no RBC or WBC was found in RFT. In order to obtain special therapy, he was transferred to the Department of Gastroenterology on December 1, 2021. No evidence of vasculitis, fungal elements, tuberculosis, viral staining for cytomegalovirus, Epstein–Barr virus (EBV)- encoded RNA (EBER), adenovirus, or parasitic infection was found in further laboratory tests. Therefore, the patient was diagnosed with ICI-induced colitis and started on 120 mg of intravenous methylprednisolone daily on December 2, 2021. Three days later, he developed more severe bloody diarrhea (>15 times/day) and moderate-to-severe abdominal pain (grade III), and his ALB decreased significantly. Subsequent colonoscopy showed severe mucosal inflammation from the transverse colon to the anus with multiple ulcerations attached with purulent secretions and moss, consistent with Mayo endoscopic subscore of 3 (Figures 2A–D). No obvious abnormality was found in the gastroscope. Histopathological analysis of colon biopsies revealed that there was multiple purulent exudation and necrosis, and colonic crypt atrophy or rupture, suggestive of acute enteritis (Figures 2E–H). Considering that he was steroid refractory, 5 mg/kg of anti-TNF mAb (i.e., infliximab; Cilag AG, Schaffhausen, Switzerland) was administered to him on December 4, 2021, followed by a reduced dose of methylprednisolone (60 mg/day) intravenously daily for another 4 days. Meanwhile, enteral nutrition, albumin infusion, empiric antibiotic therapy, and oral probiotics were administered to him daily, and hemostatic therapy was administered to him intermittently when needed. Unexpectedly, his bloody diarrhea became more severe (>20 times/day), and abdominal pain worsened. We immediately switched to total parenteral nutrition on December 7, 2021, and 300 mg of anti-integrin mAb (i.e., vedolizumab; Takeda GmbH, Konstanz, Germany) was administered to the patient to strengthen immunosuppression on December 11, 2021 (Figure 3). At this time, laboratory findings reflected the patient’s clinical degradation, including CRP 191 mg/L, ALB 18.9 g/L, and Hb 49 g/L, as shown in Table 1. He was urgently treated with fluid resuscitation and blood transfusions on December 11 and 12, 2021, respectively. Furthermore, 300 mg of infliximab was administered to him in advance in order to save him from severe colitis. Unfortunately, he died on December 13, 2021, due to severe lower gastrointestinal bleeding and hemorrhagic shock.




Figure 2 | Endoscopic and histological features of immune checkpoint inhibitor (ICI)-related colitis. Endoscopic images of colons revealed that mucosal congestion, edema, rough, unclear perivascular texture, multiple superficial ulcers with purulent secretions, and white moss existed among transverse colon (A), descending colon (B), sigmoid colon (C), and rectum (D). H&E staining performed is shown in panels (E–H), all with magnification of ×100. Histology images courtesy of Qiongyi Huang.






Figure 3 | Timeline of medications administered to the patient. SCLC, small cell lung cancer.





Discussion

Durvalumab acts by blocking PD-L1 and has been approved by the Food and Drug Administration for the management of extensive-stage SCLC in combination with chemotherapy (9). In the current study, we reported a case of a patient with severe colitis induced by durvalumab without substantial improvement after systemic treatment with corticosteroids, anti-TNF (i.e., infliximab), and anti-integrin (i.e., vedolizumab) agents and who unfortunately died. To date, the mechanisms underlying ICI-associated colitis in patients with tumors are unknown. Mechanistically, defects in the suppressive function of regulatory T cells (Treg) contribute to intestinal mucosal inflammation, which is predominately mediated by type 1 helper T cells (Th1) and Th17 cells, resulting in inflammatory bowel diseases (IBDs) (10). In addition to TNF, various kinds of proinflammatory cytokines are profoundly associated with the pathogenesis of IBD, such as IL-17A, IL-21, and IL-23 (11, 12). As a kind of immune-mediated disease that resembles IBD, ICI-associated colitis has shown suppressive function deficiency of Tregs caused by the PD-1/PD-L1 pathway (3, 13). Recent evidence reported a low density of Foxp3+ CD4+ T cells (Treg) in the inflamed colonic mucosa of patients with ICI-associated colitis. Following treatment, there was a substantial increase in Foxp3+ CD4+ T cells in these patients (14). Thus, T-cell subtypes like Foxp3+ CD4+ T cells and related cytokines like IL-17A and TNF may be potential prognostic factors for ICI-associated colitis.

As a common immune-mediated side effect, the morbidity of colitis in patients using anti-PD-(L)1 agents alone (approximately 1.5%) seems much lower than that in patients administered with anti-PD-(L)1 and chemotherapy (approximately 9.8%) (15, 16), which indicates that chemotherapy may play a role in the catalytic mechanisms underlying ICI-associated colitis. It may also be one of the reasons why the patient in this case developed severe colitis in a relatively short time (2 weeks) compared with the median time as reported (1.5–2 months) (15, 17), which requires further clinical trials in the future.

For severe or life-threatening stages of drug-associated colitis, ICI therapy should be interrupted, and permanent discontinuation is recommended for episodes that progress to colitis. Meanwhile, intravenous corticosteroid treatment (i.e., methylprednisolone, 1–2 mg/kg daily) is recommended (18). Steroid-refractory patients (non-response to intravenous corticosteroids after 72 h) require anti-TNF therapy. Multiple lines of evidence have suggested that higher endoscopic severity scores and histologically diagnosed deep ulcerations may be predictive markers for steroid-refractory ICI-related colitis, likely requiring infliximab therapy (19–21). Therefore, infliximab (5 mg/kg) was administered to patients when colonoscopy showed multiple ulcerations with a Mayo endoscopic subscore of 3. Infliximab has been used successfully in this setting with a dosing regimen similar to that used in IBD patients, starting with an initial dose of 5 mg/kg (18, 22). Moreover, emerging evidence illustrates that anti-integrin (e.g., vedolizumab) agents are also an effective option (23, 24). However, neither infliximab nor vedolizumab has successful outcomes in treating ICI-related colitis in the current case. In this instance, for patients with IBD, tofacitinib, ustekinumab, and calcineurin inhibitors could be appropriate remedial measures, but their safety and efficacy are unclear for patients with ICI-related colitis. In addition, fecal microbiota transplant (FMT) has recently been used for ICI-related colitis, and data from a case series of two patients treated with FMT appear encouraging (25). However, it is very early work, and more data are required in this area before this can be recommended. The patient worsened too quickly to have a total colectomy, which may be ascribed to severe malnutrition caused by the tumor and severe bloody diarrhea.

It gives us a good lesson that those with refractory ICI-related colitis may not respond to treatments of steroids combined with infliximab or vedolizumab, which may even endanger the patient’s life. Additionally, FMT may be an emerging option, although more studies are required to establish its efficacy and safety, aside from total colectomy. More urgent optimized rescue measures are required for patients with severe refractory ICI-related colitis.



Limitation

There were no T-cell subgroup tests, cytokine tests of peripheral blood, fecal calprotectin tests in the baseline, and follow-up of the patient during treatment due to laboratory limits. Infliximab trough levels of the patient during treatment were not assessed due to the patient’s financial problems.
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Background

Lung adenocarcinoma (LUAD) has a very high morbidity and mortality rate, and its pathogenesis and treatment are still in the exploratory stage. Fatty acid metabolism plays a significant role in tumorigenesis, progression, and immune regulation. However, the gene expression of fatty acid metabolism in patients with LUAD and its relationship with prognosis remain unclear.



Methods

We collected 309 fatty acid metabolism-related genes, established a LUAD risk model based on The Cancer Genome Atlas (TCGA) using Least Absolute Shrinkage Selection Operator (LASSO) regression analysis, and divided LUAD patients into high-risk and low-risk groups, which were further validated using the Gene Expression Omnibus (GEO) database. The nomogram, principal component analysis (PCA), and receiver operating characteristic (ROC) curves showed that the model had the best predictive performance. The ROC curves and calibration plots confirmed that the nomogram had good predictive power. We further analyzed the differences in clinical characteristics, immune cell infiltration, immune-related functions, chemotherapy drug sensitivity, and immunotherapy efficacy between the high-risk and low-risk groups. We also analyzed the enrichment pathways and protein–protein interaction (PPI) networks of different genes in the high-risk and low-risk groups to screen for target genes and further explored the correlation between target genes and differences in survival prognosis, clinical characteristics, gene mutations, and immune cells.



Results

Risk score and staging are independent prognostic factors for patients with LUAD. The high-risk group had lower immune cell infiltration, was more sensitive to chemotherapeutic agents, and had a poorer survival prognosis. We also obtained three pivotal genes with poor survival prognosis in the high expression group, which were strongly associated with clinical symptoms and immune cells.



Conclusion

Risk score and staging are independent prognostic factors for patients with LUAD. The high-risk group had lower immune cell infiltration, was more sensitive to chemotherapeutic agents, and had a poorer survival prognosis. We also obtained three survival prognosis-associated target genes that are closely associated with clinical symptoms and immune cells and may be potential targets for immune-targeted therapy in LUAD.
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Introduction

According to related reports, lung cancer ranks first in cancer-related death in 2020 (1). Lung adenocarcinoma (LUAD) is the most common subtype of lung cancer and has a higher incidence in women, accounting for 38.5% of all lung cancers (2). LUAD is microanatomically divided into two categories (3–5). Fatty acids are an important source of energy and a component of the cell structure in most species, including humans, and consist of carboxy-terminated and long-chain hydrocarbons. Previous studies have reported that abnormal fatty acid metabolism leads to a variety of diseases (6). A growing number of researchers have found that fatty acid metabolism plays an important role in the recognition, occurrence, and progression of various cancers, including but not limited to breast, prostate, ovarian, liver, and colon cancers (7–10). For example, dysregulation of fatty acid metabolism may interfere with the efficacy of chemotherapy and radiotherapy and immunotherapy in breast cancer patients (11). To date, fatty acid metabolism in LUAD has not been fully defined and more studies are needed in order to unravel this mystery.

We first screened fatty acid metabolism-related genes that were differentially expressed in tumor and normal samples, then screened survival prognosis-related genes, and finally constructed a prognostic risk model based on The Cancer Genome Atlas (TCGA) database. LUAD patients in the TCGA and Gene Expression Omnibus (GEO) databases were classified into high-risk and low-risk groups based on the median risk scores of samples in the TCGA database. The prognostic risk model was further validated using the public GEO database, and the fatty acid metabolic risk model for LUAD patients based on the TCGA database was constructed and validated from different perspectives. The differences between high-risk and low-risk LUAD patients in terms of immune cell infiltration, gene mutation, chemotherapeutic drug sensitivity, and immunotherapy effect were explored. Finally, we mapped the protein–protein interaction (PPI) network, on the basis of which the top 10 central genes were selected and the differences between network central genes and survival prognosis, clinical characteristics, and immune cells were further analyzed.  In conclusion, our findings suggest that genes related to fatty acid metabolism may be potential prognostic markers for patients with LUAD and may become future therapeutic targets. The construction of risk scoring models has made it possible to individualize the treatment of LUAD patients.



Materials and Methods


Clinical Data Collection and Collation

We obtained transcription profiling data and clinical data for LUAD patients from the TCGA database (https://portal.gdc.cancer.gov/) (535 LUAD samples and 59 normal LUAD samples) and the GEO database (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc= GSE11969) (GSE11969 and GPL7015) (94 LUAD samples). The clinical characteristics of the TCGA database are shown in Supplementary Table 1. The gene IDs of the samples were converted from the human gene annotation file to the corresponding gene symbols and averaged if multiple probes targeted the same gene ID. TCGA-LUAD is the test set, and GEO-LUAD is the train set.



Acquisition of Genes Related to fatty Acid Metabolism

In combination with previous studies (9), we obtained three gene sets (KEGG fatty acid metabolism pathway, Reactome fatty acid metabolism genes, and Hallmark fatty acid metabolism genes) from Molecular Signature Database v7.2 (MSigDB). The screening yielded 309 genes related to fatty acid metabolism (Supplementary Table 2).



Construction and Validation of a Fatty Acid Metabolic Risk Score Model

First, the “limma” R package was used to perform differential analysis to screen for differential genes related to fatty acid metabolism, and genes with LogFC < 0.585 and FDR < 0.05 were considered statistically significant. The “clusterprofiler” R package was used to enrich the GO and KEGG pathways of differential genes to determine their main biological features and cellular functional pathways. Differences were statistically significant when p-values and corrected p-values <0.05. Finally, the results of the enrichment analysis were visualized using the “ggplot 2” and “goplot” R packages. After removing patients with a survival time of less than 30 days, sequencing data of differentially expressed genes associated with fatty acid metabolism in the samples were combined with survival data, and genes associated with prognosis were screened from those associated with fatty acid metabolism by univariate Cox regression analysis based on the train set, and the cutoff point is set to p-value < 0.05. The correlation between the mutation frequency of genes in the train set samples and the mutated genes was analyzed using the “maftools” R package. The “Glmnet” R package was used for genes associated with the prognosis of fatty acid metabolism in LUAD. Based on the TCGA database, a prognostic risk score model for predicting OS in LUAD samples was developed using Least Absolute Shrinkage Selection Operator (LASSO) Cox regression analysis. The risk score formula was as follows.

	

The “Coef” represents non-zero regression coefficients calculated using the LASSO Cox regression analysis (Supplementary Table 3), and “ExpGene” is the expression values of genes from the prognostic risk score model.

LUAD patients were divided into high-risk and low-risk groups according to the median fatty acid risk score of the TCGA-LUAD cohort sample, and the K-M method was used to analyze whether the high-risk and low-risk groups differed in terms of survival prognosis. The feasibility of the model was further validated using the GEO database. Nomograms, PCA, and ROC were used to ensure the accuracy of the model.



PCA

PCA of gene expression profiles of fatty acid risk scoring models was performed using the “limma” R package for both train and test sets, including the expression profiles of differentially expressed genes associated with fatty acid metabolism in the train set. Fatty acid risk scoring models were constructed and the results were visualized using the “ggplot2” R package.



Comprehensive Analysis of the Risk Scoring Model and Clinical Characteristics of LUAD Patients

Clinical information (stage) and fatty acid risk score of patients with LUAD were combined after excluding survival time of less than 30 days and missing data. Independent prognostic indicators were screened using univariate and multivariate Cox regression (p-value < 0.05).



Construction and Evaluation of the Nomograms of LUAD Patients

To further investigate the overall survival (OS) of individual LUAD patients, a predictive model based on independent clinical parameters was developed using the “nomogram” R package. ROC curves and calibration plots were used to measure the ability of nomogram to predict prognosis.



Characteristics of Patients in High- and Low-Risk Groups

Gene mutation data were downloaded from the TCGA database to calculate the tumor mutation burden (TMB) of LUAD patients. The “ggpubr” R package was used to explore whether there was an association between patient risk score and the frequency of tumor mutations in target genes. The immune cell infiltration file was downloaded from Timer2.0 (http://timer.cistrome.org/) to estimate the relationship between immune cell infiltration and risk score (for all TCGA tumors), using the “limma” and “pheatmap” R package for difference analysis, and the results were visualized. We further analyzed whether there were differences in immune-related functions between the high- and low-risk groups using the “GSVA” and “GSEABase” packages. The “PRRophetic” R package was used to predict the semi-inhibitory concentrations of cisplatin, gemcitabine, and paclitaxel in each sample, which indicates the effectiveness of a substance to inhibit a specific biological or biochemical function. The TIDE online database (http://tide.dfci.harvard.edu/) was used to predict the effect of immunotherapy in the high-risk and low-risk groups, and differences were considered statistically significant when the p-value < 0.05.



Protein–Protein Interaction Network and Target Gene Characteristics

After screening for differential genes between high- and low-risk scoring groups, PPI network data [generated interaction score >0.90 (medium confidence)] were plotted online using the STRING online database (https://cn.string-db.org/). The 10 most pooled hub genes were screened using the cubHubba plugin of Cytoscape software (version: 3.9.1). Based on these 10 hub genes, the target genes differentially expressed in tumor tissues and normal tissues (cutoff value log2FC > 1, p-value < 0.05) and associated with postnatal survival were screened by the GEPIA (http://gepia.cancer-pku.cn) online database. The CIBERSORTx (https://cibersortx.stanford.edu/index.php online database was used to analyze the infiltration of 22 tumor-infiltrating lymphocyte-associated target genes in the microenvironment of high-risk and low-risk LUAD patients for significance ranking analysis 1,000 times, and “reshape2” and “ggpubr” R packages were used to visualize the difference results. The “limma” and “ggpubr” R packages were used to analyze the relationship between target gene expression and clinical characteristics (stage, T, N, M, age, and gender) of LUAD patients. Finally, the correlations between target genes were evaluated based on the GEPIA (http://gepia.cancer-pku.cn) online database and the Spearman test.




Results


Enrichment Analysis of Tumor and Normal Samples

By comparing the expression levels of fatty acid metabolism-related genes in tumor and normal samples in the TCGA database, 126 genes were screened in the TCGA-LUAD cohort (p-value < 0.05, FDR < 0.585), of which 79 genes were upregulated in tumor tissue samples and 47 genes were downregulated in tumor tissue samples. Heat maps and volcano maps of differentially expressed genes in normal and tumor samples are shown in Figures 1A, B. We know from GO enrichment analysis that among the biological processes, fatty acid metabolic processes, long-chain fatty acid metabolic processes, and fatty acid biosynthesis processes are highly enriched terms (Figure 1C), and Figure 1D shows the 72 most significantly enriched genes and enriched pathways. The results of KEGG enrichment analysis of genes and genomes in Kyoto showed that Fatty acid metabolism, Fatty acid degradation, Fatty acid elongation, and Fatty acid biosynthesis were all highly enriched KEGG items (Figure 1E), and Figure 1F shows the 55 most significantly enriched genes and enriched pathways. These results suggest that fatty acid metabolism-related genes in LUAD are clustered in biological pathways related to fatty acid metabolism and are closely related to fatty acid metabolism.




Figure 1 | (A) Heat map of 126 genes in the TCGA-LUAD cohort. (B) Volcano map of the 126 fatty acid metabolism-related differential genes in the TCGA-LUAD cohort. (C, D) GO analysis of fatty acid metabolism-related differential genes in the TCGA-LUAD cohort. (E, F) KEGG analysis of fatty acid metabolism-related differential genes in the TCGA-LUAD cohort.





Construction of Risk Scoring Model in the Train Set

The TCGA-LUAD cohort was used as a train set. A total of 126 cases of fatty acid metabolism-related genes were screened from the TCGA-LUAD cohort. After excluding data from patients with a survival time of less than 30 days and null values, 29 fatty acid metabolism-related genes associated with patient survival were screened using univariate Cox analysis (Figure 2A). The somatic mutation profiles of the 29 prognosis-related genes showed a mutation frequency of 17.29% in the 561 LUAD samples (a total of 97 cases were mutated) (Figure 2B), with ADH1B and CYP4B1 having the highest mutation frequencies, followed by ELOVL6, MDH2, SMS, LTA4H, ENO3, ALDOA, ALOX15, ALOX15B, MAOA, LDHA, CA4, ELOVL2, DPEP2, CEL, HSD17B4, INMT, AOC3, and ACOXL, and no mutations in other genes. Further analysis revealed a mutational positive relationship between ACOXL and HSD17B4, ADH1B; CYP4B1 and AOC3, and PTGR1 and LDHA (Figure 2C). These 29 genes were further incorporated into the LASSO logistic regression algorithm based on the TCGA-LUAD cohort. A total of 14 genes for constructing fatty acid risk score models were obtained by LASSO Cox regression analysis (Figures 2D, E), namely, ALDH2, HACD1, ELOVL2, ENO3, CEL, CA4, CYP2U1, LDHA, ALOX5AP, SMS, ALDOA, CYP4B1, DPEP2, and ELOVL6.




Figure 2 | (A) Univariate analysis of genes related to fatty acid metabolism. When the hazard ratio of a gene is >1, it indicates that the gene is a risk factor for the corresponding tumor, and vice versa. (B) Gene mutations in patients with TCGA-LUAD. (C) Correlation of mutations in 29 fatty acid metabolism genes. Brown color indicates negative correlation, and blue color indicates positive correlation. p < 0.05, *p < 0.01. (D) LASSO coefficient spectrum of 29 fatty acid metabolism genes. (E) Cross-validation of adjustment parameter selection in a proportional hazards model. (F) PCA based on all fatty acid metabolism-related genes in the TCGA-LUAD cohort. (G) PCA based on fatty acid metabolism risk scores in the TCGA-LUAD cohort. (H) PCA based on fatty acid metabolism risk scores in the GEO-LUAD cohort. The red group represents high-risk patients, and the blue group represents low-risk patients. (I) OS by fatty acid risk score in the TCGA-LUAD cohort. (J) OS by fatty acid risk score in the GEO-LUAD cohort. (K) Results of univariate Cox analysis in the TCGA-LUAD cohort. (L) Multivariate Cox analysis results in the TCGA-LUAD cohort. (M) Results of univariate Cox analysis in the GEO-LUAD cohort. (N) Multivariate Cox analysis results in the GEO-LUAD cohort. (O) AUC values at 1, 3, and 5 years in the TCGA-LUAD cohort. (P) ROC curves of risk scores and clinical characteristics in the TCGA-LUAD cohort. (Q) AUC values at 1, 3, and 5 years in the GEO-LUAD cohort. (R) ROC curves of risk scores and clinical characteristics in the GEO-LUAD cohort.



Using this risk score model, the LUAD samples (low and high risk) were completely distinguished (Figures 2F, G), while the GEO-LUAD cohort was similarly distinguished as a test set (Figure 2H). In this fatty acid risk model, the median risk score of the TCGA-LUAD cohort was used as the cutoff value, and 490 TCGA-LUAD patients were classified into a high-risk group (n = 245) and a low-risk group (n = 245), and 94 GEO-LUAD patients were classified into a high-risk group (n = 51) and a low-risk group (n = 43). In both the test and train groups, the low-risk group had a better clinical prognosis (p-value < 0.05) (Figures 2I, J). Univariate prognostic COX analyses of the train and test sets showed that stage and risk score were independent prognostic factors, and multivariate COX analyses also showed this result (p-value < 0.05) (Figures 2K–N). Using the ROC curve estimation model to evaluate the reliability of the fatty acid risk score, the area under the curve (AUC) was 0.727, 0.715, and 0.677 for the train sets at 1, 3, and 5 years, respectively (Figure 2O). The AUC was 0.802, 0.656, and 0.653 for the test sets at 1, 3, and 5 years, respectively (Figure 2Q); the train set risk model has the largest area under the ROC curve (Figure 2P) and the test set risk model. The ROC curve was second only to stage, which proved the most reliable model of fatty acid metabolism risk (Figure 2R).



Construction and Evaluation of Nomograph

Prognostic factors such as risk score, stage, age, and sex were included in the nomogram to assess the predictive ability of individual OS, and to calculate the prediction effect of the nomogram on 1-, 3-, and 5-year OS in patients with LUAD (Figure 3A). The nomogram was applied to patients in the test set (GEO database), the effect was good (Figure 3C), and the calibration charts were close to the ideal curve (Figures 3B, D). In addition, ROC curve analysis is carried out to verify the practicability of the nomogram, and the AUC of train set and test set risk, nomogram, age, gender, and the stage is calculated (Figures 3E,F). Nomogram AUC is the largest, indicating that the nomogram has the best prediction effect. Further univariate and multivariate Cox analysis of the train set data showed that the classification and risk score were independent prognostic factors (p-value < 0.001) (Figures 3G, H). In conclusion, the prognostic ability of this fatty acid prognostic model has been validated from several perspectives.




Figure 3 | (A) Nomogram to predict 1-, 3-, and 5-year OS in the TCGA-LUAD cohort. (B) Calibration plot to assess the accuracy of a nomogram to predict 1-, 3-, and 5-year OS in the TCGA-LUAD cohort. (C) Nomogram to predict 1-, 3-, and 5-year OS in the GEO-LUAD cohort. (D) Calibration plot to assess the accuracy of a nomogram to predict 1-, 3-, and 5-year OS in the GEO-LUAD cohort. (E) ROC curves of risk score and clinical characteristics in the TCGA-LUAD cohort. (F) ROC curves of risk score and clinical characteristics in the GEO-LUAD cohort. (G) Univariate Cox analysis. (H) Multivariate Cox analysis.





Immune-Related Characteristic and Chemical Response in the Low- and High-Risk Score Groups

Immune cell infiltration showed immunological differences between the high-risk and low-risk groups, with significantly increased abundance of Macrophage M0, Macrophage M1, T cell CD4+ Th1, T cell CD4+ Th2, and T cell CD4+ memory activated in the high-risk group and B cell memory, Macrophage M2, T cell CD4+ central memory, T cell CD4+ effector memory, T cell CD8+, Myeloid dendritic cell resting, Myeloid dendritic cell activated, and T cell regulatory significantly increased in the low-risk group (Figure 4A). Immune function analysis (Figure 4B) showed that HLA and Type_II_IFN_Response immune-related functions were active in the low-risk group and MHC_class_I immune-related functions were active in the high-risk group. TIDE scores were lower in the high-risk group than in the low-risk group (Figure 4C), which proved that the high-risk group had a better effect of immunotherapy. In the risk score and chemical drug sensitivity analysis, we found that the risk score was negatively correlated with cisplatin, gemcitabine, and paclitaxel chemotherapy drug sensitivity. The IC50 of patients in the high-risk group with the lower value (Figures 4D–I) proves that patients in the high-risk group were more sensitive to chemotherapy drugs than those in the low-risk group. In conclusion, the quantification of fatty acid metabolic risk scores is of great importance in patients with LUAD, not only to assess the prognosis of immunotherapy, but also to evaluate the effect of chemotherapy, which may be a new biomarker to change the outcome of treatment in patients with LUAD.




Figure 4 | (A) The immune infiltration of immune cell types in high-risk and low-risk patients in the TCGA-LUAD cohort. (B) Analysis of immune function in high-risk and low-risk patients in the TCGA-LUAD cohort. ***p < 0.001, ns p > 0.05. (C) High-risk and low-risk LUAD patients with TIDE scores in the TCGA-LUAD cohort. (D–I) Fatty acid metabolism score and cisplatin (D, E), gemcitabine (F, G), and paclitaxel (H, I) chemotherapeutic drug sensitivity analysis in the TCGA-LUAD cohort.





PPI Network of Differentially Expressed Genes in Low- and High-Risk Groups

Differential gene interactions between low- and high-risk groups were analyzed using the STRING online database. The differential gene PPI network is shown in Figure 5A. Hub genes were identified from differential genes using the Cytoscape plugin cytoHubba. We chose a total of 10 genes in the network (Figure 5B) and ranked CDK1, BUB1, CCNA2, CCNB1, CDC20, BUB1B, CCNB2, DLGAP5, TPX2, and TTK utilizing the degree method Figure 5C). Through differential analysis and survival analysis, three hub genes were screened as target genes. We performed a differential analysis based on TCGA and GTEx databases using GEPIA and found that BUB1B (Figure 5D), CCNB1 (Figure 5E), and TTK (Figure 5F) were significantly overexpressed in LUAD tissues compared with normal samples (p-value < 0.05). BUB1B (Figures 5G, H), CCNB1 (Figures 5I, J), and TTK (Figures 5K, L) were significantly associated with survival prognosis (OS and RFS) (p-value < 0.01), and the higher the gene expression, the worse the prognosis.




Figure 5 | (A) PPI network of risk differential genes. (B, C) Top 10 hub genes of the gene expression network. (D–F) Comparison of BUB1B (D), CCNB1 (E), and TTK (F) mRNA expression levels of each gene in LUAD tissue and normal lung tissue. The expression levels of all genes in cancer tissues were higher than those in normal lung tissues. The red and blue boxes represent tumor and normal tissue, respectively. Red asterisks indicate significant differences in the expression of each mRNA (p-value < 0.05). (G–L) OS and RFS of 3 target genes of BUB1B (G, H), CCNB1 (I, J), and TTK (K, L). (M–O) Immune cell content of 22 immune cell types in BUB1B (M), CCNB1 (N), and TTK (O) Hub genes. (P–R) The relationship of BUB1B (P), CCNB1 (Q), and TTK (R) target genes and clinicopathological features, including TNM stage (Stage), tumor invasion (T), lymphoid metastasis (N), distal metastasis (M), gender (Gender), and age (Age). (S–U) Correlation analysis between the type of gene mutation (mutant, wild type) and risk score, BUB1B (S), CCNB1 (T), and TTK (U). (V) BUB1B and CCNB1 correlation analysis. (W) BUB1B and TTK correlation analysis. (X) CCNB1 and TTK correlation analysis. *p < 0.05, **p < 0.01, ***p < 0.001.



The results of immune cell infiltration showed that the upregulated immune cells in the gene BUB1B high expression group were T cells CD8, T cells CD4 memory activated, NK cells resting, Macrophages M0, and Macrophages M1, and the downregulated immune cells were B cells naive, T cells CD4 memory resting, T cells regulatory (Tregs), NK cells activated, Monocytes, Dendritic cells resting, and Mast cells resting (Figure 5M); the upregulated immune cells in the CCNB1 high expression group were T cells CD8, T cells CD4 memory activated, T cells follicular helper, NK cells resting, Macrophages M0, and Macrophages M1, and the downregulated immune cells were B cells memory, T cells CD4 memory resting, Monocytes, Dendritic cells resting, and Mast cells resting (Figure 5N); the upregulated immune cells in the TTK high expression group were T cells CD8, T cells CD4 memory activated, Macrophages M0, Macrophages M1, and Dendritic cells activated, and downregulated immune cells were B cells memory, Plasma cells, T cells CD4 memory resting, T cells regulatory (Tregs), NK cells activated, Monocytes, Dendritic cells resting, and Mast cells resting (Figure 5O). We noted that the infiltration of activated immune cells was abundant and active in the high expression group, which was suitable for immunotherapy. Clinical correlation analysis showed that in the BUB1B, CCNB1, and TTK genes, stage I patients had significantly lower expression levels than stage II, III, and IV patients, and higher gene expression levels in men and patients younger than 65 years (p-value < 0.05) (Figures 5P–R). There was no significant difference between BUB1B, CCNB1 mutant, and wild-type risk scores (Figures 5S, T), and there was a significant difference between TTK mutant and wild-type risk scores (p-value < 0.05) ( Figure 5U). Based on the GEPIA (http://gepia.cancer-pku.cn) online database, correlations between genes were analyzed using the Spearman test. The three genes BUB1B, CCNB1, and TTK were positively correlated with each other with statistically significant differences (Figures 5V–X) (p-value < 0.001).




Discussion

Lung cancer is one of the most common cancers worldwide (11.6% of all cases) and is the leading cause of cancer-related deaths (18.4% of all cancer-related deaths) (12). Despite significant improvements in early detection, targeted therapies, and chemotherapy techniques over the past decades, the OS of patients with LUAD remains low. Therefore, there is an urgent need for complete clarity on the principles of LUAD pathogenesis and development, and more potential targets of clinical therapeutic benefit need to be identified. Cellular metabolism is critical for cell survival and development, and tumor cells suffer from abnormal cellular metabolism due to loss of function of tumor suppressor genes or activation of oncogenes. Changes in metabolism are widely observed in various cancer cells (13) and are used in tumor therapy (14–16). Disturbances in fatty acid metabolism are associated with tumor progression, and fatty acid metabolism has been applied to explore the progression of various cancers, such as colon and breast cancer, and to describe the efficacy of therapeutic and prognostic interventions (17, 18). Exploring the role of different fatty acid metabolic patterns in LUAD can help to understand the role of fatty acid metabolism in LUAD progression and thus guide effective therapeutic strategies. Although there have been many prediction models for studies on LUAD, with very few on fatty acid metabolism, we selected two different databases, TCGA and GEO, set up a train set and a test set, and used the test set to verify the accuracy of the train set, partially compensating for the lack of clinical trials, and constructed individual patient risk prediction models that can accurately predict the treatment outcome of individual patients. We further analyzed the relationship between target genes and immune cell infiltration and clinical characteristics.

In our study, we found that genes related to fatty acid metabolism were strongly associated with LUAD patients, especially in terms of OS. A fatty acid metabolism risk model was established based on the TCGA-LUAD cohort. The TCGA-LUAD cohort was the train set and the GEO-LUAD cohort was the test set. According to the TCGA-LUAD cohort, patients with reduced median risk scores were divided into a high-risk group and a low-risk group. Univariate and multivariate Cox analyses showed that risk scores and stage were independent of other factors in predicting clinical survival in patients with TCGA-LUAD and could be used as independent prognostic indicators. The GEO test set verifies this result well. We also constructed nomograms that provide a good assessment of each patient’s clinical survival. Immunotherapy aims to activate the natural immune molecular components of the tumor microenvironment to defend against cancer. Numerous studies have reported that the main antitumor features of the tumor microenvironment are CD8+ cytotoxic T cells, Th1 helper cells, and their associated cytokines, such as interferons (IFNs) (19). High expression of Th1, CD8+ T, and effector memory T cells has been shown to be associated with better prognosis (20). Recent findings by Ferreira et al. found that Tregs produce more effective anti-tumor immunity by providing the necessary cytokines (21). Wu et al. suggested that T-cell CD4+ central memory inhibits lymph node metastasis, thereby improving the prognosis of patients with oral squamous cell carcinoma (22). Macrophages are key factors in LUAD metastasis, with the M2 subtype stimulating lung cancer cell invasion and the M1 subtype inhibiting tumor formation (23). In our study, the low-risk group was enriched in T-cell regulatory cells (Tregs), T-cell CD8+, T-cell CD4+ central memory, and T-cell CD4+ effector memory, consistent with the survival advantage of the low-risk group. We also noted that the high-risk group had lower dendritic cell content than the low-risk group. Dendritic cells play a crucial role in the initiation of antigen-specific immunity (24) and present antigens to T cells, promoting the antitumor activity of CD4+ and CD8+ T cells through cell–cell contact and in cytokine release activity (25). From this, we hypothesized that lower levels of dendritic cells in the high-risk group may be associated with survival disadvantage, which points us to the next direction of research, namely, by stimulation of dendritic cells to activate immune responses and enhance immunotherapy and other therapeutic options to kill tumor cells. Type II interferon (IFN) response activation in the low-risk group suggests that patients in the immunosuppressed low-risk group should also respond to immunotherapy and immunosuppressive factors such as TGF-β in the low-risk group and that TGF-β inhibitors combined with monoclonal antibodies would be a good therapeutic option.

The risk score and chemical drug sensitivity analysis showed that the risk score was sensitive to three common chemotherapy drugs in LUAD, namely, cisplatin, gemcitabine, and paclitaxel, and was negatively correlated, which opened up a new way for further guiding clinical treatment of lung adenocarcinoma. Based on the differentially expressed genes between high-risk and low-risk groups, we drew the PPI network and further screened out 10 hub genes. These 10 hub genes were all significantly different between tumor groups and normal samples (p-value < 0.01); OS and disease-free survival (DFS) analysis showed that there were significant differences in BUB1B, CCNB1, and TTK (p-value < 0.01). These three genes were highly expressed in tumors and were high-risk genes. The higher the gene expression, the worse the prognosis. BUB1B is not only a key component of the spindle assembly checkpoint, but its abnormal expression usually represents a poor prognosis of the tumor (26). A present meta-analysis showed that high BUB1B expression predicts poor OS and progression-free survival (PFS) and that BUB1B is an important biomarker for poor prognosis and poor clinicopathological outcome in patients with LUAD (27). Zhou et al. (28) found that BUB1B was upregulated in LUAD, and clinical survival is shorter in LUAD patients with high BUB1B expression. Expression of CCNB1 is significantly elevated in samples from LUAD patients and is associated with advanced tumor stage and shorter OS (29), and TTK is a mitotic checkpoint kinase that is present in higher amounts in some human cancers than in normal tissue (30). In addition, high expression of TTK was positively correlated with higher invasiveness and treatment resistance of breast cancer, suggesting that TTK may be involved in cancer cell proliferation and poor patient survival, and is an independent prognostic factor (31). The high-risk score of TTK mutation type indicates that this gene is prone to a gene mutation in LUAD and may be a potential gene mutation therapy target. These findings are consistent with our findings, validating the accuracy of our study and again validating the scientificity of the model. These three hub gene activation states have more infiltration and more active immune cells, suggesting that immunotherapy may change the survival of patients with poor prognoses. However, although we obtained that BUB1B, CCNB1, and TTK are positively correlated in LUAD, there is no experimental confirmation yet, and further investigation is needed to investigate the intrinsic association.



Conclusion

In conclusion, we generated a fatty acid metabolism risk model in patients with LUAD and showed that the fatty acid metabolism risk score was associated with immune cell infiltration, and chemotherapeutic and immunotherapy effects in LUAD patients. Three fatty acid metabolism genes not only are significantly associated with clinical staging and prognosis of LUAD patients, but also have great importance in immune cell infiltration. These three genes could be used as biomarkers for individualized treatment of LUAD patients and improve the prognosis of LUAD patients.
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Immune checkpoint inhibitors (ICIs) are effective against advanced and even perioperative non-small-cell lung cancer (NSCLC) and result in durable clinical benefit, regardless of programmed death ligand-1 (PD-L1) expression status in cancer. Existing clinical evidence shows that the effect of immunotherapy in patients with EGFR-mutant NSCLC after the development of tyrosine kinase inhibitor (TKI) resistance is not satisfactory. However, compared with monotherapy, ICIs combined with chemotherapy can improve the efficacy. Encouragingly, compared with that of patients with sensitive mutations, the progression-free survival of patients with rare mutations who were treated with ICIs was increased. Adequately maximizing the efficacy of ICIs in EGFR-mutant NSCLC patients is worth exploring. In this review, we described preclinical and clinical studies of ICIs or combined therapy for EGFR-mutant NSCLC. We further focused on EGFR mutations and the cancer immune response, with particular attention given to the role of EGFR activation in the cancer-immunity cycle. The mechanisms for the natural resistance to ICIs were explored to identify corresponding countermeasures that made more EGFR-mutant NSCLC patients benefit from ICIs.
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Introduction

Among newly diagnosed patients with lung cancer, non-small-cell lung cancer (NSCLC) patients accounted for the highest proportion, approximately 80 percent of the total (1). In most countries, the 5-year survival rate of patients diagnosed with lung cancer between 2010 and 2014 was only 10% to 19% (2). In the past 20 years, many advances in molecular detection technology and molecular targeted therapy have shown promise for NSCLC patients. Epidermal growth factor receptor (EGFR) mutation is currently the most common target; approximately 10% to 15% of the Caucasian population and more than 50% of Asian patients with non-squamous cell carcinoma carry this mutation (3–5). Currently, clinical guidelines recommend EGFR-tyrosine kinase inhibitors (TKIs) as a first-line therapy for patients with advanced NSCLC (6–8) who are sensitive to EGFR mutations and do not harbor drug resistance genes. Compared with chemotherapy, treatment with first-generation and second-generation EGFR-TKIs has resulted in a median progression-free survival (PFS) of 9 to 13 months in patients with advanced NSCLC, and the median PFS provided by third-generation drugs was 18.9 months (9–12). However, nearly inevitably, patients acquire resistance within 9-19 months (13–15). Innovative therapies to overcome EGFR-TKIs resistance are still under investigation.

In research insights of the last few years, immune checkpoint inhibitors (ICIs), represented by programmed cell death receptor-1 (PD-1)/programmed death receptor ligand-1 (PD-L1) inhibitors, have attracted increasing attention due to durable clinical benefit along w1ith low toxicity in patients with NSCLC (16). Preclinical studies have shown that EGFR activation can upregulate the expression of endogenous PD-L1 on tumor cells, thus inducing apoptosis of T cells and promoting immune evasion of EGFR-mutant NSCLC (17). However, the fact that immunotherapy has little effect in advanced NSCLC patients with EGFR-sensitive mutations remains a challenge (18). Additionally, immunotherapy in these patients may be positively correlated with the development of hyperactive diseases, leading to increased toxicity and side effects (18, 19). However, in a phase I study of nivolumab (CheckMate 012), 21 patients with NSCLC harboring EGFR mutations received a combination of nivolumab and erlotinib, and the toxicity was tolerable (20).

Some reports have noted that tumor immunogenicity (21–23), the tumor microenvironment (TME) (24–26), copy number variations (27, 28), tumor-specific mutations, and specific intestinal bacteria (23) can influence the efficacy of ICIs. It was suggested that the low efficacy of ICIs in EGFR-mutant NSCLC was related to the specific TME, tumor mutation load (TMB) and PD-L1 expression level (29). The precise boundaries and interrelationships of these elements remain unclear and deserve further exploration. In this overview, we summarized recent studies on the application of PD-1/PD-L1 ICIs in EGFR-mutant NSCLC, mapped the cancer-immunity cycle of individual patients, and tried to explore the potential mechanisms leading to the poor clinical efficacy of ICIs in EGFR-mutant NSCLC, providing ideas for the development of specific immunotherapy or immunotherapy combinations.



Clinical outcomes of ICIs for EGFR-mutant NSCLC patients

Recent clinical trials had found that ICI monotherapy has few effects on patients with EGFR mutations. However, in existing clinical studies, ICI combined with chemotherapy or anti-angiogenesis had achieved encouraging results. While ensuring the efficacy, the safety also should be guaranteed. Here, we reviewed the clinical efficacy and toxicity of ICIs in EGFR-mutant NSCLC (Tables 1–3).


Table 1 | EGFR-mutant NSCLC patients benefit little from PD-1/PD-L1 monotherapy.




Table 2 | ICI-based immunotherapy combinations for EGFR-mutant NSCLC patients.




Table 3 | ICIs combined with EGFR-TKIs enhanced EGFR-mutant NSCLC patient toxicity.




PD-1/PD-L1 monotherapy

The phase III clinical trial CheckMate 057 confirmed (33) that patients with advanced NSCLC who were treated with nivolumab survived longer than those treated with docetaxel during or after platinum-based chemotherapy, and it was reported for the first time that ICIs did not improve PFS or overall survival (OS) in NSCLC patients with EGFR mutations. Meta-analysis data from three clinical trials (CheckMate 057, POPLAR and KEYNOTE 010) proved that PD-1/PD-L1 ICIs did not prolong OS (HR=1.05, 95% CI: 0.70-1.55, P=0.81) in EGFR-mutant NSCLC patients (35) compared with docetaxel. In addition, a meta-analysis of five trials (CheckMate 017, CheckMate 057, KEYNOTE 010, OAK and POPLAR) reported by Lee et al. also confirmed that prolonged OS was not observed in the EGFR mutations subgroup (16). Most studies have shown that PD-1 monotherapy may be ineffective in patients with EGFR-mutant NSCLC (Table 1).



ICI-based immunotherapy combinations

Conventional chemotherapeutic drugs can promote recovery of immune surveillance function in tumor patients. Therefore, it was hypothesized that the ideal clinical effect can be obtained by adding ICIs to chemotherapy in patients with NSCLC with EGFR mutations. In the first-line setting of CheckMate 012, PFS and OS were 4.8 and 20.5 months, respectively, in the EGFR-mutant group, while PFS and OS were 7.5 and 24.5 months, respectively, in the EGFR wild-type group that received combination therapy of nivolumab and chemotherapy (Table 2) (40). In another phase II study of NCT03513666, when receiving a combination of toripalimab and chemotherapy, the objective response rate (ORR) was 50%, and the median PFS was 7 months for EGFR-mutant NSCLC after TKI resistance (42). The effects of the combination of chemotherapy and ICIs are ambiguous because of the small sample size, and more large clinical studies are worth further exploration.

In addition to its well-known antiangiogenic effect, bevacizumab has also been found to mediate immune regulation (54–56). The results of an open-label phase III study, Impower 150 (NCT02366143), seemed to confirm this hypothesis. Regardless of PD-L1 expression and gene alterations in patients with metastatic NSCLC who did not receive chemotherapy, the PFS (8.3 months vs. 6.8 months) and OS (19.2 months vs. 14.7 months) of patients in the chemotherapy ± atezolizumab + bevacizumab group (ABCP group) were significantly longer than those of patients in the chemotherapy + bevacizumab group (BCP group) (57). Unfortunately, in patients with EGFR mutations, OS did not benefit in the ABCP group compared with the BCP group (HR=0.61, 95% CI 0.29-1.28) (57). ORIENT-31 was the first phase III study to confirm that ICI combined with antiangiogenic therapy and chemotherapy significantly improved PFS in EGFR-mutant non-squamous NSCLC patients with EGFR-TKIs treatment progress (58). The PFS was prolonged in group A (sintilimab + IBI305 + chemotherapy) compared with group C (placebo1 + placebo2 + chemotherapy): 6.9 months vs. 4.3months (HR=0.750, 95% CI 0.337-0.639; P<0.0001). And the confirmed ORR were 43.9% and 25.2% in group A and group C respectively. The combination of ICI and antiangiogenic therapy creates a new pattern of EGFR-TKIs resistance.

In theory, cytotoxic T-lymphocyte antigen-4 (CTLA-4) and PD-1 have a coordinated effect on antitumor immune responses. The combination of ipilimumab and nivolumab was used as the first-line treatment for EGFR-mutant NSCLC, and the ORR was 50% (43). In a subgroup of phase II study KEYNOTE 021, when receiving a combination of ipilimumab and pembrolizumab, the ORR was 10% for EGFR-mutant NSCLC after TKIs resistance and 30% for the EGFR wild-type group. These trials indicated that the efficacy of double ICIs needs further confirmation (44).



The heterogeneity of EGFR-mutant subtypes

In a multicenter retrospective clinical cancer study, 171 NSCLC patients with EGFR mutations were treated with PD-1/PD-L1 ICIs or ICIs combined with a CTLA4 inhibitor (59). Immunotherapy was less effective in patients with EGFR exon 19 deletion or L858R mutation than in patients with wild-type EGFR. In addition, the efficacy in the exon 19 deletion group was worse than that in the exon L858R group (ORR, 22% in the wild-type subgroup, 16% in the L858R subgroup, and 7% in the EGFR exon 19 deletion subgroup). New evidence from several recent studies suggested that NSCLC patients with rare EGFR mutations had a priority response to ICIs (Figure 1). Chen et al. showed that the good response of patients with rare EGFR mutations in NSCLC, including patients with exon 20 insertion or G719X, L861Q, or S768I mutations (69), was associated with the concomitant expression of PD-L1 in the TME (70) and the high incidence of CD8+ tumor-infiltrating lymphocytes (TILs). The heterogeneity of the TME of distinct EGFR mutations results in different immune responses to ICIs. Further exploration of the pathological and immunological characteristics of different subtypes may help us select the population benefiting from ICIs.




Figure 1 | Clinical data of ICI-based immunotherapy for subtypes of EGFR-mutant NSCLC patients. (A) The PFS and OS of ICI-based immunotherapy for subtypes of EGFR-mutant NSCLC. (B) The ORR and DCR of ICI-based immunotherapy for subtypes of EGFR-mutant NSCLC. NSCLC, non-small-cell lung cancer; EGFR, epidermal growth factor receptor; n, No. of EGFR mutant patients; ORR, overall response rate; DCR, disease control rate; OS, overall survival; PFS, progression-free survival; ICIs, immune checkpoint inhibitors; 19del, exon 19 deletion; Ex20 ins, exon 20 insertion.





The toxicity of ICIs

From existing preclinical and clinical studies, ICIs were generally well tolerated as monotherapy or in combination with chemotherapy or anti-angiogenesis for EGFR-mutant NSCLC patients, and no newly treatment-related adverse events have been observed. However, it is worth noting that ICIs combined with EGFR-TKIs enhanced toxicity among EGFR-mutant NSCLC patients.

Some studies have shown that EGFR-TKIs can induce the immunogenic apoptosis of tumor cells, recruit T cells or upregulate the expression of PD1/PD-L1. Therefore, it is logical to combine TKIs with ICIs. Dismally, in clinical trials, the combined application of EGFR-TKIs and ICIs for the treatment of EGFR-mutant NSCLC patients did not provide a significant clinical benefit but increased side effects (Table 3). Compared with previous studies of EGFR-TKIs monotherapy, pembrolizumab combined with erlotinib did not improve ORR in the phase I/II KEYNOTE-021 trial (NCT02039674) (49). Moreover, five of the seven patients treated with pembrolizumab combined with gefitinib developed grade 4 hepatotoxicity, which led to premature termination of treatment. In clinical, the application of ICIs should be cautiously considered in patients receiving EGFR-TKIs.




Probable mechanisms responsible for ICI resistance in EGFR-mutant NSCLC

Collectively, according to preclinical and clinical trials, EGFR-mutant NSCLC patients benefit little from ICIs, especially ICI monotherapy, due to their heterogeneous immune characteristics. Encouragingly, compared with that of patients with sensitive mutations, the PFS of patients with rare mutations who were treated with ICIs was increased. At present, the specific mechanism that causes this phenomenon is not clear and is worth exploring further. Daniel S. Chen et al. (71) proposed that by understanding the individualized biological features of patients, biomarkers associated with tumor immunity may enable us to track the cancer-immunity cycle of specific patients and customize precision immunotherapy or combinatorial immunotherapy. In the following paragraphs, we describe the main steps in the characteristic cancer-immunity cycle of patients with EGFR-mutant NSCLC (Figure 2) to explore the potential mechanism underlying the poor immunotherapy response.




Figure 2 | The immunosuppressive TME throughout the whole cancer-immunity cycle in EGFR-mutant NSCLC. EGFR activation alters immune profiles through the following pathways: the surface of cancer cells creates a “do not eat me” signal that inhibits professional phagocytic cells, such as dendritic cells (DCs), from engulfing cancer cells due to the presentation of tumor antigens; promotes CTLA-4 expression to enhance the inhibitory function of Tregs; increases the infiltration of Tregs in the TME and promotes tumor growth; increases mast cells that contribute to angiogenesis and induces neovascularization by releasing proangiogenic factors; decreases CD8+ T-mediated antitumor activity, inhibiting the expression of MHC (Figure 2); enhances T-cell apoptosis, promoting the M2-like polarization of macrophages and increasing the levels of IL-10, CCL13, GDF15, CCL23, CXCL17, TGF-β, soluble PD-L1 and CCL2. CCL2 plays a critical role in the migration of MDSCs to the TME. MDSCs exert antitumor immunosuppressive actions, such as producing immunosuppressive molecules, inhibiting antitumor functions, inducing T-cell apoptosis, and upregulating Tregs. CAFs, with characteristics of MDSCs, in EGFR-mutant NSCLC might interfere with the immune response. EGFR-mutant tumors secrete exosomes containing EGFR mutations or PD-L1 to promote distant metastasis. EGFR-mutant tumor cells may change metabolic pathways, such as upregulating CD73 and converting ATP to adenosine. Massive adenosine exerts immunosuppressive activity on a variety of immune cells: Tregs and accumulation of MDSCs, further attenuating antitumor function in NKs, B cells and DCs activity, skews Mφ polarization toward M2 macrophages and inhibits the CTL-mediated antitumor response, mediating tumor immune evasion. NKs, natural killer cells; DCs, dendritic cells; IDC, immature dendritic cells; MDC, mature dendritic cells; Tregs, Treg cells; MHC, major histocompatibility complex; MDSC, myeloid-derived suppressor cells; EGFR, epidermal growth factor receptor; TME, tumor microenvironment; ATP, adenosine triphosphate; PD-L1, programmed death-ligand 1; Mφ, macrophages; CTL, cytotoxic T lymphocytes.




Decreased release of MHC-I and MHC-II neoantigens

The T-cell-mediated anticancer response starts with the release of new antigens produced by tumorigenesis that are captured by antigen presenting cells (APCs). Immunogenic cell death (ICD) accompanied by the release of neoantigens is an irritation signal; tolerable or apoptotic cell death is an inhibitory signal (72). Wu et al. (73) reported that the specific T-cell response to the clonal tumor antigen encoded by EGFR-driven mutation was successfully identified in a patient with advanced EGFR-mutant NSCLC who benefited from ICIs after developing TKIs resistance. In other words, due to the presence of new, highly immunogenic, and specific clonal antigens, ICIs have potential application in NSCLC patients with acquired drug resistance to EGFR-TKIs. Unfortunately, somatic mutations and predicted major histocompatibility complex (MHC) class I and class II neoantigens were significantly lower in EGFR-mutant NSCLC than in EGFR wild-type tumors (P < 0.01) (74), which inhibited anticancer responses and promoted immune evasion. From this point of view, the investigation of ICD will provide new approaches for tumor treatment in EGFR-mutant NSCLC. Practically, a study has proven that combined antigen-capturing treatment and ICIs have a positive impact on the cancer-immunity cycle (75).



Decreased ability to capture cancer antigens

Recently, an in vitro study by Nigro et al. (76) showed that gefitinib-induced downregulation of CD47 expression can promote phagocytosis of cancer cells by reactive cells, while the establishment of gefitinib resistance can reverse this response. When exposed to increasing drug concentrations, the expression of CD47 (a “do not eat me” signal) on the surface of PC9GR cells that were resistant to gefitinib was significantly increased. Blocking the CD47/SIRPα axis by adding a CD47-specific monoclonal antibody can significantly increase the phagocytosis of PC9GR by dendritic cells (DCs). Similarly, an in vivo experiment confirmed that administration of CD47-specific monoclonal antibodies significantly inhibited the growth of lung cancer patient-derived xenotransplant tumors via recruitment of macrophages into the TME (77).



Restriction of cancer antigen presentation and T-cell activation

A recent study in vivo showed that EGFR E746-A750 deletion mutant lung cancer can induce DC anergy and inhibit antitumor immunity, while T-cell infiltration and DC function were restored; meanwhile, the efficacy of ICIs in EGFR-19del tumors was improved because of the use of TKIs in combination with granulocyte-macrophage colony-stimulating factor (78). Moreover, DCs in tumors show different phenotypes and draining lymph nodes, and a marked reduction in the proliferative activity of T cells in lymph nodes was also observed.

Regardless of whether tumor antigens are captured and presented internally by APCs or transmitted externally, T-cell activation is another strategy for interfering with the cancer-immunity cycle. In addition to homologous antigen recognition, costimulatory signals are needed for optimal T-cell activation, while in tumor tissues, not only the levels of costimulatory ligands but also the levels of MHC molecules are reduced by immunosuppressive factors (79). Some researchers analyzed the TME in mice with EGFR-driven tumors: among TILs, the ratio of CD8+/CD4+ T cells to CD8+/Foxp3+ T cells was markedly decreased compared with that in normal lung tissue (80). In detail, they found a significant increase in PD-1+ and Foxp3+ T cells in tumors, and PD-1 was expressed on most Foxp3+ T cells. In other words, the PD-1 pathway and Tregs are the main factors that inhibit the function of effector T cells. It is conceivable that blocking PD-1 in the EGFR-driven mouse model of lung cancer did not change the number of Tregs expressing high levels of CTLA-4, while combined dual ICIs may have a coordinated effect.



Inhibition of T cells trafficking and infiltration into tumors

Under the action of cell adhesion molecules and chemokine receptors, activated T cells leave lymph nodes, enter the blood, roll along the endothelium, exude from the blood circulatory system and either infiltrate into or surround the tumor mass (81, 82). In EGFR-mutant NSCLC, EGFR signaling plays an important role in tumor invasion activity by regulating hypoxia-independent hypoxia inducible factor-1α (HIF-1α) and vascular endothelial growth factor (VEGF) expression. Cells with acquired resistance to EGFR-TKIs maintain high levels of HIF-1α and VEGF expression, and this pathway is no longer regulated by EGFR (83). VEGF expression interferes with the infiltration of CD8+ T cells into tumor tissue (84), while angiogenesis and tumor growth continue (Figure 3).




Figure 3 | Multiple intrinsic cancer cell pathways induce cancer cell immune evasion in EGFR-mutant NSCLC. EGFR activating mutations may help cancer cells escape cytotoxic T-cell recognition and specific killing by promoting PD-L1 expression and downregulating MHC expression. The activation of EGFR may influence the expression of VEGF, inhibiting T lymphocyte infiltration into tumors, generating vascular endothelial growth and promoting tumor progression. In addition, activation of EGFR may influence the expression of CD47, decreasing the phagocytosis of cancer cells by DCs. In addition, EGFR-TKIs enhance MHC expression, and HypoTKI can induce more dsDNA and RNA release and trigger MyD88–type I IFN innate sensing pathways, which enhance tumor-specific T-cell infiltration and reactivation. EGFR, epidermal growth factor receptor; MEK/ERK, extracellular signal-regulated kinase (ERK) kinase MEK; MHC, major histocompatibility complex; EGFR-TKIs, epidermal growth factor receptor tyrosine kinase inhibitors; HypoTKI, low-fractionated EGFR-TKIs; DCs, dendritic cells.



Early studies confirmed that EGFR signaling activates c-Jun/c-Jun N-terminal kinase and reduces interferon regulatory factor-1 expression; the former increases CCL22 expression to recruit CD4+ regulatory T cells, while the latter reduces the induction of CD8+ T-cell infiltration via CXCL10 and CCL5 (85). Unfortunately, a number of clinical studies on the combination of standard-dose TKIs and ICIs have been stopped prematurely due to severe side effects. Further investigation suggested that low-fractionated EGFR-TKIs (HypoTKI) were more effective than standard hyperfractionated EGFR-TKIs (HyperTKI) because HypoTKI can induce more dsDNA and RNA release than HyperTKI in vivo and trigger MyD88–type I IFN innate sensing pathways, which enhance tumor-specific T-cell infiltration and reactivation. More importantly, blocking with ICIs had a synergistic effect without serious side effects (86). In conclusion, therapies that improve T-cell transport and infiltration may act synergistically with ICIs in EGFR-mutant NSCLC.



Decreased ability of T cells to recognize tumors

Antigens captured by MHC-I and MHC-II molecules are presented to T cells by APCs. Some studies have shown that an activating mutation in EGFR suppresses the expression of MHC-I in NSCLC through the extracellular signal-regulated kinase (ERK) kinase MEK pathway, which leads to the poor response of NSCLC to immunotherapy. Homoplastically, other studies suggested that in patients with EGFR-TKI resistance, T790 M-negative tumors tended to respond more favorably to the ICI nivolumab than T790 M-positive cells (87). In T790 M-positive tumors, the activation of the EGFR pathway remains unchanged, which may lead to inhibition of MHC-I expression. These results suggest that EGFR-TKIs combined with ICIs can improve the response to immunotherapy. However, data from several early studies conducted simultaneously with EGFR-TKIs and ICIs in patients with NSCLC were disappointing (88–91), showing high toxicity due to adverse events, such as interstitial lung disease and elevated liver enzymes (89, 90). Therefore, further investigation to determine the best treatment strategy for the simultaneous or continuous use of EGFR-TKIs or MEK inhibitors and ICIs in EGFR-mutant NSCLC is needed.

The T-cell receptor (TCR) lineage consists of thousands of TCR clones, reflecting an individual’s immunity during aging, infection and even malignancy. It is of high clinical value to distinguish the clonality and diversity of TCR (Shannon index, richness, etc.) and the overlap index (OLI) of unique TCR chain sequences identified between tissue and blood. One study found that obvious curative effects of ICIs can be seen in patients who had high clonality and high OLI scores (92–94). The NADIM clinical trial NCT03081689T identified two parameters from TCR sequence analysis as predictive biomarkers of complete pathologic response (CPR) after neoadjuvant chemoimmunotherapy, which may be superior to the PD-L1 tumor proportional score (TPS) and TMB, and revealed the possible mechanism by which CPR is involved in enhancing tumor immunogenicity and peripheral immune monitoring (95). Researchers analyzed a total of 39 pairs of normal and tumor lung tissue samples (20 cases with EGFR mutations), and the TCR diversity index was found to be significantly elevated, while the clonal expansion of T cells in EGFR mutant tumors was compared with that in EGFR wild-type tumors. In whole exon group sequencing, the nonsynonymous mutations and predicted new antigen expression levels were markedly decreased in EGFR mutant tumors (96). Similarly, other researchers collected and studied samples from 93 patients with NSCLC and divided them according to EGFR mutation and subtype (94). They found that the different responses to ICIs in patients were attributed to the presence of differences in TCR clonality, the Shannon index and the OLI of different EGFR subtypes. These findings may partly explain the molecular mechanism underlying the poor response to ICIs in patients with EGFR mutations.



Remodeled ability of T cells to kill tumor cells

TILs are the most critical cell group infiltrating tumor nests and stroma. The higher the density of CD8+ TILs is, the better the immune effect (97, 98). An increasing number of studies have revealed that EGFR-mutant NSCLC cells alter the TME to limit TILs and suppress T-cell-mediated immune attack (99). Zhao et al. discussed the mechanism underlying the low abundance of tumor-infiltrating CD8+ T cells in EGFR-mutant NSCLC: the exosomes secreted by the EGFR-mutant NSCLC lines PC9 and HCC827 promoted the apoptosis of CD8+ T cells more than the EGFR wild-type cell lines H1299 and SK-MES-1 (100). In addition, a retrospective study suggested that tumors with rare EGFR mutations benefited more from ICIs that were rich in TILs (101). Similarly, in a retrospective analysis of 58 patients who received ICIs after EGFR-TKIs, correlation analysis showed a significant negative correlation between TKI-PFS and the corresponding IO-PFS (102). Furthermore, the proportion of TILs in patients with short TKI-PFS was higher, and the ratio of M2-like macrophages to M1-like macrophages was lower. Moreover, Simoni et al. (103) showed that a large number of bystander CD39-CD8+ T cells in EGFR-mutated tumor cells led to poor reactions to ICIs, while the proportion of CD39+ CD8+ TILs was visibly higher in patients with wild-type EGFR. In addition, coinhibitory molecules, such as PD-L1, PD-1, TIM-3, TIGIT, and LAG-3, play essential and fundamental roles in immune suppression (104). Notably, HHLA2, a newly discovered member of the B7/CD28 family, contributed to tumor immunosuppression by regulating T-cell function and was not detected in most normal lung tissues, but an expression rate of 66% was observed in different subtypes of NSCLC (105). In particular, compared with that in wild-type NSCLC, the expression of HHLA2 in EGFR-mutant NSCLC was relatively high. HHLA2 may become a new target in the exploration of strategies to improve the efficacy of ICIs in EGFR-mutant NSCLC.

Immunosuppressive cells recruited by EGFR-mutant NSCLC cells can negatively regulate the killing ability of T cells. Wang et al. (106) confirmed for the first time that the EGFR signaling pathway was closely related to Tregs regulation. EGFR signal activation causes more Tregs to be generated and activated (107, 108). Gefitinib reduced the inhibition of EGFR signaling in the TME by decreasing Treg numbers in tumors (109).

The metabolic pathway of tumor cells and related products affects the immune killing function of T cells. The single-cell transcriptome indicated that EGFR-mutant NSCLC cells had more genes related to metabolic pathways, which was crucial for the negative impact on the TME (110). The adenosine signaling axis was thought to have a wide range of immunosuppressive effects on the TME, including inhibiting the lytic activity of cytotoxic T lymphocytes (CTLs) and natural killer cells (NKs) and enhancing the proliferation of Tregs, myeloid-derived suppressor cells (MDSCs) and inhibitory macrophages (111, 112). CD73 is a critical enzyme in the conversion of AMP to adenosine and an exo-50-nucleotidase encoded by the NT5E gene (113). It was found that the expression of CD73 in EGFR-mutant NSCLC was significantly increased compared with that in EGFR wild-type cell lines (114). CD73 blockade markedly inhibited tumor growth in a mouse model of EGFR-mutant NSCLC. It seems to be understood that CD73 may cause EGFR mutations in NSCLC with a low response rate to ICIs, but Ishii et al. (115) revealed that in patients with EGFR-mutant NSCLC, high CD73 expression showed greater protective ICI effects. The role of the CD73 adenosine pathway in EGFR-mutated NSCLC needs to be validated in more experiments.

From what has been discussed above, current studies on tumor immunotherapy have mainly focused on T-cell immunity, and inhibitory factors exist in every link of the cancer-immunity cycle, which seems to explain the poor efficacy of ICIs for EGFR-mutant NSCLC patients. From this perspective, it was necessary to combine with other treatment strategies to break these adverse conditions and to make EGFR-mutant NSCLC patients benefit from ICIs.




Potential strategies to improve efficacy of immunotherapy in EGFR-mutant NSCLC

In general, EGFR-mutated NSCLC responds poorly to ICI monotherapy, but some subgroups may benefit, especially in combination with chemotherapy and/or antiangiogenic agents. In view of the characteristics of the different responses of ICIs in EGFR-mutant subgroups, individualized diagnosis and treatment measures need to be formulated in clinical practice. Here, we scientifically envisioned several promising strategies to improve ICI efficacy in EGFR-mutant NSCLC after TKI resistance.


Combined chemotherapy and/or anti-angiogenesis treatment

Considering the improved benefits of NCT03513666A and the IMpower150 trial, a promising treatment was to combine ICIs with chemotherapy to improve the immunogenicity of tumor cells or anti-angiogenesis to promote more TIL infiltration into the tumor in EGFR-mutant NSCLC. Further optimization schemes and more are under way, such as the CheckMate-722, ABC-lung and NCT04147351 studies.



Novel ICIs

According to T-cell-targeting immunomodulator immunology, another promising treatment to overcome the poor efficiency of ICIs is to target other ICIs associated with the TME (116). Several clinical studies against novel ICIs, such as LAG3, TIGIT, and B7-H3, are ongoing for NSCLC. Zhou reported that LAG-3 was upregulated after TKI resistance in EGFR-mutant NSCLC (71), which provided novel insights for the anti-LAG treatment of EGFR-mutant NSCLC patients. The exploration of more novel ICIs in monotherapy or combination therapy may provide more and better treatment options for EGFR-mutated NSCLC after TKI resistance.



Combined radiotherapy

Radiotherapy causes random point mutations and double-strand breaks in DNA, increases the effects of TMB and new antigens, and can provide good local tumor control, thus playing an important role in the treatment of lung cancer (117). Radiotherapy can lead to ICD and the release of high migration group box 1 protein (HMGB-1); HMGB-1 binds to Toll-like receptor-4 (TLR-4), participates in the progression and presentation of tumor antigens, and promotes the activation and maturation of DCs. Through a series of the abovementioned pathways, the immunogenicity of tumor cells is enhanced (118–121). Radiotherapy also increases the expression of natural killer group 2 member D (N-K-G2-D) and the first apoptotic signal and promotes the recognition and clearance of tumor cells by T cells and NKs (122, 123). In short, radiotherapy can transform noninflammatory tumors (also known as “cold” tumors) into inflammatory tumors (also known as “hot” tumors) through complex mechanisms, increase tumor immunogenicity and increase sensitivity to ICIs.

A retrospective analysis of the KEYNOTE 001 study showed that the good prognosis resulting from ICIs was closely related to having received radiotherapy (124). Another prospective clinical study of high-dose fractionated radiotherapy combined with ICIs, PEMBRO-RT, confirmed that radiotherapy improved the ORR of ICIs (125). For patients with EGFR-sensitive mutated NSCLC, a number of clinical studies have confirmed that consolidation radiotherapy during EGFR-TKIs significantly prolongs PFS and total OS (126, 127). Of course, the secondary T790 M mutation in patients with EGFR-TKI resistance will also affect the OS of patients, while Ouyang et al. found that whether patients received radiotherapy before developing drug resistance did not affect the occurrence of acquired T790 M mutation (128). It is suggested that radiotherapy can not only reduce tumor load and prolong the time until acquisition of drug resistance to TKIs but also prolong the total survival of patients through its immunomodulatory effect.

In summary, future exploration should focus on verifying whether radiotherapy can effectively change the TME in EGFR-mutant NSCLC and which radiotherapy can maximally activate immunity.



Cancer vaccines

Vaccination can accelerate anticancer immunity by inhibiting negative regulatory factors (129). In one study (130), an EGFRT790 M/C797S mutant-derived peptide (MQLMPFGSLL) that can bind to human leukocyte antigen (HLA)-human leukocyte antigen was identified, and an EGFRT790 M/C797S- peptide-specific CTL clone isolated from human PBMCs from healthy HLA-A2 donors showed high responsiveness to cancer cells because T2 cells pulsed with the EGFRT790 M/C797S peptide suffered strong cytotoxicity. Immunotherapy targeting new antigens that arise from EGFR mutations or in combination with ICIs may be a useful new therapeutic strategy for patients who are resistant to osimertinib.

In a recent major trial (131), 24 patients with grade III/IV NSCLC who developed progressive disease after a variety of conventional treatments, including surgery, radiotherapy, chemotherapy and TKI therapy, received a personalized neoantigen peptide vaccination (PPV). Immunosurveillance showed that five of the seven patients with EGFR-mutant NSCLC showed a vaccine-induced T-cell response to EGFR neoantigen peptide. All of these patients showed an increase in the frequency of neoantigen-specific CD8+ T cells in peripheral blood after PPV. These results suggest that personalized neoantigen vaccination is a viable, safe and well-tolerated option for patients with advanced NSCLC. The neoantigen peptide displayed by human leukocyte antigen molecules on the surface of tumor cells shows exquisite tumor specificity and can cause T-cell-mediated tumor rejection. However, it is predicted that there are few neoantigens shared among patients; therefore, more preclinical and clinical data on vaccination are needed.



Bypass vaccination through adoptive T-cell therapy

Eshhar et al. proposed for the first time that chimeric antigen receptor (CAR)-targeted T-cell therapy was a promising strategy for the treatment of malignancies (132). Han’s team (133) infused an increasing dose of EGFR-targeted CAR-T cells into patients with EGFR positivity (> 50% expression) and recurrent/refractory NSCLC in a phase I clinical study (NCT01869166). Of the 11 assessable patients, 2 achieved partial remission, and five were stable for 2 to 8 months. The infusion of EGFR-targeted CAR-T cells was safe and well tolerated and resulted in no severe toxicity. The pathological clearance of EGFR-positive tumor cells after treatment and detection of the CAR-EGFR gene in tumor-infiltrating T cells in all four patients were observed in tumor biopsies. EGFR targeting CAR-T cells are a safe and feasible option for the treatment of advanced EGFR-mutant NSCLC. At present, current research is still focused on EGFR-positive lung cancer, but CAR-T-cell treatment of EGFR-mutant NSCLC also needs to be further studied. Of course, potential efficacy assessments and safety assessments have not been fully conducted, including whether the transfer of a large number of monospecific T cells will lead to drug resistance due to antigenic drift and whether the identified toxicity problems can be safely addressed.



Target B cells and related products

Increasing evidence has proven that the significant efficacy of B cells may promote both the response and prognosis of ICIs (134). Compared with the EGFR-wild-type group, the proportion of plasma cells was lower in the EGFR-mutant NSCLC group (110). A more recent study established that the disappearance of follicular helper CD4+ T (TFH)-B-tissue-resident memory CD8+ T (TRM) cooperation mediated by the CXCL13-CXCR5 axis in EGFR-mutant NSCLC may account for poor responses to ICIs (135). Patient-derived antibodies are involved in the regulation of the TME (136); therefore, it was worthwhile to further explore the roles of B cells in EGFR-mutant NSCLC.




Conclusion

In summary, achieving the goal of complete and safe cancer eradication through ICIs may require only monotherapy in a few patients with EGFR-mutant NSCLC, while most of these patients may need combination therapy, and the major challenge for the latter group is joint toxicity. In addition, current studies suggested that EGFR L858R, a common mutation, and rare mutation still showed superiority in ICIs treatment. More preclinical and clinical studies exploring the combination of ICIs and several other treatments, such as anti-angiogenesis, chemotherapy, novel ICIs, radiotherapy, anti-CD47-SIRP-α, anti-CD73- adenosine axis, and B-cell-associated immunity are urgently needed because most analyses are based on subgroup analysis or retrospective studies. Moreover, the optimal dose, sequence and schedule of the combination should also be included in future studies. However, in basic research, it was challenging to obtain humanized animal models containing EGFR mutations, which seriously restricts the progress of research. We speculated that continued improvement of the mouse preclinical model would accelerate the pace of ICI optimization in EGFR-mutant NSCLC patients.

Through the cancer-immunity cycle, immunotherapy has informed promising approaches for EGFR-mutant advanced NSCLC patients. Considering the large population of EGFR-mutant NSCLC patients and low toxicity and durable clinical benefit of ICIs, it is particularly important to explore immunotherapy strategies after TKI resistance.
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Lung cancer is a malignant tumor with the highest morbidity and mortality, and more than 75% of patients are diagnosed at an advanced stage. Liver metastases occur in 20% of non-small cell lung cancer patients, and their prognosis are poor. In recent years, immune checkpoint inhibitor monotherapy and combination therapy have made breakthrough progress in advanced Non-small cell lung cancer (NSCLC) patients. However, compared with the overall population, the liver metastases population was an independent prognostic factor for poor immunotherapy response. Whether and how immunotherapy can work in NSCLC patients with liver metastases is a major and unresolved challenge. Although more and more data have been disclosed, the research progress of NSCLC liver metastasis is still limited. How liver metastasis modulates systemic antitumor immunity and the drug resistance mechanisms of the liver immune microenvironment have not been elucidated. We systematically focused on non-small cell lung cancer patients with liver metastases, reviewed and summarized their pathophysiological mechanisms, immune microenvironment characteristics, and optimization of immunotherapy strategies.
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Introduction

Lung cancer is the most common malignancy and the most leading cause of cancer-related mortality worldwide. Non-small cell lung cancer (NSCLC) accounts for about 80%~85% of the total lung cancer population. Metastasis is a primary driver of NSCLC-related mortality, with the liver representing frequently involved organ. According to epidemiological studies, the incidence of NSCLC liver metastases is about 4%. The prognosis of patients with liver metastases from lung cancer is poor with a median overall survival of only about 4 months (1). It would be worthwhile to explore better treatment options for these population. Checkpoint inhibitor immunotherapies bring transformative advances in cancer treatment, benefiting numerous patients. However, more and more clinical research data prove that the liver metastases population has a poor response to immunotherapy. The KEYNOTE-001 clinical study suggests that patients with liver metastases can also benefit from immune checkpoint inhibitor (ICI) therapy, but liver metastases are still an independent predictor of poor immunotherapy efficacy compared with the overall population [liver metastases vs no liver metastases progression free survival (PFS): 1.8 months vs 4.0 months, P<0.05] (2).Whether and how immunotherapy work in NSCLC patients with liver metastases is a major and unresolved challenge. How liver metastasis modulates systemic antitumor immunity and the drug resistance mechanisms of the liver immune microenvironment have not been elucidated.

We systematically focused on non-small cell lung cancer patients with liver metastases, reviewed and summarized their pathophysiological mechanisms, immune microenvironment characteristics, and optimization of immunotherapy strategies.



Pathophysiological Mechanisms of Liver Metastases

The liver is composed of 80% hepatocytes and 20% non-parenchymal cells. It has unique anatomical properties. In the liver, oxygen-rich blood from the hepatic artery mixes with venous blood from the portal vein in the sinusoid. Liver metastases in different tumors are influenced by multiple factors, such as blood flow patterns, tumor stage, and tumor histological subtype. The occurrence of liver metastases from lung cancer is usually thought to be caused by tumor cells through the portal venous circulation to seed the liver primarily. There are of course other factors, such as the seed and soil hypothesis related to histocompatibility and homing mechanisms (3). It is generally believed that liver metastases are mainly divided into four stages as circulating tumor cells enter the hepatic sinusoids, including a microvascular phase; an extravascular/pre-angiogenic phase; an angiogenic phase; a Growth phase.


Microvascular Phase

At this stage, circulating tumor cells pass through the portal vein into the sinusoidal. First confronted with liver-specific defense mechanisms, tumor cells encounter Kupffer cells (KCs), natural killer cells (NKs), and liver sinusoidal endothelial cells. Immune cells will kill it and cause it to die.

Kupffer cells can cause transient hepatic sinusoidal blood flow blockage by phagocytosing cancer cells, and the inflammatory response triggered by ischemia-reperfusion injury can further activate KC and release a variety of cytokines [such as interleukin-1 (IL-1), interleukin-6 (IL-6)] and chemokines (such as macrophage-inflammatory protein-2 (MIP-2), monocyte chemoattractant monocyte chemotactic protein-1 (MCP-1)],thereby activating non-specific inflammatory cells such as NK cells and neutrophils, and enhancing local anti-tumor effects.

It should be noted that the local inflammatory response can induce liver sinusoidal endothelial cells (LSEC) to express key cell adhesion proteins E-selectin, P-selectin, etc., which mediate the direct adhesion of cancer cells through the interaction with receptors. such as death receptor 3.

In addition, tumor cell-platelet interactions can also lead to disruption of endothelial cell junctions, which in turn promotes their metastasis. Inhibition of platelet function may inhibit metastasis. Relevant preclinical studies have shown that aspirin reduces metastasis by inhibiting platelet COX-1 and its product TXA, but there is a certain risk of clinical complications (4).



Extravascular/Pre-Angiogenic Phase

As tumor cells extravasate from the sinusoidal microvasculature into the Disse space, hepatic stellate cells (HSCs) are activated by a pro-inflammatory cascade that begins at the microvascular stage (5).At the same time, HSCs produce extracellular matrix (ECM) proteins, including fibronectin, collagen, laminin, and more. HSCs produce growth factors such as TGFβ and pro-angiogenic factors such as VEGF and angiopoietin 1, and release chemokines and cytokines to recruit inflammatory or immune cells (6).KCs and neutrophils secrete matrix metalloproteinases (MMPs) and elastases, and ECM proteins and ECM-degrading proteases, including MMPs, stimulate angiogenesis by providing a scaffold for migrating endothelial and cancer cells.



Angiogenic Phase

Hypoxia inhibits tumor growth and thus requires angiogenesis to overcome the hypoxic immune microenvironment of tumors. Interactions between established niches and tumor cells are important for the induction of angiogenesis. Hypoxic cells secrete angiogenic factors, including vascular endothelial growth factor (VEGF) A. VEGF-A mediates endothelial cell migration and promotes the formation of new blood vessels. ICAM-1 expressed on LSECs promotes the secretion of IL-6, prostaglandin E2, VEGF and MMP2 by tumor cells, which in turn induces HSCs to secrete VEGFA and MMP2. These cytokines stimulated the migratory and angiogenic potential of LSECs and HSCs. A variety of cell types can aid in metastatic colonization by secreting pro-angiogenic factors.



Growth Phase

Growth of vascularized micro-metastases leads to tumor cell proliferation and establishment of clinically detectable metastases. With the release of VEGF factors, recruit innate agents that may have tumor suppressor (M1 macrophages, N1 neutrophils, NK cells) or tumor promoting (M2 macrophages, myeloid-derived suppressor cells (MDSC)) effects and adaptive immune cells, activate dendritic cells, induce T cells to interact with tumor expansion. With the formation of new blood vessels and the improvement of the hypoxic environment of the tumor, the tumor gradually develops into large metastases (7).




Liver Microenvironment


Myeloid-Derived Suppressor Cell

MDSCs originate from the immature myelocytic suppressor population of the bone marrow. Many tumor-related factors can induce the infiltration of MDSCs in the hepatic immune microenvironment, such as tumor-derived granulocyte colony-stimulating factor (G-CSF) and granulocyte/macrophage colony-stimulating factor (GM-CSF). Induction of MDSC infiltration in tumor tissue; the local hypoxic state caused during tumor cell proliferation can also promote the accumulation of MDSC in the microenvironment. MDSC can induce the enrichment and proliferation of Treg, inhibit the function of dendritic cells and NK cells, and promote the polarization of the macrophage population from M1 to M2 (7).In the liver immune microenvironment, MDSCs express galectin-9. It acts as a ligand for T-cell immunoglobulin and mucin domain 3 and induces apoptosis. Preclinical studies in hepatocellular carcinoma have shown that MDSCs may be a potential therapeutic target for hepatic immune tolerance, and the combination of MDSC-targeted inhibitors and ICI can prolong the survival rate of hepatocellular carcinoma mice (8, 9).In a recently published data showing that MDSC infiltration and CD8+ T cell infiltration are independent predictors of recurrence-free survival and overall survival, respectively, and high MDSC infiltration is associated with poor clinical outcomes in patients with hepatocellular carcinoma, further suggesting that MDSCs play a role in The liver microenvironment may play an inhibitory role, and targeting this immune cell target may be a promising development direction for immunotherapy drugs (10, 11).



Tumor-Associated Macrophages

TAMs originate from monocytes in the blood, and they are recruited to tumors by cytokines secreted by tumor cells or interstitial cells. Chemokine CCL2, CCL5, and CCL7 are all important factors involved in recruitment (12). The development of new drugs for chemokines is also a promising direction for anti-tumor therapy. TAM can be divided into M1 type activated by IFN-α/β or IFN-γ and M2 type activated by IL-4/IL-10 according to different activation pathways. M1-type TAMs produce anti-tumor factors TNF-α and NO, stimulate T cells to induce activation and play an anti-tumor immune response. M2-type TAMs can produce tumor-promoting factors such as IL-6 and VEGF, MMP-2, MMP-7 to promote angiogenesis, thereby promoting tumorigenesis (13, 14).The ratio of M1/M2 TAMs varies among individuals and in different immune microenvironments. In clinical studies of hepatocellular carcinoma, it was found that low presence of CD86+ TAM and high presence of CD206+ TAM in hepatocellular carcinoma tumor tissue were associated with advanced clinical stage, poor overall survival (OS) and increased time to recurrence (TTR) significantly correlated, implying a worse prognosis (1).While cell-derived Wnt ligands stimulate M2-like cells to induce TAM polarization through the Wnt/β-catenin pathway, blocking Wnt signaling in cancer cells or Wnt/β-catenin pathway activation in TAM may be a feasible research direction in the future (14–17).



Regulatory T cells

Tregs play an important role in the immune microenvironment of the liver. It has been a hot research topic in recent years about how it functions in the microenvironment, how it infiltrates and metastasizes to tumor sites, and how it mediates immune tolerance.Foxp3+ Tregs can suppress deleterious immune responses and, under normal physiological conditions, prevent autoimmunity by downregulating IL-2, releasing adenosine, and secreting immunosuppressive cytokines including TGF-β, IL-10, and IL-35,which regulate the immune response, thereby inhibiting the occurrence of autoimmune diseases (18, 19).On the other hand, Tregs suppress protective immune responses against invading pathogens or tumors, leading to further disease progression. In previous studies, Tregs characterized by CD25 and FoxP3 expression were found to be potent mediators of immunosuppression in the tumor immune microenvironment, and their presence in the TME was associated with increased metastasis and poor outcome in many malignancies (20, 21).Interaction of T cell receptors (TCRs) with IL-10 and TGF-β signaling promotes the infiltration of Tregs into the tumor microenvironment by modulating the CCL6/CCL20 axis (22). In hepatocellular carcinoma, tumor cells secrete CCL5, CCL22 and CCL28 chemokines to mediate Treg accumulation (19). At the same time, in clinical studies of patients with hepatocellular carcinoma, it was found that the number of Treg in the immune microenvironment of patients was much higher than that of healthy controls, and the up-regulation of Treg expression was correlated with the shortening of progression-free survival of patients. Notably, Tregs express surface molecules such as CTLA-4 and PD-1, which means that they may be direct targets for ICI immunotherapy. However, reports of clinical trials of immunotherapy targeting Tregs are rare (23).



Tumor-Associated Neutrophil

As the most abundant circulating white blood cells in human blood, neutrophils are considered to be the first line of defense in innate immune defense (24). TAN is generally believed to be differentiated from MDSCs and is considered to be one of the emerging targets of various cancer types in the tumor immune microenvironment. Inhibiting the recruitment and activity of neutrophils may improve the tumor microenvironment and play a therapeutic role (25). In the immune microenvironment of NSCLC, myeloid cells make up 50% of tumor-infiltrating CD45+ cells and TANs make up 20% of CD45+ cells. A retrospective analysis of clinical data found that in patients with advanced metastatic disease, the pretreatment neutrophil-to-lymphocyte ratio was associated with shorter OS and PFS, predicting a worse prognosis (26). This also suggests that TAN may be a potential prognostic biomarker. TAN can generally be divided into two cell subtypes, N1 and N2. N1 TANs can increase tumor cytotoxicity, increase the secretion of immune-activating cytokines, and mainly exert anti-tumor effects. N2 TANs can promote angiogenesis and tumor cell proliferation, and secrete tumor necrosis factor TNFα, epidermal growth factor to play a tumor-promoting role (27). In the early stages of tumor development, N1 TANs predominate, while N2 TANs accumulate gradually as the tumor progresses. The differentiation of different subtypes of TAN may be affected by transforming growth factor β, but the specific mechanism has not been clearly explored. In the TME, TAN can promote or inhibit tumor development by regulating cell growth factors. In hepatocellular carcinoma, tumor cells and TAN work together to activate neutrophils in peripheral blood of patients, secrete chemokine CC motif ligand 2 (CCL2) and chemokine CC motif ligand 17 (CCL17), and then promote tumor growth, proliferation, and macrophage growth. The infiltration of phagocytes and Treg in tumors ultimately promotes tumor growth. The differentiation of TAN can be regulated by regulating cytokines and chemokines in the immune microenvironment, so that it mainly plays an anti-tumor effect in the liver immune microenvironment (28–30).



Liver Sinusoidal Endothelial Cells

Liver sinusoidal endothelial cells (LSEC) are unique cells in the liver microenvironment. It expresses major histocompatibility complex I (MHC I) and II (MHC II) proteins, co-stimulatory molecules CD40, CD80, CD86, and plays a major role in the clearance and antigen presentation in the immune microenvironment of the liver (31). Its main function is to remove blood-borne wastes from the systemic circulation and digestive tract through filtration and endocytosis (32). Under some pathological conditions, LSECs undergo capillarization by losing their fenestration and developing a basement membrane (33). At the same time, capillarized LSECs will release PDGF and decreased expression of vasoprotective Kruppel-like factor 2 to active of liver stem cells which can give rise to tumor cells after malignant transformation (34). LSEC presents exogenous antigens to CD8+ T cells in the form of MHC I molecules, and the functions of CD8+ T cells activated by LSEC are mostly inhibited. Preclinical studies in mice have found that CD8+ T cells activated by LSEC do not secrete interleukin-2 (IL-2), and exogenous supplementation of IL-2 can relieve the immune tolerance of T cells., activating the immune microenvironment, which may be one of the mechanisms responsible for the special immune microenvironment of the liver (35).



Cytokines

The immune microenvironment of liver metastases from non-small cell lung cancer is also affected by the joint action of multiple cytokines.

IL-6 is a pleiotropic cytokine that can bind to cell surface-expressed IL-6 receptors or form complexes with soluble IL-6 receptors, which signal to gp130, termed “IL-6 trans- Signaling”. IL-6 is up-regulated in a variety of tumors, and exerts both pro- and anti-inflammatory functions in the immune microenvironment, depending on the cell type and at different stages (36, 37).Inhibition of IL-6 and STAT3 signaling pathways accelerates tumor development in mice with hepatocellular carcinoma in preclinical studies in hepatocellular carcinoma. Depleting IL-6 and STAT3 signaling resulted in an accumulation of hepatic steatosis, macrophage recruitment, and increase of hepatocyte proliferation (38).However, there are also different preclinical findings showing that macrophages release IL-6 receptors to induce IL-6 trans-signaling, IL-6 trans-signaling inhibits p53-mediated cell death and activates β-catenin Signaling pathway promotes hepatocellular carcinoma progression in mice (39). Targeted deletion of IL-6 in macrophages reduced the incidence of spontaneous liver cancer by disrupting the IL-6/STAT3 axis, promoting cell proliferation and cell death resistance (40).

TGF-β plays different roles at different stages of the liver tumor immune microenvironment. In the process of tumor occurrence and development, it often plays an anti-tumor effect at the initial stage, but plays a tumor-promoting function after the tumor colonization progresses (41).Results of a preclinical study showed that blocking TGFβ signaling sensitized tumors to anti-PD-1-PD-L1 therapy in colon cancer mice with liver metastatic disease. Increased TGFβ in the tumor microenvironment promotes T cell rejection and prevents the development of the TH1 effector phenotype, further creating an immune tolerance microenvironment. Inhibition of TGFβ unleashes a potent and durable cytotoxic T-cell response against tumor cells, preventing metastasis (42). Overexpression of Smad3, a downstream target of TGF-β, inhibits tumor growth by downregulating the anti-apoptotic protein Bcl-2. TGF-β also plays an inhibitory role in inducing tumor cell senescence by promoting the accumulation of Nox4 and reactive oxygen species (ROS). SMAD4 is also an essential molecule in the TGF-β signaling pathway. It has been reported that up to 62% of colorectal cancer patients with liver metastases have SMDA4 downregulation (43–45).

Overall, the tumor immune microenvironment of non-small cell lung cancer liver metastases is mediated by the interaction of different types of cells and intricate cytokines and related pathways. As the tumor continues to grow, various components of the immune microenvironment will interact with tumor cells to disrupt the balance: for example, CAF, LSECs and myeloid cells secrete growth factors to promote tumor growth and migration; TAM and TAN interact with each other. The effect leads to the depletion of T and NK cells, which together lead to the formation of an immune tolerance microenvironment in the liver. By understanding the roles played by various cells and factors in the tumor immune microenvironment, it will help to better understand the formation of the immune tolerance microenvironment, and help to find suitable therapeutic targets or pathways to improve the immune microenvironment of liver metastases.




Immunotherapy Strategy Optimization

Tumeh et al. reported a result in 2017 that in a population of melanoma and NSCLC patients treated with the anti-PD-1 antibody pembrolizumab, immunotherapy in patients with liver metastases was less effective than those without liver metastases [PFS: 5.1 months vs 20.1months, objective response rate (ORR): 30.6% vs 56.3%, P<0.0001] (46) Liver metastases are associated with reduced CD8+ T cell density at the margins of infiltrating tumors(liver metastases group mean count 547, non-liver metastases group, mean count 1,441; P < 0.016), which may account for the poor response to immunotherapy. Analysis of the Phase 1 CA209-003 trial in 2019, reported in a population that included patients with melanoma, renal cell carcinoma, and non-small cell lung cancer, the presence of liver metastases was independently associated with reduced likelihood of survival at 5 years[odds ratio (OR)= 0.31; 95% CI, 0.12-0.83; P =0 .02] (47) But it is worth noting that KEYNOTE001 clinical study suggests that patients with liver metastases may also benefit from ICI therapy. However, liver metastases remained an independent predictor of poor immunotherapy response compared with the overall population. Patients with liver metastases have shorter progression-free survival compared to those without liver metastases (1.8 months vs 4.0 months, P<0.05.) These evidences demonstrate that the liver metastases population is less responsive to immunotherapy relative to the general population (2).

Considering the poor efficacy of immune monotherapy for liver metastases which has also been validated in other solid tumors, it may be worth looking forward to actively exploring immune combination therapy.



Immunotherapy Combined With Chemotherapy

The KEYNOTE-189 clinical study compared chemotherapy with pembrolizumab or placebo in patients with metastatic NSCLC. A subgroup analysis of 115 patients with liver metastases found that pembrolizumab combined with chemotherapy significantly prolonged the median OS of patients compared with chemotherapy combined with placebo (12.6 months vs 6.6 months, P<0.001). However, the HR for OS in the two groups with liver metastases (HR=0.62, 95%CI: 0.39-0.98) was similar to that in the group without liver metastases (HR=0.58, 95%CI: 0.45-0.74) (48).

One meta-analysis included 4 studies comparing immune checkpoint inhibitors combined with platinum-based doublet chemotherapy in NSCLC (49).The results showed that a significant PFS prolongation was observed in a subgroup of non-squamous NSCLC patients with liver metastases [HR = 0.63 (0.44–0.89)].But considering heterogeneity between studies as high as I2 = 57%. Further analysis found that two studies of atezolizumab in combination with chemotherapy showed a more significant response in this population [HR = 0.85 (0.61–1.19)]. It was inferred that in NSCLC patients with liver metastases, atezolizumab may prolong PFS. Another Meta-analysis evaluated the effect of PD-1/PD-L1 inhibitor combined with chemotherapy on the first-line treatment effect of lung cancer patients with liver metastases which included 8 randomized controlled clinical studies. The results showed that PD-1/PD-L1 inhibitor combined with chemotherapy can reduce the risk of tumor progression (HR=0.60, 95% CI: 0.55-0.65) and the risk of death (HR=0.71, 95% CI: 0.58-0.90) (50).



Combination of Immunotherapy and Anti-Tumor Angiogenesis

A retrospective study reported in World Conference on Lung Cancer(WCLC) in 2021 evaluating the outcomes of the IMpower150 regimen (atezolizumab + bevacizumab + carboplatin + paclitaxel) in patients with stage IV non-squamous NSCLC (Abstract No: P16. 02), of the 54 patients with stage IV NSCLC included, 23 (43%) patients had liver metastases at baseline. The ORRs for the liver metastases population and the overall population were 61% and 58%, respectively. The overall population PFS was 5.1 months and overall survival was 8.3 months.

Meanwhile, in the IMpow150 study, the first-line treatment of metastatic NSCLC patients without chemotherapy, it was found that ABCP group(atezolizumab + bevacizumab + carboplatin + paclitaxel)was significantly better than BCP group(bevacizumab + carboplatin+paclitaxel)significantly prolonged the OS of patients (19.5 months vs 14.7 months, P=0.01, HR=0.80, 95% CI: 0.73-0.95). The analysis of liver metastasis subgroup showed that the OS of the ABCP group was 4.1 months longer than that of the BCP group (13.2 months vs 9.1 months, P<0.01, HR=0.67, 95% CI: 0.45-1.02). In general, the four-drug combination regimen of ABCP can benefit for patients with advanced NSCLC. For the subgroup of liver metastases, considering the limited sample size, further studies with larger sample sizes are expected in the future (51).

A retrospective study investigated the efficacy and safety of anti-PD-1 combined with anlotinib in patients with advanced non-small cell lung cancer after failure of prior systemic therapy. For the overall patients, the median PFS was 6.9 months (95% CI 5.5–8.3 months), and median OS was 14.5 months (95% CI, 10.9–18.1 months). The patients with liver metastasis had a mPFS of 6.9 months and a mOS of 11.9 months (51). It is worth noting that this study had no control group and there were differences in the use of immune checkpoint inhibitors, so the results need to be further corroborated by a larger randomized controlled cohort study.



Immunotherapy Combined With Radiotherapy

Preclinical studies have shown that in subcutaneous tumor models, radiation therapy and immunotherapy can synergistically contribute to the improvement of ICI efficacy (52, 53).

A study in Nature Medicine reports that liver-directed radiation therapy can reshape the liver immune microenvironment and restore the effects of immunotherapy in models of liver metastases. In a retrospective study of clinical cohorts, the researchers found that the presence of liver metastases at baseline was associated with a diminished response to immunotherapy, but not targeted therapy and chemotherapy. Mouse models further demonstrate that liver metastasis recruits and polarizes monocyte-derived macrophages, promotes systemic loss of antigen-specific T cells, and modulates immune function by altering the hepatic immune microenvironment. In contrast, liver-directed radiotherapy increased hepatic T-cell infiltration, decreased hepatic myeloid numbers, and decreased the ratio of CD11b+F4/80+ myeloid/CD8+ T cells; in addition, combination therapy Enhanced therapeutic effect on Ki67+, gamma-interferon and granzyme B+ cd8 T cells. These studies demonstrate that liver-directed radiation therapy can simultaneously block the myeloid components of immunosuppression, stimulate liver T-cell immunity, reshape the immune microenvironment, and restore the antitumor effect of immunotherapy (54)

Tumor irradiation can increase antigen expression and exposure, and has been found to increase T cell repertoires in preclinical models and patients (55). Radiation therapy can act as an immune adjuvant by inducing the formation of tumor micronuclei, generating cytoplasmic DNA, and causing lipid oxidation that stimulates immune responses (56). Preclinical studies have shown that mice receiving local radiotherapy in the liver have a higher proportion of T cells inducible T-cell costimulatory (ICOS), glucocorticoid-induced tumor necrosis factor receptor (GITR) and LAG3 CD8+ T cells and CD4+ T cells expressing 4-1BB, GITR and TIM-3 also expressed higher levels of PD-1/PD-L1 on the tumor cell surface, to promote systemic anti-tumor immunity (57–59).

A clinical study in solid tumors, including NSCLC, investigating the efficacy and safety of the anti-CTLA-4 antibody ipilimumab and SBRT. Results of the study found that SBRT targeting a single disease site in the lung or liver and administered concurrently or sequentially with ipilimumab resulted in partial responses or stable disease lasting ≥6 months in 23% of patients (60).

The PACIFIC study (61)aimed at patients with stage III NSCLC and explored the efficacy of receiving ICI as a consolidation regimen after concurrent chemoradiotherapy. The results showed that durvalumab could significantly improve the median PFS of patients compared with placebo (16.8 months vs 5.6 months, HR=0.68, 95% CI:0.469~0.997, P=0.00251).

The combination of radiotherapy and immunotherapy has certain clinical prospects for non-small cell lung cancer. However, the optimal timing and sequence of using this combination requires further exploration. At present, relevant clinical studies are in progress, and the follow-up data are expected to be released.



Summary and Outlook

Non-small cell lung cancer patients with liver metastases, as a special population of advanced lung cancer, have the characteristics of poor immunotherapy. At the same time, there are limited clinical studies on this special population, and it is difficult to explore suitable immunotherapy methods through subgroup analysis in large clinical studies. By reviewing preclinical research, summarizing the pathophysiological mechanisms of non-small cell lung cancer liver metastases, and in-depth study of the mechanisms of different immune cells in the liver immune microenvironment are of great significance for the development of new therapeutic strategies for patients with liver metastases. The tumor microenvironment has important implications in determining the fate of antitumor immune responses. The special and complex immune tolerance microenvironment of the liver is closely related to the diverse immune cell populations in the microenvironment. Cell populations may play different roles in different stages of tumorigenesis and development. At the same time, cells are also affected and interacted by cytokines, chemokines, etc. At present, the research on the immune microenvironment of the liver has relatively in-depth research in the population of hepatocellular carcinoma and colorectal cancer liver metastases, and the microenvironment research on the specific population of lung cancer liver metastases is very limited. We tried to summarize the possible roles and mechanisms of immune cells in the microenvironment reported in preclinical studies, which is conducive to further exploration of lung cancer patients with liver metastases.

At the same time, immunotherapy has brought hope of long-term survival to patients with advanced lung cancer. It is of great significance to seek a possible combination therapy in view of the clinical status of the poor effect of immune monotherapy in patients with liver metastases from non-small cell lung cancer. We summarized the clinical related research progress of immune combined chemotherapy, immune antivascular therapy, and immune radiotherapy. In general, atezolizumab combined with bevacizumab can significantly improve the survival benefit of patients with liver metastases from NSCLC, and it is expected to become a new standard first-line treatment treatment solutions. Immune combined radiotherapy may also be a more suitable regimen for patients with liver metastases. In general, in the future, the synergistic and antagonistic effects of different treatment regimens should be considered from the mechanism, the optimal timing and immunotherapy regimens should be explored, and immunotherapy strategies should be optimized to seek to better improve the prognosis of this population, so that this population Can also benefit from immunotherapy.

In conclusion, more efforts should be made to understand the biological information of the immune microenvironment in the NSCLC population with liver metastases, and more clinical studies should be conducted to help develop better treatment strategies and maximize the effectiveness of immunotherapy in this population. curative effect.
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Background

Although immune checkpoint inhibitors (ICIs) generally show poor therapeutic efficacy in patients with epidermal growth factor receptor (EGFR) mutations, certain research indicate that a small proportion of these patients do respond to ICIs. The present study sought to identify the features of patients with EGFR mutations who might benefit from ICIs from multiple studies and discussed the optimal treatment paradigm for advanced non-small cell lung cancer (NSCLC) patients with EGFR mutations.



Methods

The profiles of 114 advanced NSCLC patients with EGFR mutations who received ICIs treatment were retrospectively reviewed. EGFR subtypes, programmed cell death ligand 1 (PD-L1) expression, and clinical characteristics regarding their impact on the efficacy of ICIs were investigated.



Results

Patients with major EGFR mutations (L858R or 19Del) had a shorter progression-free survival (PFS) and a lower objective response rate (ORR) as compared to patients with rare (20ins or G719X) and other EGFR mutations. Although not statistically significant, median overall survival (OS) tended to be longer in patients with negative (<1%) PD-L1 expression than with positive (≥1%) PD-L1 expression (15.61 vs. 7.40 months, p = 0.138). Median PFS and OS were significantly shorter in heavily treated patients (prior lines of therapy ≥3 lines vs. <3 lines: mPFS, 1.80 vs. 2.50 months, p = 0.003; mOS, 6.70 vs. 14.00 months, p = 0.031). ORR was also lower in patients who had received ≥3 prior lines of therapy compared to in those <3 prior lines of therapy (0.00% vs. 21.67%, p = 0.002).



Conclusion

Patients with major EGFR mutations showed poorer responses to ICIs than those with rare EGFR mutations. EGFR-mutated patients with lower PD-L1 expression showed a trend towards a longer OS after receiving ICIs. ICIs should be administered as early as possible to previously treated EGFR-mutated NSCLC patients. ICI-based combined therapies may be a direction for treatment of these patient subtypes in the future.
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Introduction

According to GLOBOCAN 2020, lung cancer is the second most frequently diagnosed cancer worldwide and remains the leading cause of cancer deaths (1). In China, lung cancer remains the most common type of cancer, being responsible for 0.72 million deaths in 2020 (2). Epidermal growth factor receptor (EGFR) gene mutations are the most common driver gene alterations in Asian patients with lung adenocarcinoma, with an overall mutation frequency of 51.4% (3). EGFR-tyrosine kinase inhibitors (TKIs) have dramatically improved the survival of patients harboring EGFR mutations. For example, the first-generation EGFR-TKIs gefitinib was shown to significantly improve 12-month rates of progression-free survival (PFS) compared with platinum-containing chemotherapy (24.9% vs. 6.7%) in the Iressa Pan-Asia Study (IPASS) (4). Second-generation EGFR-TKIs, such as afatinib and dacomitinib, not only showed longer PFS and a higher objective response rate (ORR) than chemotherapy but also had better therapeutic efficacy in patients with rare EGFR mutations (such as G719X and L861Q) (5). First- and second-generation TKIs showed a median PFS (mPFS) of 9–13 months. As for third-generation TKIs, the FLAURA study revealed that osimertinib increased patients’ mPFS to 18.9 months (6). In addition to the success of EGFR-TKI monotherapy, combined treatments including these agents have also demonstrated survival improvements (7). Consequently, EGFR-TKIs are the recommended first-line standard treatment for EGFR-mutated NSCLC. However, almost all patients will develop resistance to EGFR-TKIs, eventually leading to disease progression (8). It is therefore of great importance to seek further treatment strategies.

Compared with EGFR-TKIs, immune checkpoint inhibitors (ICIs) have shown promising antitumor effects in non-small cell lung cancer (NSCLC) and are considered to have long-term responses that can potentially lead to cure (9–13). Unfortunately, ICIs showed limited benefits in EGFR-mutated patients compared to those who were EGFR wild type (14, 15). However, the ATLANTIC trial, a phase II single-arm study, showed that EGFR-mutant patients with ≥25% programmed cell death ligand 1 (PD-L1) expression had higher ORR and encouraging medium overall survival (mOS) when treated with durvalumab, a PD-L1 inhibitor, suggesting that a subgroup of patients with EGFR mutations may benefit from ICIs (16, 17). Few studies to date have assessed the efficacy of ICIs in patients with EGFR mutations, especially the application of ICIs alone [anti-PD-1 or anti-PD-L1, with or without cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) blockade]. Most clinical studies on ICIs in patients harboring EGFR mutations are ICI-based combined therapies (with chemotherapy or chemotherapy plus anti-angiogenic therapy).

The present study was designed to investigate the efficacy of ICIs in patients with EGFR-mutated NSCLC. Our study, with a relatively large sample size, collected 114 patients with EGFR-mutated NSCLC who were treated with ICIs alone from three previous studies. Analysis of this patient population may better clarify the characteristics of NSCLC patients with EGFR mutations who could benefit from ICIs.



Materials and methods


Study design and patient population

In our study, data from EGFR-mutated NSCLC patients receiving ICIs (anti-PD-1 or anti-PD-L1, with or without anti-CTLA-4) were collected, and 114 patients with PD-L1 expression were finally identified from three studies. The flow chart in Figure 1 shows the details of patient collection. Data from the OAK trials were obtained from the original study (18). Data on patients treated at Memorial Sloan Kettering Cancer Center (MSKCC) were downloaded from cBioPortal (19). Data on NSCLC patients with EGFR mutations treated with PD-(L)1 blockade therapy at Yale Cancer Center, MSKCC, the University of California Los Angeles, and Dana Farber Cancer Institute were obtained from the original study by Hastings et al. (20). Major EGFR mutations included L858R and exon 19 deletions (19Del), whereas rare EGFR mutations included exon 20 insertions (20ins) and G719X. Patients with both major and rare or other EGFR mutations were classified as having major EGFR mutations.




Figure 1 | Patient selection. Epidermal growth factor receptor (EGFR) mutated non-small cell lung cancer patients treated with immune checkpoint inhibitors from OAK, Memorial Sloan Kettering Cancer Center (MSKCC), and Hastings et al. cohorts were selected (n = 229). A total of 114 patients who had the information of programmed cell death ligand 1 (PD-L1) expression were included.





Study outcomes

The outcomes included PFS, overall survival (OS) and ORR. The definition of PFS and OS among the three included studies were consistent. PFS was defined as the time from the initiation of ICIs treatment to the day of disease progression or death from any cause, and OS was defined as the time from the initiation of ICIs treatment to death from any cause. ORR was defined as the proportion of patients who achieved complete response (CR) and partial response (PR). CR and PR were assessed according to Response Evaluation Criteria in Solid Tumors (RECIST) version 1.1 criteria in all three included studies.



Statistical analysis

PFS and OS were visualized using Kaplan–Meier curves, and differences between groups were analyzed using the log-rank test. ORR across different groups were compared using Fisher’s exact tests. Chi-square tests were utilized to compare clinical variables in patients subcategorized by their PD-L1 expression levels. Log-rank test and Cox regression for univariate and multivariate analyses were used to assess risk factors for PFS in 114 EGFR-mutated patients receiving ICIs. Statistical analyses were performed using the SPSS 26.0 software package and GraphPad Prism 9.0.0, with a two-sided p-value < 0.05 considered statistically significant.




Results


Clinical characteristics of NSCLC patients with EGFR mutations

A retrospective review of patients in the three studies identified 229 EGFR-mutated patients who were treated with ICIs. PD-L1 expression was assessed in 114 of these patients; their demographic and clinical characteristics are shown in Table 1. Of these 114 patients, 56 (49.1%) were smokers, and 109 (95.6%) had received previous treatment before ICIs, with only five (4.4%) being treatment naive. Fifty-seven (50.0%) patients were positive for PD-L1 expression (≥1%), including 14 (12.3%) with high (≥50%) PD-L1 expression.


Table 1 | Patients’ characteristics.





Associations between the efficacy of ICIs and EGFR subtypes

The associations of EGFR and T790M status with the efficacy of ICIs was investigated. Of the 114 included patients, 70 (61.4%) had major EGFR mutations; 22 (19.3%) had rare EGFR mutations, including 13 (11.4%) with 20ins and 9 (7.9%) with G719X mutations, and 14 (12.3%) had other mutations of unknown significance (Figure 2A). In addition, 35 (30.7%) patients were T90M positive (Figure 2B).




Figure 2 | Efficacy of immune checkpoint inhibitors on distinct epidermal growth factor receptor (EGFR) subtypes. (A) Percentage of patients with non-small cell lung cancer containing major, rare, and other EGFR mutations. Major EGFR mutations include L858R and 19Del, and rare mutations include 20ins and G719X. (B) Percentage of patients according to T790M status. (C–E) Progression-free survival (PFS) (C), overall survival (OS) (D), and objective response rate (ORR) (E) in patients harboring major, rare, or other EGFR mutations. (F–H) PFS (F), OS (G), and ORR (H) in patients harboring EGFR T790M or negative for EGFR T790M. *Primary T790M mutation.



The associations between the efficacy of ICIs and the types of EGFR mutations were assessed by determining PFS, OS, and ORR in NSCLC patients with major, rare, or other EGFR mutations. Median PFS was significantly shorter in patients with major than with rare or other EGFR mutations (major vs. rare vs. others: mPFS, 1.82 vs. 2.50 vs. 3.26 months, p = 0.037) (Figure 2C). However, median OS did not differ significantly in these three subgroups (Figure 2D). In addition, ORR tended to be lower in patients with major than with rare or other EGFR mutations (10.94% vs. 25.00% vs. 37.50%, p = 0.067) (Figure 2E). In comparison of patients with major EGFR mutations, L858R and 19Del showed no statistically significant differences in PFS, OS, and ORR (Supplementary Figures 1A–C).

Furthermore, we analyzed the efficacy of ICIs according to T790M status. Results showed that neither PFS nor OS in response to ICIs treatment differed significantly between T790M-positive and T790M-negative patients, although ORR was significantly higher in T790M-negative than in T790M-positive patients (21.86% vs. 3.03%, p = 0.017) (Figures 2F–H).



Relationship between PD-L1 expression and the efficacy of ICIs

PD-L1 expression was the most widely used biomarker that was closely related to efficacy of ICIs, especially for advanced NSCLC patients with EGFR wild type. Therefore, the relationship between the expression of PD-L1 and the efficacy of ICIs in EGFR-mutated patients was evaluated. Gender, age, and smoking history did not differ in patients with tumors negative (<1%), medium (1–49%), and high (≥50%) for PD-L1 expression, with EGFR status and T790M status also being similar in these patient subgroups (all p > 0.05, Table 2).


Table 2 | Risk factors analysis of PD-L1 expression in EGFR-mutated patients.



In the overall EGFR-mutated population, the median PFS (2.10 vs. 1.90 months, log-rank p = 0.785) was not different between groups of PD-L1 <1% patients and PD-L1 ≥1% patients (Figure 3A). The median OS of PD-L1 <1% patients was longer than that of PD-L1 ≥1% patients although not statistically significant. To be specific, the mOS was 15.61 months in PD-L1 <1% patients and 7.40 months in PD-L1 ≥1% patients (log-rank p = 0.138) (Figure 3B). ORR (PD-L1 <1% vs. ≥1%; ORR, 12.00% vs. 18.00%, p = 0.577) did not differ (Figure 3C). The same tendency was observed in patients with major EGFR mutations, with the median OS being longer in those with PD-L1 negative (<1%) than positive (≥1%) expression (18.70 vs. 7.10 months, log-rank p = 0.082). There was no statistical difference in PFS and ORR between the two subgroups (PD-L1 <1% vs. ≥1%; mPFS, 2.10 vs. 1.60 months, log-rank p = 0.471; ORR, 11.76% vs. 10.00%, p = 1.000) (Figures 3D–F). In addition, PD-L1 was not predictive of ICIs efficacy in patients harboring rare or other EGFR mutations (Figures 3G–I).




Figure 3 | Effects of programmed cell death ligand 1 (PD-L1) expression on the efficacy of immune checkpoint inhibitors (ICIs). (A–C) The effect of PD-L1 expression (PD-L1 < 1% vs. PD-L1 ≥ 1%) on the progression-free survival (PFS) (A), overall survival (OS) (B), and objective response rate (ORR) (C) for all patients receiving ICIs. (D–F) The effect of PD-L1 expression (PD-L1 < 1% vs. PD-L1 ≥ 1%) on the PFS (D), OS (E), and ORR (F) for patients with major mutations receiving ICIs. (G–I) The effect of PD-L1 expression (PD-L1 < 1% vs. PD-L1 ≥ 1%) on the PFS (G), OS (H), and ORR (I) for patients with rare or other mutations receiving ICIs. (J–L), The effect of PD-L1 expression (PD-L1 < 1% vs. PD-L1 ≥ 1%) on the PFS (J), OS (K), and ORR (L) for patients with T790M receiving ICIs.



As for patients with EGFR T790M mutations, the most common mechanism for acquired TKIs resistance, the median PFS was longer in patients with PD-L1 <1% compared with those with PD-L1 ≥1% (2.10 vs. 1.61 months, log-rank p = 0.089) (Figure 3J). A similar trend was observed for mOS (PD-L1 < 1% vs. ≥ 1%: 15.61 vs. 10.70 months, log-rank p = 0.118) (Figure 3K). ORR (PD-L1 <1% vs. ≥1%; ORR, 4.76% vs. 0.00%, p = 1.000) did not differ (Figure 3L). However, PFS, OS, and ORR did not differ between patients with low (<50%) and high (≥50%) PD-L1 expression, a finding likely due to the limited number of patients with high PD-L1 expression (Supplementary Figures 2A–L).



Relationships between patients’ clinical characteristics and the efficacies of ICIs

The influence of clinical characteristics, including gender, age, smoking history, and treatment options (monotherapy or combination therapy), on the efficacy of ICIs was evaluated. Univariate and multivariate analyses showed that none of these variables was a risk factor for PFS (all p > 0.05, Table 3).


Table 3 | Univariate and multivariate analyses of each factor’s ability in predicting PFS for 114 EGFR-mutated patients receiving ICIs.



The effect of prior therapy, an important clinical feature, on the efficacy of ICIs in NSCLC patients with EGFR mutations was also analyzed. As EGFR-TKIs have been the first choice for most patients with EGFR mutations, only 5 (4.4%) of the 114 patients were treatment naive. Thus, we focused on patients who had received treatment before. For all patients, median PFS (2.50 vs. 1.80 months, log-rank p = 0.003) and OS (14.00 vs. 6.70 months, log-rank p = 0.031) were significantly longer in those receiving <3 prior lines of treatment compared to those receiving ≥3 prior lines of treatment (Figures 4A, B). ORR was also significantly higher in patients who had received <3 than ≥3 prior lines of treatment (21.67% vs. 0.00%, p = 0.002) (Figure 4C). Similar findings were observed in patients with major EGFR mutations, with median PFS (2.05 vs. 1.60 months, log-rank p = 0.059) and OS (18.79 vs. 6.70 months, log-rank p = 0.006) being longer in patients who had received <3 than ≥3 previous lines of treatment (Figures 4D, E). ORR was higher in patients who had received <3 than ≥3 prior lines of treatment (18.92% vs. 0.00%, p =0.035) (Figure 4F). A similar trend was observed in patients with rare mutations and those with T790M mutations, although these differences were not statistically significant (Figures 4G–L).




Figure 4 | Effects of prior lines of therapy on the efficacy of immune checkpoint inhibitors. (A–C) In all patients, progression-free survival (PFS) (A), overall survival (OS) (B), and objective response rate (ORR) (C) of patients with 1–2 or ≥ 3 lines of therapy. (D–F) In patients harboring major mutations, PFS (D), OS (E), and ORR (F) of patients with 1–2 or ≥3 lines of therapy. (G–I) In patients harboring rare or other mutations, PFS (G), OS (H), and ORR (I) of patients with 1–2 or ≥3 lines of therapy. (J–L) In patients harboring T790M, PFS (J), OS (K), and ORR (L) of patients with 1–2 or ≥3 lines of therapy.



Sequence of treatment is also of importance. To assess the influence of treatment sequence, the effect of ICIs used prior to EGFR-TKIs on clinical outcomes was analyzed. Of the 114 patients in the study cohort, 18 (15.8%) received ICIs before EGFR-TKIs, including 5 (4.4%) who were treatment naive, which meant that they received ICIs as the first-line treatment. Only two of the five treatment-naive patients achieved PR, and both were rare mutations (one with 20ins and the other with G719). Of the 13 other patients who were not treatment naive, 3 achieved PR, harboring 20ins, G719, or L858R mutations, respectively (Supplementary Table S1).




Discussion

Although ICIs have been found to significantly prolong the survival of advanced NSCLC patients harboring wild-type EGFR, their benefits are limited in NSCLC patients with EGFR mutations (21, 22), with some of these patients even developing hyper-progressive disease (HPD) in response to ICIs treatment (23). Some NSCLC patients with EGFR mutations, however, do have response to ICIs, but the characteristics of the potential beneficial population remain obscure. Recognizing that most existing studies included small numbers of patients treated at single center, the present study pooled data from several previous studies and analyzed the characteristics of EGFR-mutated patients who benefited from ICIs.

In agreement with previous results (24–26), the present study found that patients with major EGFR mutations had a poorer response to ICIs than patients with rare EGFR mutations. A possible explanation may be that NSCLC with rare EGFR mutations had higher levels of PD-L1 expression and more abundant CD8+ tumor-infiltrating lymphocytes (TILs) infiltration (27). In addition, research by Dong et al., based on the analysis of the Cancer Genome Atlas cohort and the Guangdong Lung Cancer Institute cohort, showed that tumor mutation burden was significantly lower in patients with treatment-sensitive EGFR mutations than in patients with resistant or unknown EGFR mutations (28). However, when comparing ICIs efficacy on L858R and 19Del, our findings are inconsistent with others. A retrospective study suggested that patients with 19Del mutation have a significantly reduced benefit of treatment with ICIs (20). In our study, there was no statistical difference between L858R and 19Del in terms of PFS, OS, or ORR. An increase in the number of cases may have contributed to the discrepancy.

As for T790M status, our study suggested that T790M positivity was correlated with lower ORR, a finding in agreement with several previous studies. For example, an analysis of 25 patients found that ORR were lower in T790M-positive than in T790M-negative patients (29), and a retrospective study of 24 patients reported that the disease control rate was also lower in T790M-positive patients compared to that in T790M-negative group (25). In addition, these two studies also confirmed that T790M mutations inversely predicted the PFS following treatment with ICIs (25, 29). The IMMUNOTARGET registry study reported similar results (30). One possible reason is that T790M-negative patients had higher levels of PD-L1 expression as compared to T790M-positive patients (29). However, our study showed no statistical difference in PFS and OS between T790M-positive or T790M-negative patients. Another study with 108 patients also found that T790M status had no impact on the benefit from treatment with ICIs (20). Taken together, these controversial findings suggest that sample size can affect these results and that prospective studies involving larger numbers of patients are required to determine the impact of T790M status on the efficacy of ICIs.

To date, immunohistochemical detection of PD-L1 expression on tumor cells has been the most widely used and accepted biomarker for predicting responsiveness to PD-1/PD-L1 inhibitors (31). Multiple clinical trials have proved that higher levels of PD-L1 expression were found to correlate positively with greater benefit from ICIs in patients with advanced NSCLC (32). These results, however, were obtained mainly from patients with wild-type EGFR, with the predictive value of PD-L1 expression in patients with EGFR mutations remaining unclear. Several small retrospective studies have indicated that higher PD-L1 expression in EGFR-mutated patients was associated with longer PFS than lower PD-L1 expression (33, 34). The present study, however, found no association between PD-L1 expression and clinical variables, consistent with previous findings (35). However, contrary to expectations, our results displayed that the overall or major EGFR-mutated patients with higher PD-L1 expression showed a trend towards a shorter OS after receiving ICIs, although the results did not reach statistical significance.

Several possibilities might account for the discrepancy and why EGFR mutant patients with lower PD-L1 expression might have better responses to ICIs. First, the predictive value of PD-L1 as a vital biomarker is affected by its detection methods, including diverse immunohistochemistry platforms and antibodies, variant sample sources (archived or fresh specimens) and handing procedures (timing), and different types of cells assessed (tumor or immune cells). Second and importantly, PD-L1 expression induced by different mechanisms, even at the same level, may contribute to opposite direction of predicting effect. Host anti-tumor immunity is provoked during cancer progression, resulting in the upregulation of PD-L1 by various inflammatory factors, such as IFN-γ, as a negative feedback (36). This “acquired expression” of PD-L1 is a strong indicator of existing immunity, suggesting that ICIs could overcome the immunosuppression by blocking the PD-L1/PD-1 axis and will bring more benefit for this subgroup of patients. In contrast, in EGFR-mutated NSCLC, PD-L1 can be constructively upregulated by EGFR activation and its downstream signaling pathways, such as JAK/STAT/Ras/RAF/MEK/ERK/PI3K/AKT/mTOR (37). This “intrinsic expression” of PD-L1 does not necessarily correlate with pre-existing immune responses, such that patients with tumors positive for PD-L1 are commonly resistant to ICIs (38). The study by Gao et al. showed that overexpression of PD-1 or PD-L1 in tumor cells inhibited tumor cell proliferation, whereas blocking PD-1 or PD-L1 promoted tumor growth in vitro and in vivo (39). Thus, in the context of absent adaptive immunity, intrinsic PD-L1 expression in tumor cells could decrease tumor progression. In EGFR-mutant NSCLC, tumor microenvironment (TME) tends to be a poorly immunogenic “immune desert” phenotype (40), and thus, it could be speculated that blocking PD-1/PD-L1 would enhance tumor growth and lead to resistance to ICIs, even HPD. HPD has been reported in approximately 20% of patients with EGFR mutations, which is much higher than that in wild-type patients (41). Several studies demonstrated that PD-L1 expression on immune cells were less affected by tumor cell intrinsic factors, such as EGFR activation, and might be a better biomarker. Third, current results were all obtained from retrospective studies. Further prospective research is needed to determine the exact role of PD-L1 in predicting ICIs efficacy in EGFR-mutated NSCLC.

Besides PD-L1, more parameters, particularly factors reflecting features of TME, are emerging as novel biomarkers for predicting the efficacies of ICIs (42). The TME is not only essential for tumor survival and development but also critical for responses to immunotherapeutic strategies (43). EGFR mutations affect multiple components of the TME, and studies have revealed that activation of the EGFR signaling pathway leads to alterations of TME status, including infiltration of immune cells and expression of immunoregulatory cytokines or exosomes (37). For example, EGFR-mutant tumors tend to have high expression of Tregs and CD73 and low infiltration of CD8+ T cells, indicating an immunosuppressive TME (44). Thus, EGFR-mutant NSCLC may have a distinct TME and identifying key factors involved in anti-tumor responses will provide powerful predictive biomarkers for immunotherapy (45, 46). Using high-plex and high-throughput technologies to discover protein biomarkers and molecular phenotypes of NSCLC biopsy samples, a recent study has generated new methodologies for assessing the TME profiles (47).

Treatment strategies and sequence of therapies are crucial to the efficacy of ICIs in EGFR-mutated patients as well. The results of the present study, along with the results of previous studies, suggest that ICIs should be used earlier during the course of treatment. For example, the KEYNOTE-001 trial found that ICIs were more effective in treatment-naive than in previously treated patients, with ORRs of 41.6% and 22.9%, respectively, and median OS of 22.3 and 10.5 months, respectively (48). Moreover, in the KEYNOTE-024 and KEYNOTE-189 trials, the median PFS2, defined as the time from randomization to disease progression after initiation of new anticancer therapy or death from any cause, was longer in patients initially randomized to pembrolizumab or pembrolizumab plus pemetrexed–platinum group, suggesting that ICIs in first-line settings had a greater survival benefit for EGFR-wild type patients (49, 50).

Although this study would provide some clues for the application of ICIs in EGFR-mutated NSCLC patients, yet it had several limitations. First, it was a retrospective analysis of publicly available data rather than a prospective study. Second, although we have collected a relatively large number of EGFR-mutated patients with high PD-L1 expression, it was still not enough for subgroup analysis. Third, this study included patients involved in clinical trials and standard treatments. Thus, their characteristics were not uniform across the groups, which may have led to selection bias. Moreover, this study only discussed the efficacy of ICIs alone in EGFR-mutated NSCLC patients.



Conclusion and future directions for ICI-based treatment in EGFR-mutated NSCLC

Till now, the modality of treatments for EGFR-mutated advanced NSCLC patients is still controversial. On the basis of the latest National Comprehensive Cancer Network guideline, EGFR-TKIs are the preferred first-line treatment option regardless of PD-L1 expression level (51). Large numbers of studies have demonstrated the superior efficacy of EGFR-TKIs as first-line choice in EGFR-mutated patients. By contrast, ICIs used before EGFR-TKIs showed poor therapeutic efficacy and relatively high toxicity. A phase II trial (http://clinicaltrials.gov/show/NCT02879994) of pembrolizumab in TKI-naive patients with EGFR mutations was ceased because none of these patients responded to pembrolizumab, although 73% of patients had high PD-L1 expression (≥50%) (15). Our study also confirmed that ICIs as first-line treatment showed poor efficacies, especially in patients with major EGFR mutations. Meanwhile, severe immune-related adverse events (irAEs) were observed in patients who were treated with sequential PD-1/PD-L1 inhibitors followed by osimeritinib, but no irAEs were observed when osimertinib preceded PD-(L)1 blockade (52). Besides, combinations of ICIs and EGFR-TKIs are not considered ideal first-line treatments, with many clinical trials halted because of immune-related toxicity issues and limited efficacy (53). Therefore, neither treatment guidelines nor clinical practice considers ICIs as the first-line treatment option for EGFR-mutated patients; rather, EGFR-TKIs remain the first-line treatment of choice for these patients.

However, ICIs should still be used for the treatment of EGFR-mutated NSCLC patients despite their poor first-line treatment efficacy. The results of a real-world study presented at 2021 World Conference on Lung Cancer (WCLC) revealed that patients who received ICIs at any point had longer OS than those who did not receive ICIs, indicating that ICIs still play an important role in the treatment of EGFR-mutated NSCLC patients (54). Moreover, patients who progress on EGFR-TKIs should be started on ICIs as soon as possible. Prospective studies have indicated ICI-based combination therapies would have a better prospect in EGFR-mutated patients, and some studies have shown promising results. For example, Deng’s study has proved that in patients with EGFR-TKI-resistant advanced NSCLC, ICIs plus chemotherapy provided promising ORR and PFS benefit, along with a low rate of severe AEs (55). One study presented at the 2021 WCLC also showed that combined pembrolizumab and chemotherapy improved the response rate of TKIs refractory EGFR-mutated NSCLC patients (56). More promisingly, the IMPOWER 150 uncovered the importance of anti-angiogenic therapy in EGFR-mutated NSCLC. In patients with sensitizing EGFR mutations, improved OS was observed in atezolizumab plus bevacizumab plus carboplatin plus paclitaxel (ABCP) group rather than bevacizumab plus carboplatin plus paclitaxel (BCP) group (57). The ORIENT-31 trial has also demonstrated that treatment with anti-PD-1 and anti-angiogenesis plus chemotherapy significantly improved PFS in patients with EGFR-mutated non-squamous NSCLC resistant to EGFR-TKIs (58).

In conclusion (Figure 5), EGFR-TKIs are still the preferred first-line treatment for EGFR-mutant NSCLC. After TKIs resistance, ICI-based combination therapies are the direction for future treatment. However, not all patients could tolerate combination therapy and ICIs alone is a choice for EGFR-mutant patients with beneficial features. Moreover, as it is difficult to identify the dominant subgroups that will benefit from ICI-based combination therapies, our findings of ICI therapy alone from this study may provide some clues.




Figure 5 | Schematic diagram of treatment strategies for advanced non-small cell lung cancer (NSCLC) patients with epidermal growth factor receptor (EGFR) mutations. Immune checkpoint inhibitor (ICI)-based treatment strategies for EGFR-mutated (EGFRmut) patients with advanced NSCLC should be elaborately designed. (A–C) In the first-line setting, (A) ICIs was found to lack efficacy and subsequent EGFR-tyrosine kinase inhibitors (TKIs) treatment possibly leads to severe immune-related adverse events, and (B) ICIs in combination with TKIs also resulted in high treatment-related toxicities and poor tolerance. (C) EGFR-TKIs are still preferred for the first-line therapy of EGFRmut patients regardless of programmed cell death ligand 1 expression. (D–F) As for subsequent ICI-based therapy after TKIs resistance, (D) ICIs alone may have better efficacy in EGFRmut patients with rare mutation or patients who had received fewer prior lines of therapy. ICI-based combined therapies, including (E) ICIs plus chemotherapy and (F) ICIs plus chemotherapy and anti-angiogenic therapy, have shown promising results in prospective clinical studies and represent the future treatment strategies and direction for these patients.
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Immune checkpoint inhibitors have made remarkable breakthroughs in the treatment of lung cancer, bringing significant survival benefits to the patients. A number of adverse events aggravated by immunotherapy in patients with pre-existing autoimmune diseases have been reported in the past, especially skin toxicity, such as rash, pruritus, erythema, and vitiligo. However, whether the exacerbated autoimmune disease is reversible and when it will return to its original state after immunotherapy discontinuation is still inconclusive. In our report, we described a patient diagnosed with non-small cell lung cancer whose vitiligo was stable for about 10 years. We followed up and observed the patient’s skin depigmentation for the complete time window, from aggravation of application anti-programmed cell death-1 receptor antibody (anti-PD-1 antibody) to recovery after the withdrawal. We presented the objective images at particular time points using reflectance confocal microscopy and wood’s light. We found that the use of anti-PD-1 antibody aggravated in skin toxicity, but it was reversible, the time window from the beginning to recovery status was approximately 9 months. We used this real case scenario to explain the relationships between immunotherapy and autoimmune diseases.
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Introduction

Immune checkpoint inhibitors (ICIs) primarily work by blocking the signal transduction pathways of the programmed cell death protein-1/programmed cell death ligand 1 (PD-1/PD-L1) or cytotoxic T lymphocyte-associated protein 4 (CTLA-4) (1). These antibodies can principally activate the CD8+ T lymphocyte by preventing the interaction between them and their ligands to generate an antitumor immune response (2). The ICIs significantly improve outcomes in patients with a variety of malignancies, especially for non-small cell lung cancer (NSCLC). However, the ICIs could cause immune-related adverse events (irAEs) through their non-specific positive immunomodulatory effects, and then affect multiple organs of the body. In addition, many previously studies have reported that patients with autoimmune diseases are susceptible to exacerbation of the original autoimmune disease, especially skin toxicity, with rash, pruritus, erythema, and vitiligo being the most common one when receiving immunotherapy (3–5).

Camrelizumab (SHR-1210) is a humanized monoclonal antibody against PD-1. Previous large-scale phase 2 and phase 3 clinical trials have reported that treatment-related skin irAEs of any grade were primarily concentrated in reactive cutaneous capillary endothelial proliferation in cancer patients, with few reports of other skin toxicities (6, 7). Generally, the huge majority of irAEs are reversible if promptly diagnosed and adequately treated (8, 9). Some studies have shown that mild to moderate irAEs (CTCAE Grades 1-2) are largely manageable and reversible within 2 weeks after ICIs discontinuation and treatment based primarily on systemic glucocorticoids, notably methylprednisolone and other immunomodulatory agents (10–12). However, the effect of the ICIs on the underlying condition and subsequent outcome in cancer patients with autoimmune diseases are still indetermined.

Vitiligo is an autoimmune skin disorder, that is defined as hypopigmentation of the skin, which originates from the loss of function of epidermal melanocytes (13). We previously described a diagnosed NSCLC patient with focal vitiligo and her skin depigmentation aggravated in just half a year after the application of anti-PD-1 antibody. The case report was published in the journal of Immunotherapy (14). This time, we reported a gradual recovery status of vitiligo after discontinuation of ICIs, and provided a specific time reference, which should be a further supplementary explanation for follow-up after anti-PD-1 antibody withdrawal. We attempt to illustrate the relationships between the ICIs and autoimmune diseases from the patient’s complete treatment process.



Case description


Phase 1: Vitiligo aggravated with the application of anti-PD-1 antibody

A 62-year-old female came to our hospital due to cough and chest tightness. She underwent chest computed tomography examination and found space-occupying lesions and large pleural effusion in the right lung in November 2017(Figure 1B). After pathological and systemic examination, the patient was diagnosed with stage IV lung adenocarcinoma with negative gene mutations (EGFR/ALK/ROS1). In addition, the patient had a history of vitiligo for 10 years. The vitiligo lesions were confined to the area around the eyes and mouth of the face and remained stable without any treatment. To further treat lung cancer, she participated in phase III, randomized, open-label, multicenter study of SHR-1210 (anti-PD-1 antibody) combined with pemetrexed and carboplatin as the first-line treatment for patients with the advanced or metastatic non-squamous NSCLC. She was randomly assigned to an experimental group in December 2017 and received 6 cycles of “SHR-1210 combined with pemetrexed and carboplatin” regimens, followed by 29 cycles of “SHR-1210 in combination with pemetrexed” as subsequent therapy (Figure 1A). After the first two cycles of treatment in February 2018 (6 weeks), lung cancer was effectively controlled, and the efficacy evaluation was stable disease(Figure 1B). Moreover, she suffered from another major irAEs, hypothyroidism (CTCAE 4.0 one grade). And 75μg euthyrox (levothyroxine) was administered once a day from February 28, 2018, to control the immune-related hypothyroidism.




Figure 1 | (A) Timeline for the diagnosis, treatment, and changes of the vitiligo condition. (B) Chest computed tomography scans revealed the clinical response during the treatment. The efficacy evaluation was stable disease after the two cycles of ‘SHR-1210 combined with pemetrexed and carboplatin, but as the treatment time was prolonged, the tumor density gradually decreased, suggesting that the tumor has been effectively controlled.



During immunotherapy, we found that the vitiligo in the patient rapidly aggravated with depigmentation of the skin over the whole body in just half a year. Her facial depigmentation area began to expand around the mouth and eyes, and the depigmentation lesions gradually appeared in other parts of the body, such as the inguinal region, cheeks, limbs, etc. Additionally, her hair (on the head, eyelashes, and eyebrows) also gradually turned white (Figures 2A, E). No corticosteroids or other treatments were administered during this period. Written informed consent was obtained from the patient for the use of the images. Reflectance confocal microscopy (RCM) images were captured from different parts of the patient’s body. The RCM images of the patient showed almost the absence of pigmented cells and pigmented rings on the whole skin(Figures 3A–D). At the stage of the application of the anti-PD-1 antibody, we observed that the patient’s skin depigmentation began to aggravate in just half a year. We recorded the imaging pictures with the most aggravated condition in October 2019 (about 22 months of using anti-PD-1 antibody) and have published them as a form of the case report (14).




Figure 2 | The images of the patient’s facial and limbs changes under the natural light and wood’s light during and after the treatment of the anti-PD-1 antibody. (A) During the treatment of immunotherapy, the vitiligo areas on the face were gradually enlarged, even involving the hair (including hair on the head/eyelashes/eyebrows), which showed depigmentation. (B–D) With the prolongation of immunotherapy withdrawal, the vitiligo areas on the face were gradually narrowed and the hair was gradually turned black. (E) Wood’s light examination showed that the vitiligo areas were bright bluish-white, and the hypopigmentation area was also found at the junction of the normal and depigmented skin. The hypopigmentation areas around the mouth under wood’s light examination presented a bright bluish-white signal. (F–H) With the prolongation of the immunotherapy withdrawal, the bright bluish-white areas on the mouth-around were gradually narrowed and faded. (I, L) Scattered pigmented spots began to emerge on the patient’s right forearm and lower legs under the wood’s light examination 9 months after stopping the immunotherapy. (J, M) The pigment macules of the right forearm and the lower legs became lighter than before under the natural light 18 months after stopping the immunotherapy, which may be related to the lack of sunlight during the winter in northern China. Under the wood’s light, the amount and range of pigmentation of the right forearm were increased than before, while the macules on lower legs were stable 18 months after the immunotherapy withdrawal. (K, N) With the prolongation of the immunotherapy withdrawal, the amount and range of pigmentation of the right forearm and lower legs were further increased and expanded than before.






Figure 3 | Differences in the reflectance confocal microscopy (RCM) images during and after the treatment of the anti-PD-1 antibody. (A–D) During the treatment of immunotherapy, the RCM images displayed the absence of pigment rings in the basal cell layer of the mouth-around, right inguinal region, right forearm, and left lower leg (yellow arrow). (E–H) Nine months after immunotherapy was discontinued, there was still no pigment ring on the mouth-around and right inguinal region (yellow arrow). Pigment rings gradually appeared on the right forearm and the left lower leg (red arrow). (I–L) Eighteen months after the immunotherapy withdrawal, there were no pigment rings in the mouth-around and right inguinal region (yellow arrow). But on the right forearm and left lower leg, the pigment rings became brighter (red arrow).





Phase 2: Vitiligo recovery after discontinuation of the anti-PD-1 antibody

According to the provisions of this clinical study, the immunotherapy was discontinued after 2 years (total of 35 cycles) in December 2019 and single agent pemetrexed was started as maintenance therapy until now (Figure 1A). However, since the discontinuation of the anti-PD-1 antibody, we were surprised to find that the patient’s vitiligo condition gradually recovered. In the beginning, we found that depigmented areas of the eyes and mouth-around were slightly narrowed and the hair gradually began to darken (Figures 2B, F). Furthermore, we found that the patient began to have marked pigmentation on the forearms and lower legs (Figures 2I, L). The RCM images of the patient also showed that the pigment rings were gradually appeared in the forearms and left lower legs but there were no significant changes on the mouth-around and inguinal region(Figures 3E–H). After 9 months of discontinuation of immunotherapy, we observed that the skin depigmentation of patients began to recover gradually, and we found that the time to start recovery was longer (about 9 months after discontinuation of anti-PD-1 antibody) than the time to aggravate (about 6 months after using the anti-PD-1 antibody) the vitiligo.

About 18 months after the immunotherapy withdrawal (June 2021), we found that the patient’s pigment recovery was more apparent. The specific manifestation was that the patient’s hair was darker than half a year before, and the facial depigmentation areas were also gradually narrowed and faded(Figures 2C, G). Although the pigmentation of the forearms and lower legs became lighter under the natural light, we speculated that it may be related to the lack of sunlight during the winter in northern China. Moreover, the number and extent of pigmentation of the right forearm have increased than before, while the macules on the lower legs were stable under the wood’s light (Figures 2J, M). The RCM images showed that there was still no pigment right around the mouth-around and inguinal region. Moreover, there were more and brighter pigment rings and pigment cells on the forearms and lower legs than before(Figures 3I–L). About 31 months after the immunotherapy withdrawal (July 2022), we found that the vitiligo areas on the face were narrower and lighter, and the hair became darker than before (Figures 2D, H). The amount and range of pigmentation of the right forearm and lower legs were also increased and expanded compared to before (Figures 2K, N). With the extension of the treatment time, the tumor density gradually decreased, suggesting that the patient reached a durable stabilization of her tumor (Figure 1B). At the stage of discontinuation of immunotherapy for more than 2 years, we observed gradual recovery after the immunotherapy withdrawal and noted a trend from distal to proximal. In brief, the toxic effects of PD-1 inhibitors to the skin were reversible.




Discussion

In recent years, immunotherapy is considered to play a central role in the treatment of cancers, as shown in lung cancer. However, some studies found that the patients with autoimmune diseases are susceptible to the ICIs and are associated with a significantly increased risk of mortality related to the irAEs. About 40% of the patients have different degrees of skin toxicity, and most of the lesions are mild to moderate and can be well controlled by symptomatic supportive treatment (15, 16). The specific mechanism of the irAEs occurrence is still inconclusive, but it is generally believed that the overreactive immune response may be caused by the autoreactive T cells, triggering the related symptoms of the corresponding organs (17). The ICIs that differ from the traditional cytotoxic or molecularly targeted drugs, do not follow a periodic pattern like the traditional chemotherapeutic agents, and the time of toxicity is usually delayed and persistent. The research showed that although the irAEs occur at different times, they usually take place within 1-6 months and are mostly reversible after the drug withdrawal (18).

In this case report, we presented a patient with the stage IV NSCLC with pre-existing vitiligo for about 10 years. The patient was treated with the anti-PD-1 antibody (SHR-1210) for about 2 years and obtained a durable stabilization of her primary tumor during the subsequent maintenance chemotherapy. Our previous report described that the application of the anti-PD-1 antibody accelerated the generalized depigmentation of the skin in just half a year. This time we followed the complete time window after the immunotherapy withdrawal and presented objective images at particular points using reflectance confocal microscopy and wood’s light. After the discontinuation of immunotherapy, the patient’s vitiligo began to gradually enter the recovery phase. For about 9 months after stopping the immunotherapy, we found that the range of skin depigmentation was gradually reduced, the hair was gradually darkened, and there was pigmentation at the forearms, lower legs, and other distal ends. We observed these changes in general and found that the skin changes caused by the anti-PD-1 antibody were reversible. Because the condition of the skin was deteriorated after the treatment with the anti-PD-1 antibody and recovered after the drug withdrawal during the relatively complete-time window. We also found that the patient’s skin depigmentation was gradually recovered without any hormone treatment and the recovery time was longer than the occurrence time. Therefore, the aggravation or regression of skin changes does not influence the curative effect and has no substantial correlation with the clinical curative effect.

Vitiligo is a defective skin disorder, characterized by depigmentation due to the destruction of the epidermal melanocytes, accounting for 0.5%-1% in the general population, which pathogenesis is complex and often associated with the genetic and autoimmune conditions (19). The research indicated that dysfunction of T regulatory cells (Tregs) and hyperactivation of CD8+ cytotoxic T cells often occur at the edge of the depigmented skin (20, 21). Moreover, compared with the T cells isolated from typical vitiligo patients or healthy skin, the CD8+ T cells in patients with the immune-related vitiligo produced a higher proportion of interferon-γ (IFN-γ) or both IFN-γ and tumor necrosis factor α (TNFα) (22). Therefore, some studies showed that skin depigmentation by the immune-related vitiligo may be associated with the weakening of the Tregs, which leads to hyperactivated T cells attacking normal melanocytes in vivo (23, 24). Specific to the treatment, the asymptomatic vitiligo is commonly observed without therapy since it does not directly threaten the lives of the patients. Most of them can maintain immunotherapy while using good sunlight protection. Depigmented spots can be treated with topical glucocorticoids, calcineurin inhibitors, or combined with phototherapy (25). However, the therapeutic effect of the immune-related vitiligo remains inconclusive. One case of nivolumab-induced vitiligo was successfully treated with narrowband ultraviolet light therapy (26). But in another study, pembrolizumab-associated vitiligo-like depigmentation was not improved by the combination of the excimer laser and topical corticosteroid therapy (27). In our study, the patient did not receive any hormones or other treatment for vitiligo since her quality of life was not additionally affected.

Vitiligo-like lesions are one of the typical side effects occurring in patients receiving anti-PD-1 antibodies. A recent study showed that melanoma cell destruction was associated with the release of melanoma-associated antigens. Therefore, the appearance of the vitiligo is an indicator of melanocyte antigen immune activation and an independent favorable prognostic factor, but it has not been confirmed in patients with the NSCLC (28, 29). Previous data intensively showed that the dermatological irAEs during the anti-PD-1 treatment were correlated with the overall survival (OS) and can be used as a parameter to forecast a better response to the treatment (30–32). The criteria for evaluating the vitiligo disease include the Koebner phenomenon, Wood’s light examination, and RCM imaging. Among them, the RCM is the most suitable non-invasive method for detecting skin melanin abnormalities. Under the RCM, the melanocytes and pigmented keratinocytes of the skin can be seen as bright pigment ring structures on a dark background (33). According to the above diagnostic criteria, the patient’s forepassed vitiligo condition was stable for 10 years, and the vitiligo became worse after using the anti-PD-1 antibody for about half a year. The patient’s vitiligo was transformed from stable to progressive, and the vitiligo disease activity (VIDA) score changed from 0 to + 4. One possible explanation is that immunotherapy activates the T cells, which in turn makes the CD8+ cells overactive, thereby rendering autoimmune susceptibility (34). After stopping the anti-PD-1 antibody for about 9 months, the patient developed skin pigmentation and gradually blackened hair, and the vitiligo changed from progressive to stable. Eighteen months after the drug was discontinued, the patient’s vitiligo remained stable for more than one year without further expansion, and the VIDA score changed from + 4 to -1, which showed vitiligo disease gradually recovered. In addition, the RCM images showed that the pigment cells and pigment rings were gradually recovered. We speculated that the cause of the recovery of the vitiligo may be associated with the gradual recovery of the CD8+ T cells after the drug withdrawal.

Before PD-1 treatment, the patient’s vitiligo lesions were located around the mouth, nose, eyes and along the hairline of the forehead, and the vitiligo extent score (VESplus) was supposed to be 0.011 (35, 36). After about 2 years of PD-1 treatment, the depigmented lesions began to spread around her face, the whole body surface except the hair (hair along the forehead hairline was also depigmented) was depigmented, and the VESplus score was 0.997. After stopping the anti-PD-1 antibody, the pigment spots began to emerge on her lower legs, forearms and face gradually until recently (July, 2022). Therefore, according to the density of the re-pigmented spots, the VESplus score was 0.992. As we can’t get access to the online resources of vitiligo calculator, the value of VESplus score was the average score assessed by two dermatologists in our hospital independently.

In conclusion, we reported a NSCLC patient with pre-existing vitiligo and completely followed up the changes of skin pigmentation during and after anti-PD-1 antibody treatment. The observation for the time window of the treatment showed that the skin toxicity caused by the ICIs was reversible, the time window for onset of recovery was 9 months, and the recovery time was longer than the aggravation time. However, this is just one case report, and more cases are needed to verify its reversibility and time-limited recovery. For other life-threatening irAEs, such as interstitial pneumonia or myocarditis, whether the treatment is necessary and how long it will take to restore the functions of the body’s various organs after stopping the ICIs still needs more population samples to verify.
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“On-target off-tumor” toxicity is a major challenge to the use of chimeric antigen receptor (CAR)-engineered T cells in the treatment of solid malignancies, because of the expression of target antigens in normal tissues. Mesothelin overexpression is associated with poor prognosis of multiple solid tumors, and would therefore appear to be a suitable antigen target. To understand the risk of toxicity to different organs on anti-mesothelin CAR T cell therapy, single-cell RNA sequencing (scRNA-seq) datasets derived from major human physiological systems were analyzed in this study, including the respiratory, cardiovascular, digestive, and urinary systems. According to scRNA-seq datasets, the organs were stratified into high or low risk based on the level of mesothelin expression. We report that the proportion of mesothelin-positive cells was 7.71%, 2.40% and 2.20% of myocardial cells, pulmonary cells and stomach cells, respectively, indicating that these organs could be at high risk of “on-target off-tumor” toxicity on anti-mesothelin CAR T cell therapy. By contrast, esophagus, ileum, liver, kidney and bladder exhibited low mesothelin expression (<1%). Therefore, these organs could be regarded as at low risk. Thus, the risk of toxicity to different organs and tissues in anti-mesothelin CAR T cell therapy may be predicted by these scRNA-seq data.




Keywords: chimeric antigen receptor engineered T cells, mesothelin, single-cell RNA-seq, human organs, toxicity



Introduction 

Immunotherapy is an important treatment for solid tumors and hematological malignancies. Chimeric antigen receptor (CAR) T cells are genetically engineered to recognize surface antigens independently of major histocompatibility complex restriction (1). CARs are introduced into T cells using viral or non-viral vectors for integrating genes, imbuing the CAR T cells with antigen-specific recognition ability, activation, proliferation, and cytotoxic function (2, 3). CAR T cell therapy targeting CD19 has achieved durable clinical responses in B-cell malignancies. However, CAR T cell therapy has been less effective against solid tumors. It is critical to identify ideal antigens to tackle solid tumors.

Mesothelin (MSLN) is a 40 kDa membrane protein anchored to the cell membrane by glycosylphosphatidylinositol (GPI) (4). MSLN is widely overexpressed in multiple solid cancers, such as ovarian, colorectal, pancreatic, and breast cancers (5–7). Aberrant MSLN expression plays an important role in tumor cell proliferation and invasion by inducing the activation of matrix metalloproteinase (MMP) (8, 9). AKT/PI3K/NF-κB pathways are activated by the overexpression of MSLN and subsequently induce resistance to apoptosis, which might help cancer cell survival in the highly inflammatory milieu (10). MSLN was selected as a target tumor antigen based on its association with poor prognosis and overexpression in various solid cancers (4). MSLN-CAR-T cell therapy decreased the growth of various MSLN-positive tumors and increased cytokine levels both in vitro and in vivo (5, 11).

However, “on-target off-tumor” activity is a major challenge for CAR T therapy because the target antigens are also expressed in normal tissues (12). Zhang et al found that MSLN was expressed by 55% and 63% of colorectal and ovarian cancers, respectively. By contrast, MSLN was expressed in 16% of the adjacent tissues in colorectal samples and 15% of non-cancerous normal ovaries (5). Therefore, it is critical to construct CAR T cells that target tumor tissues with negligible off-tumor toxicity. This study evaluated the potential risk of “on-target off-tumor” toxicity for different human organs in anti-MSLN CAR T cell therapy by single-cell RNA-seq data analysis.



Materials and methods

The scRNA-seq data used in this study were mainly acquired from the Gene Expression Omnibus (GEO) database. The heart data were from GSE106118 (98 samples). The lung data were from GSE122960 sample GSM3489185 (1 sample). The stomach data were from GSE134520 sample GSM3954949 (1 sample). The ileum data were from GSE134809 sample GSM3972018 (1 sample). The liver data were from GSE115469 (5 samples). The kidney and the bladder data were from GSE131685 sample GSM4145205 (1 sample) and GSE129845 sample GSM3723358 (1 sample), respectively. The esophagus data were downloaded from https://www.tissuestabilitycellatlas.org/ (6 samples).

This study evaluated the MSLN expression distribution in distinct cell types of different organs, then the cell types with high MSLN expression levels were identified in accordance with the scRNA-seq datasets. Any type of cells with proportion (UMI count>0) of MSLN were defined as MSLN positive cells. We defined the cell types with a >1% proportion of MSLN positive cells as high risk and those with a <1% proportion MSLN positive cells as low risk.

We used 10x Genomics Chromium Single Cell 3’ Reagents Kit v2 user guide to perform single cell suspension. The proportion of MSLN expression was calculated using preliminary quality control data, the standard of quality control was that the gene expressed in at least 1 cell was reserved, and the cell expressing at least 100 genes was reserved. Seurat V3.0 was used to discriminate different cell types. The data were first normalized using the LogNormalize method, which was the expression value of each gene was divided by the expression value of all genes in the entire cell, multiplied by 10000, and then logarithmically transformed, then scale-shifted all genes to ensure that the mean and variance of each gene's expression in all cells were 0 and 1, and that each gene had the same weight in the downstream analysis, rather than the HVG playing a dominant role, the cell clustering performance were conducted using the top 2000 most variable genes. We used the UMAP method to obtain cell scatter plots (13).

We performed dimensionality reduction with principal component analysis (PCA) on the sample for each tissue. Once embedded in this PCA space, a nearest neighbor graph identifying the k=10 nearest neighbors for each cell was constructed. We derived UMAP embeddings presented for visualization from this nearest neighbor graph using a minimum distance of 0.5. SingleR (Single-cell Recognition of cell types) was used to identify the cell type of each cluster (http://www.bioconductor.org/packages/release/bioc/vignettes/SingleR/inst/doc/SingleR.html).

To test MSLN protein expression, different tissues were cut to the optima size and immersed in frozen solution, or embedded in paraffin and sectioned in 6μm, and mounted on slides. After endogenous biotin blocker and goat serum incubation, slides were incubated with alpaca anti-MSLN-VHH-biotin (1:100) at 4°C overnight, followed by Streptavidin-HRP for 30 min. The sections were developed with freshly prepared solution containing 3,3’-diaminobenzidine and counterstained with hematoxylin. Images were obtained on a Zeiss Axiophot microscope and analyzed in the AxioVision software (Zeiss).



Results


Myocardial cells exhibit high mesothelin expression

Myocardial cells were categorized into 14 different clusters according to the scRNA-seq data, including smooth muscle cells, endothelial cells, fibroblasts, monocyte, neurons etc. (Figures 1A, B). The distribution of MSLN expression in these 14 different cell clusters is shown as violin plots in Figure 1C and scatter plots in Figure 1D. This showed that 7.71% of myocardial cells expressed MSLN, indicating that there may be a high risk of “on-target off-tumor” toxicity in the heart for MSLN-CAR-T cell therapy. MSLN was mainly expressed in smooth muscle cells (cluster 13) according to SingleR (Figure 1 and Supplementary Table S1). Expression of the typical markers of myocardial cells MYL3 and MYH7 was confirmed in these cell clusters (Figure 1D).




Figure 1 | Analysis of cardiac scRNA-seq data showing high expression of MSLN in myocardial cells. (A) Cell types in the heart according to SingleR. (B) Cells in the heart were categorized into 14 different clusters, numbered 0 to 13. (C) Violin plot of MSLN expression distribution in these 14 different cell clusters. (D) Scatter plots showing that the cluster of cells with high expression of MSLN also expressed the typical myocardial cells markers MYL3 and MYH7.





Pulmonary cells show high mesothelin expression

The scRNA-seq data from respiratory system tissues indicated that pulmonary cells contained approximately 2.40% MSLN-positive cells, so the lung could be at high risk of “on-target off-tumor” toxicity for MSLN-CAR-T cell therapy. The pulmonary cells were classified into 18 different clusters and MSLN expression distribution in these 18 cell clusters is shown in Figure 2. The cluster of cells mainly expressing MSLN was composed of epithelial cells (Figure 2 and Supplementary Table S1). The typical markers of pulmonary cells MUC1 and PIGR were confirmed as present in these cells (Figure 2D).




Figure 2 | scRNA-seq data analysis of lung showing pulmonary cells with high MSLN expression. (A) Cell types in the lung according to SingleR. (B) Cells in the lung were categorized into 18 different clusters, numbered 0 to 17. (C) Violin plot of MSLN expression distribution in these 18 different cell clusters. (D) Scatter plots showing thagt the cluster of cells with high expression of MSLN also expressed the typical pulmonary cells markers MUC1 and PIGR.





Stomach has high MSLN expression

The scRNA-seq datasets from the digestive system were explored, including stomach, esophagus, ileum, and liver, showing 2.20% cells from the stomach were MSLN-positive (Figure 3). This suggest that the stomach could also be at high risk. MSLN was mainly expressed in epithelial cells of the stomach (Figure 3 and Supplementary Table S1). By contrast, the proportion of MSLN-positive cells was only 0.67%, 0.34% and 0.25% in esophageal epithelial cells, ileal epithelial cells and hepatic cells, respectively (Figures 4–6). Therefore, esophagus, ileum, and liver could be regarded as low risk. The scatter plots for cell markers of stomach, esophagus, and liver were not available in the scRNA-seq datasets.




Figure 3 | Analysis of scRNA-seq data from stomach cells showing high expression level of MSLN. (A) Cell types in the stomach according to SingleR. (B) Cells in the stomach were categorized into 13 different clusters, numbered 0 to 12. (C) Violin plot of MSLN expression distribution in these 13 different cell clusters. (D) MSLN expression distribution shown as a scatter plot.






Figure 4 | ScRNA-seq data analysis showing esophageal cells with low MSLN expression. (A) Cells in the esophagus were categorized into 18 different clusters, and numbered 0 to 17. (B) Violin plot of MSLN expression distribution in these 18 different cell clusters. (C) MSLN expression distribution shown as a scatter plot.






Figure 5 | Analysis of scRNA-seq data from ileal cells showing low MSLN expression. (A) Cell types in the ileum according to SingleR. (B) Cells in the ileum were categorized into 11 different clusters, numbered 0 to 10. (C) Violin plot of MSLN expression distribution in these 11 different cell clusters. (D) Scatter plots showing the cluster of cells with MSLN expression also expressed the typical ileal cells markers ANPEP and FABP6.






Figure 6 | scRNA-seq data analysis of hepatic cells showing low MSLN expression. (A) Cell types in the liver according to SingleR. (B) Cells in the liver were categorized into 14 different clusters, numberedd 0 to 13. (C) Violin plot of MSLN expression distribution in these 14 different cell clusters. (D) The MSLN expression distribution shown as a scatter plot.





Kidney and bladder cells

The scRNA-seq data of cells in the urinary system were also analyzed, including kidney and bladder. The cells in kidney were categorized into 12 clusters and 0.05% cells showed MSLN expression (Figure 7). In addition, only 0.03% MSLN-positive cells were found in the bladder (Figure 8). Kidney and bladder are therefore at low risk of “on-target off-tumor” toxicity for MSLN-CAR-T cell therapy.




Figure 7 | Analysis of scRNA-seq data showing low expression of MSLN in the kidney. (A) Cells in the kidney were categorized into 12 different clusters, numbered 0 to 11. (B) Violin plot of MSLN expression distribution in these 12 different cell clusters. (C) Scatter plots showing that the cluster of cells with MSLN expression also expressed the typical renal cells markers CUBN and LRP2.






Figure 8 | ScRNA-seq data analysis showing bladder urothelial cells with low MSLN expression. (A) Cell types in the bladder according to SingleR. (B) Cells in the bladder were categorized into 11 different clusters, numbered 0 to 10. (C) Violin plot of MSLN expression distribution in these 11 different cell clusters. (D) Scatter plots showing that the cluster of cells with MSLN expression also expressed the typical bladder urothelial cells markers SPINK1 and CLDN4.



According to the above results, a potential risk map of “on-target off-tumor” toxicity for different organs was constructed (Figure 9). Myocardial cells were found to have the highest MSLN expression, followed by pulmonary cells and stomach cells. Other organs showed low MSLN expression.




Figure 9 | Organs at high risk of “on-target off-tumor” toxicity for anti-MSLN CAR T cells therapy are highlighted in red. Low-risk organs including esophagus, ileum, liver, kidney and bladder are shown in gray.





MSLN protein expression

Seven tissues have been tested for affinity of anti-MSLN-VHH assay (Supplementary Figure S1). Anti-MSLN was used as the positive control for MSLN expression. Anti-MSLN-VHH was generated in our lab and used to detect proteins binding to this nanoantibody. The results show that anti-MSLN can have a wide range of positive reactions in fibrous structure areas and a weak positive reaction with epithelial cells of a small number of organs. Anti-MSLN-VHH weakly binds to fibrous structures. Both antibodies were negative in liver, kidney, and heart (Supplementary Table S2).




Discussion

CD19-targeted CAR T cell therapies can achieve durable clinical responses in B-cell malignancies (14). However, CAR T cell therapy is also associated with toxicities such as cytokine release syndrome (CRS), neurotoxicity or “on-target off-tumor” effects (14, 15). CD133-CAR-T cells have a major drawback for CD133 as target in immunotherapy because its expression in hematopoietic stem and progenitor cells (HSPCs), which would likely exert “on-target off-tumor” myeloablative toxicity (16). Carboxyanhydrase-IX-specific CAR T cells might cause the cholestasis due to expression of carboxyanhydrase-IX on bile duct epithelium (17). Fatal respiratory failure and multiorgan dysfunction was also reported in a patient with colon cancer treated with HER2-specific CAR T cells, resulting from expression of the target antigen in lung tissue (18). This possibility of “on-target off-tumor” toxicity is a great obstacle for the successful use of CAR T cell therapies in solid tumors.

MSLN is a potential target for cancer immunotherapy, considering its low expression on normal cells and high expression in a variety of solid malignancies. Previous studies indicate that aberrant MSLN expression promotes cancer cell proliferation, local invasion and metastasis (8, 19). Anti-MSLN CAR T cells have been evaluated in several preclinical models and clinical trials. Beatty et al showed that adoptive transfer of mRNA CAR T cells targeting MSLN is feasible and safe in two case reports (20). No “on-target off-tumor” toxicity against normal tissues was observed (20). In a phase I study, 6 patients with chemotherapy-refractory metastatic pancreatic ductal adenocarcinoma received autologous MSLN-specific CAR T cells; none developed CRS or neurologic events and there were no dose-limiting toxicities (21). Another phase I study investigated the safety and activity of lentiviral-transduced autologous MSLN-specific CAR T cells in 15 patients with malignant pleural mesothelioma, ovarian carcinoma and pancreatic ductal adenocarcinoma. The best overall response was stable disease and one dose-limiting toxicity of grade 4 sepsis occurred (22). In addition, anaphylaxis and cardiac arrest was reported within minutes of completing the third infusion of anti-MSLN CAR T cells in one patient (23).

Due to the small sample size of previous studies, anti-MSLN CAR T treatment for solid tumors is still in the exploratory stage, and its potential adverse effects are not fully understood. Normal expression of MSLN is thought to be restricted primarily to the mesothelial cells of the pleura, pericardium, peritoneum, and tunica vaginalis in men according to previous studies (12). In the present study, scRNA-seq datasets of different human organs were analyzed to identify potential “on-target off-tumor” toxicity. Data analysis for each organ was independent. The cells in each organ were divided into different clusters and MSLN expression of these cell clusters was explored. High MSLN expression was found in heart, lung and stomach, indicating that these organs could be at high risk of “on-target off-tumor” toxicity for anti-MSLN CAR T cell therapy. By contrast, esophagus, ileum, liver, kidney and bladder showed low MSLN expression and could be regarded as low risk. MSLN expression might vary between individuals and only one sample in each organ of lung, stomach, ileum, kidney and bladder was available for scRNA-seq data analysis. Low MSLN expression of ileum, kidney and bladder should be explored with more samples. In addition to including more samples, sampling cells from organs within the same individual will control for confounding variables. SingleR was used to identify cell types of different clusters for these organs, showing that MSLN was mainly expressed in smooth muscle cells of the heart and epithelial cells in lung and stomach. The cell types for different clusters in the esophagus were not available according to SingleR.

To identify MSLN protein expression in different organs, we applied immunohistochemistry and found that anti-MSLN-VHH staining of lung, stomach, liver and kidney was consistent with the scRNA-seq datasets. The level of MSLN protein in each organ was explored in single sample of human tissue. Because of the variation between individuals, in certain cases, inconsistent MSLN protein expression of heart, ileum and bladder with scRNA-seq datasets still needs validation in more samples. Esophageal tissue samples were not available, so the protein expression for this organ could not be established. Further basic research and clinical trials are still needed to explore the toxicity of anti-MSLN CAR T cell therapy for different organs.

CAR T cells may cause “on-target off-tumor” toxicity through their recognition of healthy cells that express the target antigen. Previous data focusing on the toxicity of anti-MSLN CAR T cell therapy are limited. The present study evaluated the potential risk of toxicity for different human organs of anti-MSLN CAR T cell therapy by single-cell RNA-seq data analysis. The organs could be stratified into high or low risk according to MSLN expression, which might provide potential clues for further investigation.
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Background

Few treatment options are available for brain metastases (BMs) in EGFR-mutant non-small cell lung cancer (NSCLC) that progress with prior EGFR tyrosine kinase inhibitor (EGFR-TKI) therapy. This study aimed to evaluate the efficacy of immune checkpoint inhibitor (ICI) therapy in these patients.



Methods

NSCLC patients with confirmed sensitive EGFR mutations and BMs were retrospectively reviewed. All patients experienced failure of EGFR-TKI therapy and were divided into two cohorts based on subsequent treatment. Cohort 1 included patients who received ICI therapy, while cohort 2 included patients treated with chemotherapy. Overall and intracranial objective response rates (ORRs) were used to evaluate the treatment response. Overall and intacranial progression-free survival (PFS) were calculated by Kaplan−Meier analysis and compared with the log-rank test. Univariate and multivariate Cox analyses were used to identify prognostic factors.



Results

A total of 53 patients treated with ICI therapy and 40 patients treated with chemotherapy were included in cohorts 1 and 2, respectively. In cohort 1, the overall ORR was 20.8%, with a median overall PFS of 4.2 months. The median intracranial PFS was 5.1 months. Of the 38 patients with measurable intracranial lesions, the intracranial ORR was 21.0%. Patients who received ICI combined with chemotherapy had the highest intracranial ORR of 37.5%. Compared to patients treated with chemotherapy in cohort 2, patients receiving ICI combined with chemotherapy had both longer intracranial PFS (6.4 vs. 5.1 months, p = 0.110) and overall PFS (6.2 vs. 4.6 months, p = 0.054), and these differences approached statistical significance. Univariate and multivariate Cox analyses demonstrated that high disease burden (p = 0.019), prior third-generation EGFR-TKI therapy (p = 0.019), and a poor lung immune prognostic index (LIPI) (p = 0.012) were independent negative predicators of overall PFS and that multiple BMs were negatively correlated with intracranial PFS among patients treated with ICI therapy.



Conclusions

Our results suggested that ICI combined with chemotherapy had potent intracranial efficacy and may be a promising treatment candidate in EGFR-mutant NSCLC patients with BMs for whom prior EGFR-TKI therapy failed.





Keywords: immune checkpoint inhibitors (ICIs), epidermal growth factor receptor (EGFR), non-small cell lung cancer (NSCLC), brain metastases (BMs), efficacy, prognosis



Introduction

Non-small cell lung cancer (NSCLC) accounts for approximately 85% of all lung cancers with the highest number of cases of brain metastases (BMs) which lead to extremely poor prognosis (1). It is estimated that 20% to 40% of NSCLC patients with NSCLC will develop BMs after diagnosis (1–3). Patients with epidermal growth factor receptor (EGFR) mutations are associated with increased incidence of BMs compared with wild-type patients (27.4% vs. 14.5%, p = 0.009), suggesting that this genetic alteration is an important risk factor for developing BMs (4–6). EGFR-tyrosine kinase inhibitor (EGFR-TKI) therapy is the first-line treatment option in patients with EGFR mutations with metastases. After the failure of front-line TKIs, a small subset of patients can receive third-generation EGFR-TKI therapy if they have the T790M mutation and do not receive the third-generation drug before. The remaining patients without the T790M mutation are candidates only for chemotherapy, contributing to a relatively short median PFS of approximately 4–5 months (7, 8). Intracranial radiotherapy is the primary local treatment for patients with advanced NSCLC with EGFR mutations and BMs; however, most patients eventually experience disease progression in intracranial lesions. In addition, the necessity of implementing brain radiotherapy for patients with asymptomatic and stable BMs deserves special consideration, as brain radiotherapy may cause cognitive decline. Therefore, seeking new therapeutic strategies for those patients who experienced failure of EGFR-TKI therapy remains a challenge.

In recent years, immune checkpoint inhibitor (ICI) targeting programmed death-1 (PD-1) and PD-1 ligand (PD-L1) has revolutionized cancer treatment by harnessing the power of the immune system, and these ICIs dramatically improve the clinical outcomes of advanced NSCLC patients without driver mutations (9–12). The efficacy of ICI therapy was also observed in a subgroup of patients with BMs (13–16). A pooled analysis of three randomized studies showed that the objective response rate (ORR) and duration of response were 39.0% and 11.3 months, respectively, in NSCLC patients with BMs treated with ICI plus chemotherapy, while they were only 19.7% and 6.8 months in patients treated with chemotherapy alone (15). Moreover, one prospective study provided evidence supporting the use of PD-1 inhibitors in PD-L1-positive NSCLC patients with untreated BMs, with an overall survival (OS) of 9.9 months (16). These results justify the rational use of ICI therapy in the treatment of patients with BMs.

However, several studies suggest that EGFR mutations are associated with a poor response to ICI monotherapy in NSCLC (17–20). Patients with EGFR mutations who received PD-1 inhibitors had a low ORR of 14% and short median progression-free survival (PFS) of 1.8 months, while these values were 30% and 8.8 months in patients with wild-type EGFR (20). Nevertheless, this situation can be improved when ICIs are combined with other therapeutic modalities. Recently, a phase II study reported that patients with EGFR mutations receiving a PD-1 inhibitor plus chemotherapy had an ORR of 50% and a median PFS of 7.0 months after resistance to EGFR-TKI therapy (21). Moreover, the updated data of IMPOWER 150 have shown that the ORR was 73.5% and the median PFS was 10.2 months in patients treated with ICI triple therapy of a PD-L1 inhibitor plus chemotherapy plus antiangiogenic therapy (22). Although ICI therapy has promising efficacy in the treatment of EGFR-mutant NSCLC that progressed with prior EGFR-TKI therapy, little is known about the central nervous system (CNS) activities in the subpopulation with BMs.

In this retrospective study, we evaluated the efficacy of ICI therapy in EGFR-mutant NSCLC patients with BMs who failed prior EGFR-TKI therapy. Additionally, patients treated with salvage chemotherapy were enrolled to compare survival with that of patients treated with ICI therapy to determine whether ICI therapy is a promising treatment candidate.



Materials and methods

This retrospective study was approved by the Ethics Review Board of Shandong Cancer Hospital and Institute and conforms to the provisions of the Declaration of Helsinki. This study was a retrospective analysis and did not require informed consent from patients.


Patients

All patients hospitalized in Shandong Cancer Hospital and Institute between March 2019 and September 2021 were retrospectively reviewed. EGFR-mutant NSCLC patients with BMs who received ICI, including pembrolizumab, nivolumab, sintilimab, camrelizumab, tislelizumab, and atezolizumab, were enrolled. The inclusion criteria were as follows: 1) pathological or cytological diagnosis of NSCLC; 2) BMs diagnosed by contrast brain magnetic resonance imaging (MRI) or computed tomography (CT) scan; 3) NSCLC with EGFR-sensitive mutations; and 4) experiencing failure of EGFR-TKI therapy. Patients were excluded if they received ICI therapy prior to the diagnosis of BMs and lacked baseline and at least one follow-up imaging scan. In addition, a cohort of patients treated with salvage chemotherapy were included using the same criteria to serve as comparative controls. The study flowchart is depicted in Figure 1.




Figure 1 | Flowchart of the screening procedure. EGFR, epidermal growth factor receptor; SCLC, small cell lung cancer, NSCLC, non-small cell lung cancer, TKI, tyrosine kinase inhibitor; ICI, immune checkpoint inhibitor.



In the study, we retrospectively collected the tumor and patient characteristics obtained from electronic medical records. We evaluated the efficacy of ICI therapy based on the combination regimens, which can be divided into ICI monotherapy, ICI plus chemotherapy, ICI plus antiangiogenic therapy, and ICI plus chemotherapy plus antiangiogenic therapy. We also conducted a comparative analysis between the groups receiving ICI plus chemotherapy vs. chemotherapy alone. Moreover, we performed univariate and multivariate Cox regression analyses to determine predictors of PFS. The data cutoff date was 31 March 2022.



Study endpoints

The data were collected and analyzed according to the Response Evaluation Criteria in Solid Tumors version 1.1 (RECIST v1.1). Treatment response was divided into complete response (CR), partial response (PR), stable disease (SD), and progressive disease (PD). The overall response rate (ORR) was defined as the proportion of patients who had a CR/PR of any metastasis (considering both brain and extracerebral lesions), and the disease control rate (DCR) was defined as the proportion of patients with a CR/PR/SD. The intracranial ORR and DCR were calculated based on brain lesions. Intracranial progression-free survival (PFS) was defined as the date of the start of ICI therapy to the date of progression of intracranial lesions, death, or censoring on the date of the last imaging. Patients who had extracranial progression first were not included in the analysis of intracranial PFS. Overall PFS was defined from the start of ICI therapy to the occurrence of intracranial or extracranial progression or death or was censored on the date of the last imaging.



Statistical analysis

Descriptive summaries were created for demographic and clinical variables. PFS was calculated by Kaplan–Meier survival analysis. Log-rank tests were used to compare the survival between groups. Univariate Cox regression and multivariate Cox regression were used to examine the association between clinical factors and PFS. A value of p < 0.05 was considered statistically significant. Variables with a value of p < 0.15 in univariate analyses were selected for multivariate analysis. All analyses were performed using R version 4.05.




Results


Patient characteristics

We finally identified 53 EGFR mutation-positive NSCLC patients with BMs who were treated with ICI therapy. The median follow-up was 6.9 months. The baseline clinical and pathological features are summarized in Table 1. The majority of patients were younger than 60 years (67.9%) and had an Eastern Cooperative Oncology Group (ECOG) performance status of 0–1 (88.7%), no smoking history (86.8%), a histological diagnosis of adenocarcinoma (90.7%), negative/unknown PD-L1 expression (81.1%), and three or more metastatic organs (53.2%). Forty-six (86.8) patients received multiline prior systemic therapies, whereas 23 (43.4%) received prior intracranial RT. For brain lesions, 11 patients (21.2%) had symptomatic BMs and 28 (52.8%) had multiple BMs.


Table 1 | Clinical characteristics of the study population.



Twenty-two (41.5%) patients had EGFR 19del mutations, 23 (43.4%) had EGFR 21L858R mutations, and eight (15.1%) had rare EGFR mutations, including three EGFR 18G719X, three EGFR 20S768I, and two EGFR 21L861Q mutations. All patients experienced failure of EGFR-TKI therapy; among them, 29 (54.7%) had previously used third-generation EGFR-TKI therapy, and 26 (49.1%) had TKI response durations of less than 10 months. Regarding the treatment modalities, 19 (35.8%) received ICI plus chemotherapy, 12 (22.6%) were treated together with antiangiogenic therapy, 18 (34.0%) received immunotherapy plus chemotherapy plus antiangiogenic therapy, and only 4 (7.5%) received monotherapy. In addition, 10 (18.9%) received concurrent intracranial RT with ICI therapy. The lung immune prognostic index (LIPI) was calculated based on the baseline derived neutrophil-to-lymphocyte ratio (dNLR) and lactate dehydrogenase (LDH), as previously reported (23). Overall, 28 (52.8%) had an LIPI = 0 (good), 16 (30.2%) had an LIPI = 1 (intermediate), and 9 (17.0%) had an LIPI = 2 (poor).



Assessment of efficacy

Among the 53 patients, none had a CR, 11 had a PR (20.8%), 27 (50.9%) had SD, and 15 (28.3%) experienced PD; thus, the ORR was 20.8% and the DCR was 71.7%. The patients who underwent the combination of ICI and chemotherapy had the highest ORR of 36.8%, while no response was observed in patients receiving ICI monotherapy and ICI plus antiangiogenic therapy. Of the 38 patients with measurable intracranial lesions, the intracranial ORR was (21.0%) (one CR and seven PRs). Patients treated with ICI plus chemotherapy had the highest CNS response rate of 37.5% compared to other three treatment strategies. Nine patients with measurable BMs received concurrent intracranial RT with ICI therapy; the intracranial ORR was 44.4% (one CR and three PRs). The treatment response to ICI therapy is summarized in Table 2. It was noted that six (15.8%) patients had discordant responses between intra- and extracranial lesions among 38 patients in whom lesions were measurable. Among these patients, six patients had brain progression while they had an extracranial response or SD. The intra- and extracranial changes of patients with measurable lesions are shown in Figure 2.


Table 2 | Treatment response to ICI therapies.






Figure 2 | Waterfall plot of intracranial and extracranial change patients with measurable intracranial lesions. †Disease progression due to the development of new lesions; *Patients receiving concurrent intracranial radiotherapy.



The median overall PFS for all patients was 4.2 months (95% CI, 2.8–6.4); after the exclusion of patients who had extracranial progression before CNS progression, 30 patients were evaluated with a median intracranial PFS of 5.1 months (95% CI, 2.7-NR) (Figure 3). Patients treated with ICI plus chemotherapy exhibited the longest median overall (6.2 months) and intracranial PFS (6.4 months) compared to other three treatment strategies (Figure 4). A previous study reported that median PFS with ICI therapy was different across patients with distinct EGFR mutation types (24). In our study, it seems that patients harboring the EGFR 21L858R mutation had shorter overall and intracranial PFS than those with the EGFR 19del mutation, but this difference did not reach statistical significance (overall PFS: 2.8 vs. 5.1 months, p = 0.360; intracranial PFS: 4.2 vs. 5.1 months, p = 0.650) (Figure 5).




Figure 3 | Kaplan–Meier survival analysis for all patients. (A) Intracranial PFS. (B) Overall PFS. PFS, progression-free survival; CI, confidence interval; NR, not reached.






Figure 4 | Intracranial and overall PFS for subgroups with different treatment modalities. PFS, progression-free survival; ICI, immune checkpoint inhibitor; Chemo, chemotherapy.






Figure 5 | Intracranial and overall PFS for subgroups with different gene mutation types: (A) intracranial PFS. (B) Overall PFS. PFS, progression-free survival; iRT, intracranial radiotherapy; EGFR, epidermal growth factor receptor.



At present, the standard of care for EGFR mutant NSCLC after EGFR-TKI failure is platinum-doublet chemotherapy. Thus, we wanted to make a comparison between salvage chemotherapy and ICI plus chemotherapy to verify whether this combination could be a promising candidate. Forty additional patients with BMs and EGFR mutations who received chemotherapy after EGFR-TKI failure were included in this analysis; the clinical characteristic of those and 19 treated with ICI plus chemotherapy is shown in Table 3. In the ICI plus chemotherapy cohort, there were significantly higher proportions of patients with EGFR rare mutations (p = 0.021) and more than or equal to two lines of prior systemic therapies (p = 0.001). Compared to patients treated with salvage chemotherapy, patients receiving ICI combined with chemotherapy had both longer intracranial PFS (6.4 vs. 5.1 months, p = 0.110) and overall PFS (6.2 vs. 4.6 months, p = 0.054), and these differences approached statistical significance (Figure 6).


Table 3 | Comparison of clinical characteristics between patients treated with chemotherapy alone and ICI plus chemotherapy.






Figure 6 | Kaplan–Meier comparative survival analysis between patients treated with chemotherapy alone and ICI plus chemotherapy. (A) Intracranial PFS. (B) Overall PFS. PFS, progression-free survival; NR, not reached.





Prognostic factors for progression-free survival

Furthermore, we evaluated the effect of different variables on PFS using univariate and multivariate Cox model analyses. All variables displaying significant correlations and trends (p < 0.150) in univariate analysis were included in multivariate analysis. For overall PFS, high disease burden (p = 0.019), receiving prior third-generation TKI treatment (p = 0.032), and a poor LIPI (p = 0.012) were independent negative predicators (Table 4). In addition, multiple BMs demonstrated a significant correlation with intracranial PFS (p = 0.049) (Table 5).


Table 4 | Univariate and multivariate survival analyses of overall PFS.




Table 5 | Univariate and multivariate survival analyses of intracranial PFS.



Survival analysis was then performed according to the factors described above. Patients with high disease burden had significantly shorter overall PFS (3.6 vs. 5.9 months, p = 0.047) and intracranial PFS (5.9 vs. 2.7 months, p = 0.048) than those without disease burden. A shorter median overall PFS of 2.1 months was observed for patients who had poor LIPI, while the median overall PFS was 5.5 months for those having a good or intermediate LIPI (p = 0.004). In addition, patients who had been treated with prior third-generation EGFR-TKI therapy were significantly associated with a poor overall PFS (3.0 months vs. 6.4 months, p = 0.043). Patients who had a poor LIPI (2.9 vs. 5.9 months, p = 0.120), prior third-generation EGFR-TKI therapy (8.8 vs. 2.7 months, p = 0.086), or multiple BMs (3.5 vs. 6.5 months, p = 0.077) had shorter intracranial PFS; although these differences were not statistically significant, there was a trend toward significance. It has been previously reported that the PFS of patients with prior EGFR-TKI therapy can serve as a predictor of efficacy for ICI therapy at a 10-month cutoff value (25). In our study, longer overall PFS (5.9 vs. 3.3 months, p = 0.22) and intracranial PFS (6.4 vs. 2.7 months, p = 0.13) were observed in patients with PFS of prior EGFR-TKI therapy greater than or equal to 10 months, although these differences did not reach statistical significance (Figures 7A–H).




Figure 7 | Kaplan–Meier analysis for intracranial and overall PFS in patients with different risk factors. Intracranial (A) and overall PFS (B) between patients with and without high disease burden. Intracranial (C) and overall PFS (D) between patients with and without poor LIPI. Intracranial (E) and overall PFS (F) between patients with and without prior usage of third-generation EGFR-TKI. Intracranial (G) and overall PFS (H) between patients with and without multiple BMs. Intracranial (I) and overall PFS (J) between patients with prior TKI-PFS <10 months and ≥10 months. PFS, progression-free survival; NR, not reached; LIPI, immune prognostic index; EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor; BMs, brain metastases.






Discussion

EGFR-TKI therapy is the standard first-line treatment in patients with EGFR mutations with BMs; however, the treatment options of those patients whose disease progresses after EGFR TKI therapy are limited. In this study, we found that among all ICI-containing therapies, ICI combined with chemotherapy had better CNS efficacy and it led to longer intracranial PFS and overall PFS compared to salvage chemotherapy, which suggests that this combined treatment strategy is effective and may be considered as a treatment option for these refractory patients.

The occurrence of BMs, especially untreated or active BMs, often prevents participation in clinical trials for novel systemic therapy owing to concerns about the potential drug exclusion by the BBB. However, the presence of lymph vessels linking the brain and deep cervical lymph nodes allows immune cells to pass between the brain and peripheral system (26, 27). In addition, a preclinical study demonstrated that ICI could induce the priming and trafficking of CD8+ T cells from extracranial tumors to the brain, contributing to potent intracranial treatment efficacy for BMs in melanoma (28). A phase 2 prospective study suggested that a PD-1 inhibitor had CNS efficacy, with an intracranial ORR of 29.7% and PFS of 2.3 months in PD-L1-positive NSCLC patients with untreated BMs (16). Moreover, a series of retrospective studies have reported superior CNS efficacy of ICI therapy compared to ICI-naïve therapy (29–31). Nevertheless, the vast majority of patients in these studies have wild-type EGFR, and data regarding the intracranial efficacy of ICI therapy in patients with EGFR mutations with BMs are rare. Our study focused on this subpopulation that progressed with prior EGFR-TKI therapy because EGFR-TKI is still the first-line treatment option for those with EGFR mutations. We found that the intracranial ORR of ICI therapy was 21.0% and that the intracranial PFS was 5.1 months in all patients with measurable BMs. For patients receiving ICI plus chemotherapy, the efficacy data are encouraging, with an intracranial ORR of 37.5% and a median intracranial PFS of 6.4 months. These results were superior to those of a previous study reported by Goldberg et al. (16); the likely reason for this is the combination strategy of ICI and chemotherapy evaluated in our study. In addition, a small proportion of patients received concurrent brain radiotherapy, which further improved disease control. However, ICI plus chemotherapy plus antiangiogenic agents had an intracranial ORR of 16.7%, which was lower than that of the combination of ICI and chemotherapy. This may be because the proportion of positive PD-L1 patients and the proportion of low LIPI patients were both higher in the ICI plus chemotherapy group, contributing to its superior efficacy (Supplement Table).

We also found that there was no intracranial response in patients receiving ICI monotherapy or ICI plus antiangiogenic agents. This may not be surprising for ICI monotherapy because patients with EGFR mutations had an extremely poor response to ICI monotherapy, and a previous study reported an ORR of only 3.6% (32). Additionally, most patients had ≥2 prior therapies (86.8%) in our study, which means that tumors may have strong drug resistance. Therefore, the addition of antiangiogenic agents alone may increase the efficacy of ICI to a limited extent and may even not produce any synergy. The important role of chemotherapy in ICI-containing strategies against heavily pretreated NSCLC was revealed in comparisons of ICI plus chemotherapy and strategies without chemotherapy. Moreover, the discordance of treatment response between intracranial and extracranial lesions should also be noted. The discordance rate was 15.8% in our study, which was consistent with other previous studies ranging from 12.7% to 36.4% (16, 33, 34). The reason for the discordant outcome may be the difference in the tumor microenvironment between primary tumors and BMs. Previous studies have shown that there was significant disagreement of both PD-L1 expression and CD8+ T-cell infiltration that are critical contributors to the efficacy of ICI between BMs and matched primary tumors in NSCLC (35, 36). Therefore, the identification of the heterogeneity between primary tumors and metastases may help us better tailor the treatment of patients with metastases.

Currently, platinum-containing chemotherapy is the standard salvage therapy for EGFR-mutant NSCLC patients who failed EGFR-TKI therapy. Our study first compared both intracranial and overall PFS between ICI plus chemotherapy and chemotherapy alone in the BM subpopulation. Patients receiving ICI combined with chemotherapy had both longer intracranial PFS (6.4 vs. 5.1 months, p = 0.110) and overall PFS (6.2 vs. 4.6 months, p = 0.054) than those receiving chemotherapy, although the differences did not reach statistical significance, which could be due to the small sample size. A previous phase 2 study evaluated ICI plus chemotherapy as second-line treatment in advanced patients with EGFR mutations, and the median overall PFS in this study was slightly longer than ours (7.0 vs. 6.2 months) (21). The fewer prior lines of therapy in this study might explain the survival difference. Another phase 3 study, ORIENT-31, evaluated three ICI regimens, including ICI plus chemotherapy plus antiangiogenic agents, ICI plus chemotherapy, and chemotherapy, and the median overall PFS times were 6.9, 5.6, and 4.3 months, respectively. The data of ICI plus chemotherapy and chemotherapy in our study are generally consistent with these results; however, the overall PFS of the triple combination in our study was lower than that of the other combinations (5.1 vs. 6.9 months) (37). The low proportion of PD-L1-positive patients and the small sample size of our study may explain this difference. Consequently, the combination of ICI and chemotherapy may represent a new option for patients with EGFR mutations with BMs for whom EGFR-TKIs have failed; however, additional studies are needed to fully demonstrate the benefits.

The identification of prognostic factors is useful to predict clinical outcomes based on tumor and patient characteristics. For patients with EGFR mutations, the type of EGFR mutation may influence the outcomes of patients treated with ICI. The IMMUNOTARGET study suggested that the EGFR 21L858R mutation was associated with favorable outcomes compared to the EGFR 19del mutation (24). In our study, patients with the EGFR 19del mutation had longer PFS than patients with the EGFR 21L858R mutation, which seems inconsistent with a previous study. However, the vast majority of patients in our studies were treated with combination therapies, while patients in the IMMUNOTARGET study received only ICI monotherapy; moreover, there was considerable heterogeneity in trial designs and populations between these two studies, which precludes a direct comparison of these results. Another tumor characteristic affecting patient outcomes is disease burden. We found that a high disease burden, defined as three or more metastatic organs, was an independent negative predictor for both intracranial and extracranial PFS, which is consistent with previous studies (33).

The LIPI is obtained from serum LDH and peripheral lymphocytes and neutrophils, reflecting the patient’s immune system status. In our study, we observed that a poor LIPI was significantly associated with shorter overall PFS. This is consistent with the literature (23, 38, 39). Thus, the LIPI could be a useful predictor of the outcomes of ICI therapy. In addition, the baseline prior EGFR-TKI therapy may also influence the efficacy of current salvage therapy. Patients with previous third-generation EGFR-TKI therapy had significantly shorter PFS than those without this therapy in our study. Although the third-generation EGFR-TKI osimertinib has demonstrated potent CNS efficacy with an intracranial PFS of 39.7 in T790M-positive NSCLC patients with BMs (40), once tumors have progressed and acquired resistance to the drug, the prognosis will be poor. Moreover, we observed that patients with prior EGFR-TKI with a PFS of less than 10 months tended to have shorter PFS with ICI therapy, which is consistent with the study reported by Bai et al. (41).

Our study has several limitations. First, this was a retrospective analysis with a small number of patients. Second, patients did not receive treatment with the same EGFR-TKI and ICI types and a substantial proportion of patients had unknown PD-L1 expression and T790M mutation due to incomplete medical records, which may affect the outcomes with ICI therapy. Third, we lacked molecular analysis for BMs because there may be inconsistencies in both EGFR mutation status and PD-L1 expression between primary and BMs, but the collection of brain tissue samples is difficult in real-world practice. Last, the OS data were not mature at the time of the last follow-up. Given these limitations, a large-scale prospective study is required to validate our results.

In summary, the findings of this retrospective study demonstrated the promising intracranial efficacy of ICI plus chemotherapy in patients with EGFR-mutant NSCLC with BMs who experienced prior EGFR-TKI failure. Both intracranial and overall PFS were longer with this combination than with chemotherapy, which suggests that it may become a treatment option for these patients.
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Background

Previous studies have suggested that patients with pulmonary sarcomatoid carcinoma (PSC)may benefit from immune checkpoint inhibitors (ICIs); however, relevant data are lacking. This study aimed to establish the immunophenotype of PSC by assessing PD-L1 and CD8+ T-cell infiltration.



Methods

A retrospective analysis of pathologically confirmed PSC cases from two centers was performed from January 2009 to May 2021. According to the infiltration of CD8+ T cells in different spatial regions, patients were classified into three types: immune-inflamed, immune-excluded, and immune desert. PD-L1 staining was also performed on the intratumoral region and the tumor proportion score (TPS) was used for scoring. Combined with CD8+ T-cell infiltration and PD-L1 expression in the intratumoral region, immunophenotyping can be divided into four types: type I (PD-L1+/CD8+, adaptive immune resistance), type II (PD-L1-/CD8-, immunologic ignorance), type III (PD-L1+/CD8-, intrinsic induction), and type IV (PD-L1-/CD8+, tolerance). Finally, correlation analysis was performed on the immunophenotype, clinicopathological characteristics, and outcomes of the patients.



Results

A total of 32 patients with PSC were included in the final analysis. Of these patients, 65.6% (21/32), 15.6% (5/32), and 18.8% (6/32) were classified as immune-inflamed, immune-excluded, and immune-desert, respectively. Notably, the immune-inflamed type is predominantly observed in pleomorphic carcinomas (PC, 66.7%). Moreover, among these participants, 19 (59.4%) were classified as PD-L1 positive according to the TPS score. In particular, 11 (34.4%) patients had PD-L1 TPS scores >50%. Next, we immunophenotyped patients with PSC based on CD8+ T cell infiltration and tumor cell PD-L1 expression (types I–IV). Type I (PD-L1+/CD8+, adaptive immune resistance) was the most prevalent subtype, accounting for 46.9% (15/32), followed by type II (PD-L1-/CD8-, immunological ignorance) (21.9%), type IV (PD-L1-/CD8+, tolerance) (18.7%), and type III (PD-L1+/CD8-, intrinsic induction) (12.5%). Finally, we performed a survival analysis and found that neither immunophenotype was a predictor of prognosis in patients with PSC. Multivariate analysis showed that pneumonectomy increased the risk of death by four times compared with lobectomy (RR: 4.1; 95% CI:1.3-12.4, P=0.014).



Conclusion

Patients with PSC are characterized by immune-inflamed type and type I (PD-L1+/CD8+, adaptive immune resistance), explaining the intrinsic reasons for their high response rate to immunotherapy.
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Introduction

Pulmonary sarcomatoid carcinoma (PSC) is a rare, specialized subtype of non-small cell lung cancer (NSCLC) with biphasic differentiation between carcinoma and sarcoma, accounting for 0.1-0.4% of all lung malignancies (1, 2). Based on the fourth edition of the WHO classification of lung tumors, PSC can be divided into five subtypes: pleomorphic carcinoma (PC), spindle cell carcinoma (SCC), giant cell carcinoma (GCC), carcinosarcoma (CaS), and pulmonary blastoma (PB) (3). Its subclassification has not been changed in the latest fifth edition (4). Heterogeneous from other types of NSCLC, PSC biological behavior is more aggressive, coupled with its resistance to traditional treatment modalities, with an overall five-year survival rate of less than 20% (5–7). Therefore, there is an urgent need to identify novel treatment modalities for PSC.

Immune checkpoint inhibitors (ICIs) bring about the possibility of long-term survival in patients with NSCLC, and immunotherapy is a milestone development for patients with NSCLC (8, 9). The efficacy of ICIs in PSC lacks large data reports, but some scattered data still show the superiority of ICIs in the treatment of PSC (10–13). In the largest relevant study to date, although the sample size was only 38 patients, 54% of patients in this study received second-line nivolumab therapy, and 46% received third-line or more therapy. Regardless of PD-L1 status, the objective response rate (ORR) was 40.5% and the disease control rate (DCR) was 64.8%, suggesting that patients with PSC have a higher response rate and longer overall survival (OS) after ICI treatment (14). The underlying reason for this has always been a research hotspot. PD-L1, a biomarker for predicting the efficacy of ICI, was confirmed to be more frequently expressed in PSC than in other common subtypes of NSCLC (15). In addition, Kotlowska et al. reported that there was more immune and inflammatory cell infiltration in PSC, thus defining PSC as “hot tumors” (16). Recent studies have confirmed that immunophenotyping based on CD8+ T cell infiltration and PD-L1 expression in the intratumoral region is a better choice for predicting the efficacy of NSCLC immunotherapy, but there are no related reports on PSC (17).

To bridge this gap, we conducted a large, retrospective study. In the present study, CD8+ T cell infiltration was assessed in different spatial regions of the intratumoral and peritumoral regions, and PD-L1 expression in the intratumoral region was detected. This study aimed to establish immunophenotyping based on CD8+ T cell infiltration in different regions, and on combined CD8+ T cell infiltration and PD-L1 expression, and to analyze the relationship between immunophenotyping and the clinicopathological characteristics of patients with PSC. These results may provide support for understanding the tumor microenvironment (TME) of PSCs and their personalized immune therapy.



Methods


Study design

For the final analysis, we retrospectively enrolled patients with PSC who underwent radical resection from January 2009 to May 2021 (Figure 1). All patients included in this study were from two centers of thoracic surgery, namely Shaanxi Provincial People’s Hospital and Tangdu Hospital of the Fourth Military Medical University. The inclusion criteria were as follows: (1) pathological diagnosis of NSCLC, (2) immunohistochemical (IHC) diagnosis of PSC, (3) R0 resection, (4) both cancerous and paracancerous tissue, and (5) M0 stage. All patients who met the following criteria were excluded from this study: (1) pulmonary sarcoma, (2) metastatic PSC, (3) previous history of other malignant tumors, (4) neoadjuvant therapy, and (5) perioperative death. This study was approved by the Ethics Committee of Shaanxi Provincial People’s Hospital (approval number:20220621) and all patients provided signed informed consent.




Figure 1 | A flow chart of the research process.





Diagnosis and subtyping of PSC

PSC is defined as NSCLC with both sarcomatous and carcinomatous components, and must be diagnosed by combined HE and IHC on surgically resected specimens. All diagnoses were made by three independent experienced pathologists according to the WHO (5th edition) lung tumor classification criteria (4), and a fourth pathologist checked for inconsistency. PSC can be divided into five subtypes: PC, SCC, GCC, CaS, and PB. (1) PC refers to a carcinoma that contains at least 10% or more spindle cells or giant cell components in adenocarcinoma, squamous cell carcinoma, or undifferentiated NSCLC; undifferentiated carcinomas composed entirely of spindle or giant cells (including multinucleated cells) were defined as (2) SCC or (3) GCC, respectively; (4) CaS refers to a cancer that is mixed with heterologous sarcoma components (such as rhabdomyosarcoma, osteosarcoma, chondrosarcoma, etc.) in typical lung squamous cell carcinoma or adenocarcinoma; and (5) PB is a bidirectional malignant tumor composed of low-grade foetal adenocarcinoma and primitive mesenchymal components (Figure 2).




Figure 2 | Clinicopathological features of PSCs. (A) Spindle cells with atypia mixed with adenocarcinoma components. (B) pan-CK was positive in both sarcoma and carcinoma components. (C) Vimentin is specifically expressed in sarcoma components but not in cancerous components. (D) TTF-1 was strongly positive in the adenocarcinoma component and weakly positive in the sarcoma component. (E) Subtype distribution of PSCs.





Immunophenotyping of PSC

Two consecutive 4-micron thick sections from each patient were stained with monoclonal antibodies against CD8 (SP16) and PD-L1 (SP263) to assess the infiltration density of CD8+ T cells and the expression level of PD-L1, respectively. Immunohistochemical staining was performed using an automated immunostainer and an Ultra View Universal DAB (3,3’-diaminobenzidine) detection kit (Ventana Medical Systems, Inc. Tucson, AZ, USA). The same method was used for CD8 staining of paired paracancerous tissue. Placenta and tonsil tissues were respectively used as control for PD-L1 and CD8. All microscopic analyzes were performed under a light microscope (Zeiss, Germany).

The density of CD8+ T cell infiltration was defined as the proportion of CD8+T cells in nucleated cells in the stromal component of each specimen, and a proportion ≥5% was defined as positive for CD8+ T cell infiltration, and vice versa (18). Next, we performed immunophenotyping based on CD8+ T cell infiltration in PSC patients and defined the intratumoral region as tumor parenchyma and the peritumoral region as tumor cell nests around the stroma according to the previous definition criteria (19, 20). According to the infiltration of CD8+ T cells in different regions, the patients were divided into immune-inflamed, immune-excluded, and immune-desert types. Immune inflammation was defined as positive infiltration of CD8+ T cells in both the intratumoral and peritumoral regions; immune desert was defined as negative CD8+ T infiltration in both regions. The immune excluded was defined as the intratumoral region being negative for CD8+T infiltration and the peritumoral region being positive for CD8+ T infiltration (21).

The expression of PD-L1 was assessed according to the tumor proportion score (TPS) system recommended by clinical guidelines, and positive PD-L1 expression was defined as >1% of all tumor cells with positive tumor cell membranes in a given sample (22). Immunophenotyping is divided into four types according to PD-L1 expression and CD8+ T cell infiltration in the tumor region: Type I (PD-L1+/CD8+, adaptive immune resistance), Type II (PD-L1-/CD8-, immunologic ignorance), Type III (PD-L1+/CD8-, intrinsic induction), and Type IV (PD-L1-/CD8+, tolerance) (23).



Statistical analysis

Correlations between immunophenotyping and clinicopathological features were analyzed using the Chi-square test. Disease-free survival (DFS) and OS were calculated using the Kaplan-Meier method, and the log-rank test was used to assess differences in survival between groups. Statistically significant prognostic factors screened in the univariate analysis or clinically recognized variables affecting the prognosis of patients with PSC were included in the multivariate Cox regression analysis. A two-tailed test with a P-value of <0.05 was considered statistically significant. The above statistical analysis was performed using SPSS 22.0 and Stata 14.0.




Results


Clinicopathological features

A total of 32 patients with PSC were included in this study, and the clinicopathological characteristics of these participants are summarized in Table 1. The mean age of participants was 61.0 years (range:39.0-86.0 years). More than 90.0% of the participants were men. Approximately 62.5% of patients had a history of smoking. According to histological subtype, PC was the most common histological subtype (75.0%), followed by SCC (15.6%), GCC (6.3%) and CaS (3.1%). Notably, patients with PB were not included in the present study. Approximately 62.5% of patients had been diagnosed with stage III disease at their initial visit. Lobectomy was the predominant surgical procedure in this cohort, with a percentage as high as 81.3% (26/32); notably, the remaining 18.7% (6/32) of the patients underwent pneumonectomy.


Table 1 | Clinicopathological characteristics of patients with PSC (N=32).





CD8+ T cell infiltration in PSC

Next, we observed the infiltration of CD8+ T cells in different spatial regions (intratumoral and peritumoral regions) of PSC (Table 2 and Figures 3A, B). In the intratumoral region, the positive rate of CD8+ T cell infiltration (65.6%) was higher than that in the peritumoral region (50.0%), although the difference was not statistically significant (P>0.05). CD8+ T-cell infiltration was more common in SCC (80.0%), followed by PC (66.7%), and the proportion of CD8+ T-cell infiltration positive in CaS and GCC was comparable (Figure 3C). We also found no correlation between CD8+ T cell infiltration in the intratumoral region and pT (P>0.05), pN (P>0.05), and pTNM stages (P>0.05) in patients with PSC. Survival analysis showed that there was no difference in DFS and OS between the two groups of patients with or without CD8+ cell infiltration in the intratumoral region (Figures 3C, D), the same results were found in the peritumoral region (Figures 3E, F).


Table 2 | Correlation between CD8+ T cell infiltration and clinicopathological features in PSC.






Figure 3 | Infiltration and clinical outcome of CD8+ T cells in PSC. Infiltration of CD8+ T cells in the intratumoral region (A) and in the peritumoral region (B); DFS (C) and OS (D) of different CD8+ T cell infiltration states in intratumoral region; DFS (E) and OS (F) of different CD8+ T cell infiltration states in peritumoral region.





PD-L1 expression in PSC

Of the 32 participants, 19 (59.4%) were classified as PD-L1 positive according to the TPS score (Table 3 and Figure 4). In particular, 11 (34.4%) patients had PD-L1 TPS scores>50%. PD-L1 positivity was the most common in PC (70.8%), followed by SCC (40.0%). In our analysis, PD-L1 expression was not associated with the pT stage of the tumor (P>0.05), and PD-L1 expression was not associated with lymph node metastasis (pN stage) (P>0.05). Notably, patients with positive CD8+ T-cell infiltration in the intratumoral region had higher PD-L1 expression than those with negative CD8+ T-cell infiltration (71.4% vs. 36.4%, P=0.072). Consistent with a previous study (15), as shown in Figure 4, PD-L1-positive PSC patients had a tendency to separate survival curves from PD-L1-negative patients, although the difference was not statistically significant (P=0.544).


Table 3 | Correlation between PD-L1 expression and clinicopathological features in PSC.






Figure 4 | Expression and clinical outcome of PD-L1 in PSC. Criteria for positive (A) and negative (B) PD-L1 expression; (C) Infiltration density of PD-L1 expression in four subtypes of PSC. DFS (D) and OS (E) of different PD-L1 expression status.





Immunophenotyping of PSC based on CD8+ T cell infiltration

To explore the response of PSC to immunotherapy, we investigated their immunophenotyping based on the infiltration of CD8+ T cells in different spatial regions, as shown in Table 4 and Figure 5. Of these patients, 65.6% (21/32), 15.6% (5/32), and 18.8% (6/32) were classified as immune-inflamed, immune-excluded, and immune desert, respectively. Immune inflammation, a type of NSCLC immunophenotyping, is considered a predictor of response to immunotherapy in patients with NSCLC. In 21 cases of PSC recognized as immune-inflamed type, we found that the proportion of immune-inflamed type in PC and SCC was 66.7% and 80%, respectively. One patient with GCC and one CaS were classified as immune desert type. Next, we performed a correlation analysis between immunophenotyping and the clinicopathological features of PSC. The proportion of immune-inflamed type in stage I, II, and III patients was similar (50.0%, 50.0%, and 75.0%, respectively; P =0.329) (Figures 5D, E).


Table 4 | Immunophenotyping of PSC based on CD8+ T cell infiltration.






Figure 5 | Immunophenotyping based on CD8+ T cell infiltration in different spatial regions. Immune inflamed type (A), immune excluded type (B), and immune desert type (C); DFS (D) and OS (E) of different immunophenotypes.





Immunophenotyping of PSC by CD8+ T cell infiltration and PD-L1 expression

To develop a better predictive model for predicting the efficacy of immunotherapy in PSC, the immune microenvironment was classified into four types (types I-IV) according to intratumoral PD-L1 expression and CD8+ T-cell infiltration. Among the 32 patients, type I (PD-L1+/CD8+, adaptive immune resistance) was the most prevalent subtype, accounting for 46.9% (15/32), followed by type II (PD-L1-/CD8-, immunological ignorance) (21.9%), type IV (PD-L1-/CD8+, tolerance) (18.7%), and type III (PD-L1+/CD8-, intrinsic induction) (12.5%). We analyzed the relationship between immunophenotype and pTNM stage, and although there was no statistical difference (P=0.338), the proportion of patients with immunophenotype I (55.0%) in stage III was higher than that in stage II (16.7%) and stage I (50.0%) (Table 5).


Table 5 | Immunophenotyping of PSC based on CD8+ T cell infiltration and PD-L1 expression.





Immunophenotyping of PSC and clinical outcomes

We performed survival analysis of patients with PSC, and the survival data are summarized in Table 5. In the present study, the median DFS and OS were 7.3 months and 12.0 months, respectively. In the univariate analysis, variables such as gender, age, smoking status, and pathological subtype did not affect DFS and OS in patients with PSC (P>0.05). Notably, the pN stage was the only variable that affected DFS in patients with PSC (P=0.029). In the OS analysis, we found that surgical approach (P=0.018) was only factor affecting the OS of these patients, and neither immunophenotype was a predictor of prognosis in patients with PSC (Figures 5, 6).




Figure 6 | Immunophenotyping based on CD8+ T cell infiltration and PD-L1 expression. (A) Type I (PD-L1+/CD8+, adaptive immune resistance); (B) Type II (PD-L1-/CD8-, immunologic ignorance); (C) Type III (PD-L1+/CD8-, intrinsic induction); (D) Type IV (PD-L1-/CD8+, tolerance); DFS (E) and OS (F) of different immunophenotypes.



Next, we found that neither immunophenotyping 1 based on the infiltration of CD8+ T cells in different regions nor immunophenotyping 2 based on the expression of CD8+ T cells and PD-L1 in the intratumoral region were prognostic indicators for patients with PSC (Table 6).


Table 6 | Univariate analysis of DFS and OS of PSC.



Finally, we incorporated the four variables pT stage, pN stage, surgical approach, and PD-L1 expression into the Cox risk regression model for multivariate analysis (Table 7). The results showed that pneumonectomy increased the risk of death by four times compared to lobectomy (RR: 4.1, 95% CI:1.3-12.4, P=0.014). Notably, although not statistically different, PD-L1 expression in the intratumoral region increased the risk of recurrence/metastases (RR: 2.0, 95% CI: 0.8-5.2, P=0.136) and mortality (RR: 3.0, 95% CI: 1,0-8.8, P=0.053).


Table 7 | Multivariate analysis of DFS and OS in patients with PSC.






Discussion

PSC, a deadly subtype of NSCLC with both carcinomatous and sarcomatous components, is the most aggressive form of NSCLC. Heterogeneous to the two most common subtypes of lung adenocarcinoma and squamous cell carcinoma in NSCLC, driver mutations, primarily KRAS and MET mutations, may be intrinsic drivers of the malignant features of PSC (24–26). Based on the above data, in clinical practice, the therapeutic effect of traditional platinum-based chemotherapy and targeted therapy on PSC is unsatisfactory (27, 28). Some scattered case reports confirm that ICI may be the dawn of PSC treatment, but there is a lack of relevant data to support it. This retrospective study was based on 32 patients with PSC from two centers. Immunophenotyping of PSC was established for the first time by detecting CD8+ T cell infiltration in the intratumoral and peritumoral regions, and PD-L1 expression in the intratumoral region.

Even in earlier TNM stage PSC, the prognosis is still poor. A study of 7965 patients with PSC from the US National Cancer Centre was included in the analysis (29), accounting for 0.5% of all NSCLC (7965/1,547,531). For patients with operable PSC, survival analysis showed a median OS of only 16.9 months for stage I-II patients and 5.8 months for stage III patients. Multivariate analysis showed that patients with PSC had a higher risk of death than those with other histological subtypes of NSCLC (HR: 1.34, P < 0.001). Furthermore, with 1:1 matching by propensity score, approximately 418 patients in both groups and PSC patients still had a higher risk of death than other types of NSCLC (HR:1.34, P < 0.001). A study from the Mayo Clinic arrived at a similar conclusion (30). Consistent with the above findings, our data showed that the median DFS and OS times in patients with operable PSC were 7.3 months and 12.0 months, respectively. It should be mentioned that in our study, the surgical modality was the only variable that affected OS in patients with PSC. This may be because patients who underwent pneumonectomy had a later pTNM stage than those who underwent lobectomy.

Recently, as more studies have been reported, ICIs have been shown to be advantageous in the management of these aggressive tumors (13, 31, 32). A study of ICIs in advanced PSC included five patients, all of whom had received ICI therapy, and the TPS of PD-L1 in all cases was >75%. Four of the five patients showed a response, including one with complete remission. During follow-up, one patient died of infectious complications after 23 months, with no signs of progression. Four patients continued to survive, with sustained survival between 14.0-33.0 months (33). Domblides et al. (14) reported outstanding clinical efficacy of ICIs in a total of 37 patients receiving immunotherapy. A study with the largest sample size to date also confirmed that ICI treatment offers promising results for patients with PSC (34). Therefore, the immunophenotyping in our present study to guide immunotherapy in PSC has more practical clinical implications.

To explore the reasons for the high response rate of PSC to ICIs, we performed PD-L1 expression in the intratumoral region of 32 patients with PSC. Up to 59.4% of the patients were identified as PD-L1-positive (TPS>1%), and 34.4% of the patients had a TPS score >50%, which might explain the advantages of immunotherapy in PSC. Consistent with our data, Velcheti et al. showed that 9 of 13 patients with PSC (69.2%) were PD-L1-positive with higher levels than in the common type of NSCLC (35). Subsequently, a series of studies have confirmed that, compared with other types of NSCLC, PSC has a higher positive rate of PD-L1 (15, 36). Additionally, we analyzed the predictive role of PD-L1 expression in patient prognosis. Although not statistically different, our data support the hypothesis that PD-L1-positive patients have poor survival rates. Previous studies corroborate our findings (15, 37).

However, in addition to PD-L1 expression in tumor cells, CD8+ T cell infiltration in the TME can also be used as a biomarker for predicting the efficacy of immunotherapy in NSCLC (38, 39). Based on this, some scholars have attempted to study the relationship between CD8+ T cell infiltration and clinical outcomes in PSC. Zhang et al. (40) conducted a study on the immune microenvironment of PSCs. Both PD-L1 and CD8+ T cell infiltration were observed in this study. Their data showed that, among 38 PSC patients, PD-L1-positive and CD8+ T-cell infiltrated patients accounted for 55.3% and 73.7%, respectively. Further analysis showed that PD-L1 expression was positively correlated with CD8+ T cell infiltration (P < 0.01). Likewise, our results confirmed the above; among the 32 patients, 21 (65.6%) were identified as positive for CD8+ T cell infiltration in intratumoral region. In addition, we also detected CD8+ T cells in the paired peritumoral regions because the infiltration of CD8+ T cells in different spatial regions can be more comprehensive for immunophenotyping of PSC. Previous studies have confirmed that, according to this model, tumors can be divided into three types: immune-inflamed, immune-excluded, and immune desert (21). It is worth noting that the immune-inflamed type is also called “hot tumor”, which is sensitive to immunotherapy (41, 42). Based on the infiltration status of CD8+ T cells in different spatial regions, we performed immunophenotyping of patients, of these 32 participants, 65.6% (21/32), 15.6% (5/32), and 18.8% (6/32) were classified as immune-inflamed, immune-excluded, and immune-desert, respectively.

Immunophenotyping based on CD8+ T-cell infiltration does not reflect PD-L1 expression in tumor cells, which is considered an objective criterion for the prediction of immunotherapy efficacy. Based on this, immune tetratyping that integrates CD8+ T cell infiltration and tumor cell PD-L1 expression has been favored by researchers (23, 43, 44). Researchers have applied this type of immune typing to the study of tracheal tumors and found that 60.0% of tracheal squamous cell carcinomas are type I (PD-L1+/CD8+, adaptive immune resistance). In tracheal adenoid cystic carcinoma, half are type II (PD-L1-/CD8-, immunologic ignorance) or type IV (PD-L1-/CD8+, tolerance) (20). In our study, nearly half of the patients with PSC were classified as having type I (PD-L1+/CD8+, adaptive immune resistance), suggesting that this population may benefit from single-agent ICIs. For patients with immune types II (PD-L1-/CD8-, immunological ignorance) and III (PD-L1+/CD8-, intrinsic induction), because of a lack of CD8+ T cell infiltration, PD-L1/PD-1 inhibitors alone will not work, and a combined anti-PD-1/PD-L1 therapy strategy that promotes CD8+ T cell infiltration should be recommended. Finally, for type IV (PD-L1-/CD8+, tolerated) patients, other immunotherapy modalities should be considered.

Our study has the following limitations. First, although we included a 10-year period with patients from two centers, the sample size of the study still did not allow for further stratified analysis. Second, due to the low incidence of PB, there were no such patients in our study, therefore, we could not represent PSC in a strict sense. Finally, the time span of the enrolled patients was large, and the diversity of their treatment regimens affected the prognostic analysis.

In conclusion, we have comprehensively and systematically explored the TME characteristics of PSC and their subtypes. PD-L1 is highly expressed in tumor cells, and CD8+ T cells are significantly increased in the TME. The majority of PSC patients were classified as immune-inflamed type and type I (PD-L1+/CD8+, adaptive immune resistance), suggesting that these special types of NSCLC patients may benefit more from immunotherapy.
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Background

Accumulating evidence indicates that the B cells play important roles in anti-tumor immunity and shaping tumor development. This study aimed to explore the expression profiles of B cell marker genes and construct a B cell-related gene pairs (BRGPs) signature associated with the prognosis and immunotherapeutic efficiency in non-small cell lung cancer (NSCLC) patients.



Methods

B cell-related marker genes in NSCLC were identified using single-cell RNA sequencing data. TCGA and GEO datasets were utilized to identify the prognostic BRGPs based on a novel algorithm of cyclically single pairing along with a 0-or-1 matrix. BRGPs signature was then constructed using Lasso-Cox regression model. Its prognostic value, associated immunogenomic features, putative molecular mechanism and predictive ability to immunotherapy were investigated in NSCLC patients.



Results

The BRGPs signature was composed of 23 BRGPs including 28 distinct B cell-related genes. This predictive signature demonstrated remarkable power in distinguishing good or poor prognosis and can serve as an independent prognostic factor for NSCLC patients in both training and validation cohorts. Furthermore, BRGPs signature was significantly associated with immune scores, tumor purity, clinicopathological characteristics and various tumor-infiltrating immune cells. Besides, we demonstrated that the tumor mutational burden scores and TIDE scores were positively correlated with the risk score of the model implying immune checkpoint blockade therapy may be more effective in NSCLC patients with high-risk scores.



Conclusions

This novel BRGPs signature can be used to assess the prognosis of NSCLC patients and may be useful in guiding immune checkpoint inhibitor treatment in our clinical practice.





Keywords: non-small cell lung cancer, B cell marker genes, prognostic signature, immunotherapy, gene repair



Introduction

Lung cancer is one of the most common cancers in the world, with a high mortality rate (1). Non-small cell lung cancer (NSCLC) accounts for 80-85% of all lung cancers and mainly consists of lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) subtypes (2). Even though innovative treatment strategies, including immunotherapy and molecular targeted therapy, have revolutionized the management model of NSCLC patients, the 5-year overall survival (OS) rate for this population remains less than 20% (3). The reliable and clinically applied biomarkers for prognosis in NSCLC patients with all histological subtypes are still very rare. In addition, there are no well-established predictive biomarkers for immunotherapy response until now. Therefore, identifying reliable biomarkers to predict survival and guide appropriate personalized treatment for NSCLC patients is necessary and urgent in our clinical practice.

Accumulating evidence has revealed that tumor microenvironment (TME), accompanied by diverse tumor infiltrating lymphocytes (TILs), has been proven to play important roles in oncogenesis, tumor development and therapeutic efficacy prediction (4). In contrast to the well-investigated T cells (5), the potential role of tumor infiltrating B cells (TIL-B) is relatively less illustrated. Gottlin et al. found that the proliferative TIL-B could be identified in 35% of NSCLC, with significant variations in frequency across different clinical stages (6). B cells are a diverse population with highly heterogeneous subsets and functions (7). On the one hand, B cells can contribute to anti-tumor immunity by presenting antigens, producing antibodies, activating the complement cascade, assisting T-cell immune response, etc (8–10). On the other hand, there is also exist the regular B cells (Bregs) subset which can produce immunosuppression cytokines, such as IL-10 and IL-13, passively affects anti-tumor immunity (11). Recently, chen et al. demonstrated that the TIL-B has two major subtypes, namely the naïve-like and plasma-like B cells, with diverse functions in the progression of NSCLC (12). B cells were often associated with improved prognosis of NSCLC; however, the prognostic value of B cells is still controversial, with conflicting results across studies (13). Furthermore, several recent studies have found that B cells, associated mature tertiary lymphoid structures (TLSs) and plasma cells correlate with the efficacy of ICIs in multiple cancer types (14–19). Likewise, TLSs in tumors display substantial heterogeneity, and the prognostic and predictive value of TLSs is still controversial (20). However, a previous study demonstrated that only mature TLS with an active germinal center could predict the efficacy of immunotherapy in multiple cancer types (15). In fact, B cells are scarce in tumors without mature TLSs, whereas B cells are selectively activated and amplified in tumors with mature TLSs (21). Considering the significant roles of B cells in shaping the tumor immune environment and ICIs responses, therefore, it is necessary to make a comprehensive analysis of the heterogeneity, prognostic and immunotherapeutic predictive values of B cells in NSCLC.

Single-cell RNA-sequencing (scRNA-seq) method provides a potent approach for us to explore the complex biological behavior of TILs and potential mechanisms for them in shaping tumor development in various cancer types (22–24). Hence, establishing B cell-related signatures by means of scRNA-seq data could be a useful way to predict immunotherapeutic responses and prognosis in NSCLC patients. In this study, we successfully constructed a B cells-related gene pairs (BRGPs) prognostic signature in NSCLC utilizing the gene pair approach and data from scRNA-seq and bulk RNA-sequencing public datasets. Importantly, this novel BRGPs signature with no dependence upon specific gene expression levels can improve risk stratification, prognosis accuracy and individualized immunotherapy for NSCLC patients.



Methods


Data acquisition

We downloaded the transcriptome sequencing data and corresponding clinical features of NSCLC (LUAD and LUSC) patients from TCGA website (https://portal.gdc.cancer.gov/) on September 2021. A total of 1016 cases with tumor or normal sequencing data were included in this cohort. We only selected tumor sequencing data to construct a gene signature. The merged TCGA-NSCLC dataset was regarded as the training cohort. Then, we employed three microarray datasets (GSE37745, GSE30219 and GSE31210) from GEO database and set it as the validation cohort (25). Finally, a total of 999 and 570 NSCLC patients harboring both available gene expression and corresponding clinical data were included in the training and validation cohorts, respectively. The flowchart of the present study design is shown in Figure 1.




Figure 1 | The flowchart of this study.





B cell-related genes used for analysis

A total of 22 cell clusters (C1-C22) and corresponding cluster-specific marker genes were retrieved from the additional files of one previous publication (12). Among these 22 cell clusters, C4 and C6 clusters were annotated as B cells, and their specific marker genes were utilized to be served as B cell-related genes (BRGs) (Supplementary Table 1). In detail, a total of 90 unique genes including 35 marker genes from C4 (naïve-like B cells) subset and 59 marker genes from C6 (plasma-like B cells) subset were defined as BRGs in this study.



Identification of BRGPs in patients with NSCLC

BRGs were screened out using a median absolute deviation (MAD) >0.5, as those genes showed high variation in the samples from entire training cohort. Of note, these BRGs were also available in the validation cohort. Next, we used the gene expression levels of these BRGs in each sample for a pairwise comparison to construct BRGPs. For one BRGP (gene A|gene B), if the expression value of gene A was greater than gene B, the score of this pair was considered as 1. Otherwise, the score of gene A|gene B was defined as 0. The score of each BRGP in all samples were calculated, and those BRGPs with 1 or 0 less than 20% or more than 80% of total samples were excluded, since these pairs had low variation.



Identification of prognostic BRGPs and construction of BRGPs signature

Using “survival” and “survminer” R packages, we performed univariate Cox regression analysis to identify prognostic BRGPs with the limitation condition for P value less than 0.05 in the training cohort. Subsequently, using “glmnet” R package, the least absolute shrinkage and selection operator (LASSO) regression analysis was conducted to reduce the number of BRGPs and avoid model overfitting. Finally, the multivariate Cox regression analysis was performed to calculate the coefficients of the remaining BRGPs and construct prognostic signature. The risk scores of BRGPs signature for each NSCLC patient were calculated based on the value of these BRGPs (0 or 1) in the signature and weighted by multivariate Cox regression coefficient. The formula was as follows: risk score = ∑βi ×(BRG A|BRG B)i, where β is the regression coefficient.



Evaluation of prognostic capability of BRGPs signature in NSCLC patients

Using “survivalROC” R package, the 1-, 2-, and 3-year receiver operating characteristic (ROC) curve analyses were performed, and corresponding values of the area under the curve (AUC) were also calculated. The point of maximum Youden Index in the 3-year ROC curve was defined as the optimal cut-off point of the risk score (26, 27). The formula was as follows: YoudenIndex = Sensitivity+ Specificity-1. Based on the optimal cut-off value of BRGPs, NSCLC patients in training and validation cohorts were classified into high- and low-risk groups, respectively. The Kaplan–Meier method and log-rank test were applied to compare the survival curves of different risk groups. Then, the prognostic value of the risk score as well as other characteristics, including age, gender, histology and stage, were evaluated by univariate and multivariate Cox regression analysis. Furthermore, the association between BRGPs signature and these characteristics was analyzed by chi-square test, and the result was displayed by heatmap. Besides, the differences of the distribution of the risk scores in NSCLC patients with different TNM stages were also compared by Wilcoxon rank-sum test.



Immune score, stromal score, tumor purity, and tumor-infiltrating analyses

Estimation of Stromal and Immune cells in Malignant Tumor tissues using Expression data (ESTIMATE) algorithm was employed to infer ESTIMATE, immune, and stromal scores and tumor purity based on “estimate” R package and gene transcriptional profiles (28). The distribution of the tumor purity, ESTIMATE, immune, and stromal scores were analyzed between high- and low- risk groups in NSCLC, respectively. Pearson correlation coefficient was used to compare the correlation relationships between the markers mentioned above and the risk score of BRGPs signature.

CIBERSORT algorithm as well as the LM22 gene signature were used to calculate the abundance of 22 different immune cell types in each tumor sample (29). Sample deconvolution was performed 1000 permutations and P < 0.05 was required. Wilcoxon rank-sum test was used to compare the proportions of each tumor infiltrate immune cell subsets between high- and low- risk groups. Then, the Kaplan–Meier method and log-rank test were used to evaluate the prognostic values of different tumor infiltrate immune cell subsets in NSCLC patients. In addition, xCell and MCP-counter algorithms were also used to calculate the abundance of different immune cell types in high- and low- risk groups (30, 31).



Functional and pathway enrichment analyses

Gene set enrichment analysis (GSEA) was performed to functionally elucidate the biological roles of the BRGPs in NSCLC. Using the Gene Ontology (GO) gene set (c5.all.v7.4.symbols.gmt) and Kyoto Encyclopedia of Genes and Genomes (KEGG) gene set (c2.cp.kegg.v7.4.symbols.gmt) from the Molecular Signatures Database, we analyzed the signaling pathway enrichment status in NSCLC patients with high- and low-risk scores by GSEA. To achieve a normalized enrichment score for each analysis, gene set permutations with 1,000 times were carried out. A nominal P < 0.05 and false discovery rate (FDR) < 0.05 were regarded as significant results. Furthermore, we compared the enrichment levels of 29 immune-related functional signatures between high- and low-risk groups based on the single sample gene set enrichment analysis (ssGSEA) algorithm in the GSVA R package (32, 33).



Prediction of immunotherapeutic response

The association between PD-L1 mRNA (CD274) expression and the risk scores was evaluated by Wilcoxon test and spearman correlation analysis. The gene mutation data of LUAD and LUSC patients were downloaded from TCGA database (https://portal.gdc.cancer.gov/), and the tumor mutational burden (TMB) scores of each NSCLC patient were calculated as mutations per million bases. Then, the distribution of TMB in high- and low-risk groups was compared by Wilcoxon test, and spearman correlation analysis were performed between the risk score and TMB. Moreover, the somatic mutation features of high- and low-risk groups were visualized in the waterfall plot by “maftool” R package in LUAD and LUSC patients, respectively. Tumor Immune Dysfunction and Exclusion (TIDE) algorithm has been proven to have robust power for predicting clinical responses of ICIs treatment in melanoma, NSCLC and other cancer patients (34). Using the TIDE web (http://tide.dfci.harvard.edu), we obtained TIDE score, T cell dysfunction score and T cell exclusion score, and the distribution of those scores in high- and low-risk groups were compared by Wilcoxon test, respectively.



Statistical analysis

R software (version 4.1.1) was used to make all statistical analyses in this study, and P < 0.05 was considered statistically significant.




Results


Characteristics of patients with NSCLC in TCGA and GEO databases

A total of 999 patients from the TCGA-NSCLC dataset were defined as training cohort in this study. Besides, three independent NSCLC cohorts from GEO database were analyzed as the validation cohorts. The characteristics of the NSCLC patients in training and validation cohorts were provided in Table 1. Overall, in the training cohort, most patients over aged 65 years old (55.7%), were male (60.1%), had a disease stage I (54.4%), stage T2 (55.8%), stage N0 (64.2%), stage M0 (74.3%) and LUAD subtype (50.5%). Most patients with NSCLC in the GSE37745 cohort aged less than 65 years old (52.0%), were male (54.6%), in disease stage I (66.3%) and were LUAD (54.1%).


Table 1 | Basic characteristics of the NSCLC patients from TCGA and GEO datasets.





Construction and validation of prognostic BRGPs signature

Ninety unique B cell-related marker genes were included in this study, and 327 BRGPs with substantial variation was eventually identified using the method of cyclically single pairing along with a 0-or-1 matrix. In the training cohort, a total of 47 BRGPs had significant prognostic values. Lasso-penalized multivariate Cox proportional hazards modeling was performed on these prognostic BRGPs to improve stability and accuracy. After 1000 iterations, we successfully established a 23 BRGPs signature, consisting of 28 unique BRGs (Figures 2A, B). The detailed information of the 23 BRGPs signature was shown in Table 2. Besides, the expression levels of 28 unique BRGs were compared between NSCLC tumor and normal tissue in TCGA cohort, respectively. Importantly, most of BRGs (25/28) in BRGPs signature, except CCR7, HERUD1 and SEC11C, were differently expressed among NSCLC tumor and normal tissue (Supplementary Figure 1). We then calculated the risk score of BRGPs signature for each NSCLC patient in the training and validation cohorts. The 1-, 2-, and 3-year ROC curves were generated to assess the accuracy of BRGPs signature in predicting the prognosis of NSCLC patients. And the results revealed that this model was efficient in predicting the prognosis of NSCLC patients as AUC values were all around 0.700 (Figure 2C). In addition, the time-dependent ROC curve was applied to determine the optimal cut-off value for dividing patients into high- and low-risk subgroups (Figure 2D). Furthermore, for NSCLC patients in the training cohort, the risk score histogram, survival status distribution, and each corresponding BRGPs value were plotted (Figure 2E). Our results indicated that the BRGPs signature could efficiently distinguish good or poor survival of patients with NSCLC (P < 0.001) in the training cohort (Figure 2F). Importantly, univariate and multivariate Cox regression analyses demonstrated that the risk score of BRGPs signature was significantly associated with poor prognosis and could serve as an independent prognostic factor in NSCLC patients (Figure 3A, B). Furthermore, we verified the prognostic value of our prediction signature in the validation cohort. As expected, the results showed that low-risk patients had a significant longer OS compared with high-risk patients, either in GSE37745 (P = 0.001), GSE30219 (P = 0.027) and GSE31210 (P = 0.031) (Figure 2G and Supplementary Figure 2). And, the risk score was an independent prognostic factor based on univariate and multivariate Cox regression analyses in GSE37745 (Figures 3C, D).




Figure 2 | Construction and validation of BRGPs signature in NSCLC patients. (A) Trend graph of LASSO coefficients. (B) Partial likelihood deviation map. (C) ROC curve of 1-, 2- and 3-year survival predictions of BRGPs signature in the training cohort. (D) ROC curve of 3-year survival shows the optimal cut-off value of the risk score in the training cohort. (E) The distribution of BRGPs-based risk score, the vital statuses of patients and the heatmap of 23 BRGP profiles in the high- and low-risk groups. (F, G) Kaplan-Meier survival curves of OS in the training cohort (F) and validation cohort (G) based on risk score. BRGPs, B cell-related gene pairs; NSCLC, non-small cell lung cancer; ROC, receiver operating characteristic; OS, overall survival.




Table 2 | B cell-related gene pairs used for construction of prognostic risk model.






Figure 3 | Cox regression analysis for BRGPs signature. (A, B) Forest plot of univariate (A) and multivariate (B) Cox regression analyses for the prognosis of NSCLC patients in the training cohort. (C, D) Forest plot of univariate (C) and multivariate (D) Cox regression analysis for the prognosis of NSCLC patients in the validation cohort. BRGPs, B cell-related gene pairs; NSCLC, non-small cell lung cancer.





Clinical significance of the BRGPs risk signature

The correlation between the BRGPs signature and clinicopathological characteristics of NSCLC patients was estimated using a chi-square test. Gender (P < 0.001), disease stage (P < 0.001), T stage (P < 0.001) and N stage (P < 0.05) were found to be significantly related to BRGPs signature (Figure 4A). Furthermore, we used Wilcoxon rank-sum test and demonstrated that NSCLC patients with stage III-IV, stage T3-4, stage N2-3, and stage M1 had significantly higher risk scores than patients in stage I-II (P < 0.001), stage T1-2 (P < 0.001), stage N0-1 (P = 0.023), and stage M0 (P = 0.0037) (Figures 4B–E).




Figure 4 | Correlation analysis between BRGPs signature and clinicopathological characteristics of NSCLC patients. (A) Heatmap reveals that patient’s gender (P<0.001), T stage (P<0.001) and N stage (P<0.001) are significantly related to BRGPs signature based on the chi-square test. (B-E) Box plot reveals that the risk scores of NSCLC patients are significantly related to the clinical stage (B), T stage (C), N stage (D), and M stage (E) based on Wilcoxon rank-sum test. BRGPs, B cell-related gene pairs; NSCLC, non-small cell lung cancer. ***P < 0.001.





Tumor immune microenvironment between high- and low-risk patients with NSCLC

Using ESTIMATE algorithm, we evaluated the differences in immunologic landscapes between high- and low-risk NSCLC patients. The results showed that ESTIMATE score, immune score and stromal score were significantly higher in low-risk NSCLC patients compared with their counterparts (all P < 0.001) (Figures 5A–C). By contrast, the tumor purity was significantly higher in the high-risk group (P < 0.001) (Figure 5D). Correspondingly, our findings suggested that ESTIMATE score, immune score and stromal score were all negatively correlated with the risk score (all P < 0.001) (Figures 5E–G), whereas the tumor purity was positively correlated with the risk score (P < 0.001) (Figure 5H).




Figure 5 | TME discrepancy between high- and low-risk groups. (A–H) The box plot shows the ESTIMATE score (A), immune score (B), stromal score (C) and tumor purity (D) of the high- and low-risk NSCLC patients. The correlation analysis between the ESTIMATE score (E), immune score (F), stromal score (G) as well as tumor purity (H) and the risk score in NSCLC patients, respectively. TME, tumor microenvironment; NSCLC, non-small cell lung cancer.



Using CIBERSORT method and LM22 single-cell gene expression model matrix, we compared the infiltration levels of 22 immune cells between high- and low-risk groups and the prognostic value of these immune cells in NSCLC patients. The relative expression landscape of these 22 immune cell types was described in each NSCLC patients (Figure 6A). We found that 12 immune cells were distributed with significant differences between the high- and low-risk groups (Figure 6B). Among these immune cells, the infiltration levels of CD8+ T cells, resting mast cells, plasma cells, resting dendritic cells, memory B cells, regulatory T cells (Tregs) and gamma delta T cells were higher in the low-risk group. Additionally, our findings indicated that CD8+ T cells, resting mast cells, plasma cells, resting dendritic cells and Tregs were all significantly associated with a favorable OS in patients with NSCLC (Figures 6C–G). On the contrary, the infiltration levels of neutrophils, resting NK cells, activated mast cells, M2 macrophages and M0 macrophages were higher in the high-risk group, and both were significantly associated with poor clinical outcomes in NSCLC patients (Supplementary Figures 3A–E). Furthermore, using additional immune deconvolution tools, we also demonstrated that several immune cells which primarily responsible for effective anti-tumor immunity, such as CD8+ T cell, CD4+ T cell and B-cells, were infiltrated higher in the low-risk group (Supplementary Figures 4, 5).




Figure 6 | Immune cell infiltration analysis in NSCLC. (A) Relative infiltration proportions of 22 immune cells in each NSCLC sample based on CIBERSORT method. (B) The radar map reveals the distribution of 22 immune cells between high- and low-risk groups. (C–G) Comparison of overall survival for NSCLC patients with different infiltration levels of CD8+ T cells (C), resting mast cells (D), plasma cells (E), resting dendritic cells (F) and regulatory T cells (G) in the training cohort, respectively. NSCLC, non-small cell lung cancer.





Functional evaluation of the BRGPs signature

To identify the underlying biological characteristics on the basis of BRGPs signature, we performed GSEA to predict the most significant enrichment signaling pathways between high- and low-risk NSCLC patients. Our results suggested that patients with low-risk scores significantly enriched with several immune activation related pathways, including activation of immune response, adaptive immune response based on somatic recombination of immune receptors built from immunoglobulin superfamily domains, antigen receptor mediated signaling pathway, B cell activation and B cell mediated immunity (Figure 7A). Meanwhile, the pathways involved in cell proliferation, such as nuclear chromosome segregation, sister chromatid segregation, mitotic sister chromatid segregation and helicase activity, were maximum extent enriched in the high-risk group (Figure 7B). Likewise, KEGG analysis found that several immune activation related pathways, such as intestinal immune network for IgA production and B cell receptor signaling pathway were enriched in low-risk BRGPs subgroup (Supplementary Figure 6).




Figure 7 | Function enrichment analysis of BRGPs signature in NSCLC. (A, B). The GSEA analysis reveals the five most significant enrichment pathways in low- (A) and high-risk (B) NSCLC patients. (C) The ssGSEA analysis reveals that the relative enrichment score of 29 immune related signatures in NSCLC patients with high and low risk scores. BRGPs, B cell-related gene pairs; NSCLC, non-small cell lung cancer; GSEA, gene set enrichment analysis; ssGSEA, single sample gene set enrichment analysis. ***, P<0.001; **, P<0.01; *, P<0.05.



We assessed the expression profiles of 29 immune-associated features to determine their immune-related signaling pathways, cell types, and functional activities. We quantified the level of enrichment of 29 immune signatures in each NSCLC sample using ssGSEA method. We demonstrated that the immune-associated biological behavior of patients in high- and low-risk groups was significantly different. Notably, patients in the low-risk group scored significantly higher in most immune or inflammation-related pathways, except for APC_co_inhibition, macrophages, MHC_class_I, NK_cells, parainflammation and Type_I_IFN_Reponse (Figure 7C).



BRGPs signature predicts immunotherapeutic response

Numerous studies indicated that patients with high PD-L1 expression and TMB scores have a higher chance of benefiting from ICIs treatment (35–39). As a result, we evaluated the association between BRGPs signature and these two well-characterized immunotherapy biomarkers. Unfortunately, there was no significant difference in PD-L1 mRNA expression between high- and low-risk NSCLC patients (Figure 8A). Besides, our results indicated that the risk score of BRGPs signature was not correlated with PD-L1 mRNA expression levels in TCGA-NSCLC, GSE30219 and GSE37745, but was positively correlated with PD-L1 mRNA expression in GSE31210 (Figure 8B and Supplementary Figure 7). However, our findings indicated that NSCLC patients with high-risk score had significantly higher TMB scores (P < 0.001) (Figure 8C). Additionally, correlation analysis revealed a positive correlation between the risk score and TMB scores (P < 0.001) (Figure 8D). Moreover, the significant association between TMB score and the risk score of BRGPs signature was still existing in patients with either LUAD or LUSC (all P < 0.05) (Supplementary Figures 8A, B). Furthermore, the top 20 mutation genes of the high- and low-risk cohorts of LUAD and LUSC patients were plotted (Figures 8E–H). Then, we evaluated the relationship between BRGPs risk signature and TIDE-related scores. Interestingly, patients with high-risk scores had significantly higher exclusion scores, lower TIDE scores and lower T cell dysfunction scores compared with low-risk patients (all P < 0.01) (Figures 8I–K), implying that high-risk NSCLC patients may be more sensitive to immunotherapy. Unsurprisingly, an inferior survival rate for low-risk patients after immunotherapy were observed in GSE135222 (Supplementary Figure 9). Collectively, these findings indicate that patients with high-risk scores are more likely to benefit from immunotherapy and that BRGPs may serve as a potential biomarker for predicting immunotherapy efficacy in NSCLC patients.




Figure 8 | The predictive ability of BRGPs signature in NSCLC patients with immunotherapy. (A–D). The box plot shows the PD-L1 mRNA (CD274) expression levels (A) and TMB scores (C) between high- and low-risk patients. The correlation analysis between the PD-L1 mRNA expression levels (C) and TMB scores (D) and the risk score in NSCLC patients, respectively. (E–H) The top 20 frequent mutation genes in low- (E) and high-risk (F) patients in TCGA-LUAD cohort. The top 20 frequent mutation genes in low- (G) and high-risk (H) patients in TCGA-LUSC cohort. (I–K) TIDE score (I), T cell dysfunction score (J) and T cell exclusion score (K) between high- and low-risk patients. BRGPs, B cell-related gene pairs; NSCLC, non-small cell lung cancer; TMB, tumor mutational burden; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; TIDE, Tumor immune dysfunction and exclusion.






Discussion

The tremendous clinical success of cancer immunotherapy refocused attention on various TILs, however, reliable biomarkers based on the TILs to predict immunotherapy response and prognosis of NSCLC patients are still very rare (4). In this study, we obtained B cell specific marker genes from a scRNA-seq study and innovatively conducted a new method of cyclically single pairing along with a 0-or-1 matrix to construct a novel BRGPs signature in NSCLC patients. In the training and validation cohorts, our novel BRGPs signature demonstrated effective prognostic performance and can be used as an independent risk factor for NSCLC patients. Analysis of clinicopathological characteristics, TME conditions, immune profiles and biological pathway revealed that patients with a low-risk score were characterized by early clinical stage, low tumor purity, high anti-tumor immune cell infiltration and immune-active states. Additionally, we found that patients with high-risk scores had significantly higher TMB scores and lower TIDE scores compared with patients with low-risk scores, which indicates that high-risk patients are more likely to benefit from immunotherapy. Collectively, BRGPs signature might be a useful biomarker to predict prognosis and immunotherapeutic effect in NSCLC patients. More importantly, our novel BRGPs signature only needs to detect the higher or lower expression level of the two BRG in each BRGP without requiring quantitative gene expression profiles (40), which avoids potential technical bias and improves its clinical practicability.

In this study, the BRGPs signature was composed of 23 BRGPs, including 28 different BRGs. In the signature model, gene pairs (BIRC3|RGS16 and HES1|ITM2C) harbored the highest coefficients and presented positive and negative effects on the prognosis of NSCLC patients, respectively. BIRC3 acts as a member of inhibitors of apoptosis proteins (IAPs) family and plays an important role in pro-survival and antiapoptotic on the cells, which has been characterized in multiple cancer types (41). In LUAD, increased expression of BIRC3 could promote tumor growth and metastasis (42). RGS16 is one of the regulators of G protein singling (RGS) gene family members and negatively regulates G protein–coupled receptor (GPCR) signaling cascades (43). It was reported that RGS16 played central roles in immune and inflammatory responses (44, 45). Importantly, RGS16 can inhibit the Ras-Raf-MEK-Erk signaling cascade and promotes antitumor CD8+ T cell exhaustion (46). HES1, a Notch signaling pathway target, plays both oncogenic and tumor suppressor roles in different cell types (47). Interestingly, HES1, associated with Notch activation, was essential to inhibit the progression of B-cell acute lymphoblastic leukemia rather than T-cell acute lymphoblastic leukemia (47). Besides, HES1 has been shown to be positively correlated with the expression of FOXP3 and plays an important role in regulating the invasive and migratory functions of FOXP3 in NSCLC cells (48). ITM2C belongs to the Type II Integral Membrane protein (ITM2) family and is thought to be negatively regulates the amyloid-beta peptide production (49, 50). Importantly, ITM2C is highly and selectively expressed by Antibody Secreting Cells in the immune system (50). The signature genes identified in this study can provide potential targets for experimental design to give new insights into the pathological mechanisms in NSCLC.

We performed 1-, 2-, and 3-year ROC curves analysis to assess the efficacy and accuracy of the BRGPs signature, and the corresponding AUC values were all close to 0.700, indicating that our predictive signature was effective in predicting the prognosis of NSCLC patients. Zhang et al. identified a 13-gene B cell-associated signature in LUAD patients, with 2-year AUC of 0.621 in the training cohort, inferior to the AUCs in our study (51). Additionally, a previous study demonstrated significant differences in the expression levels of B cell-related genes between patients with LUSC who had a good survival outcome and those who had a poor survival outcome (52). In this study, the risk score of our BRGPs signature was an independent prognostic factor in NSCLC patients, and we found that the risk signature was significantly associated with the clinical stage of NSCLC patients. These findings revealed that the major clinical significance of the BRGPs signature and prompted us to explore the potential underlying mechanism.

Considering the remarkable impact of TME on the prognosis of cancer patients (53), we investigated the discrepancy in immune cell infiltration between low- and high-risk NSCLC patients. Notably, we found significant TME heterogeneity between high- and low-risk NSCLC patients using ESTIMATE and CIBERSORT methods. For example, our findings indicated that low-risk NSCLC patients had a higher proportion of CD8+ T cells, but a lower proportion of M2 macrophages. CD8+T cells have been linked to a better prognosis of patients with multiple cancer types (54). As the key effectors in the anti-tumor process, CD8+T cells can release perforin and granzyme and mediate cytotoxicity via Fas/FasL signaling pathway (55). Otherwise, the macrophages can be classified into M1 and M2 subtypes based on differentiation status and functional roles (54). Tumor-associated macrophages (TAMs) typically exhibit an M2-like phenotype which can secrete various immune suppress factors, including IL-10, TGFβ, and proangiogenic factors, and previous research has established a link between TAMs and disease progression and poor prognosis of NSCLC patients (56, 57). Then, the functional enrichment analysis revealed that immune-activating pathways were significantly enriched in low-risk NSCLC patients, whereas high-risk NSCLC patients were closely implicated in cell proliferation related functions. Indeed, several important BRGs found in BRGPs signature, such as BIRC3, IFT57, GADD45B and SPAG4, have been associated with the proliferation or migration of NSCLC cells (41, 42, 58–61). Therefore, high-risk NSCLC patients are more likely to harbor genome instability status and associated with high TMB, tumor progression, and relative advanced tumor stage. Collectively, BRGPs signature showed significant prognostic value in patients with NSCLC, and the potential biological mechanism may attribute to the dysregulation of the cell cycle and TME heterogeneity.

Currently, immunotherapy, especially for immune checkpoint blockade, has revolutionized the treatment of lung cancer (62). However, the response rate of ICIs is relatively low, and most NSCLC patients cannot benefit from these immunotherapeutic agents (63). Therefore, developing reliable biomarkers to improve the prognosis of NSCLC with ICIs treatment is urgently needed. Up to now, various biomarkers have been investigated to determine the therapeutic effect of ICIs (64, 65). For instance, PD-L1 expression and TMB scores have been demonstrated to be independently associated with the efficacy of ICIs and can be used to guide ICIs treatment in our clinical practice. Likewise, TIDE methods are widely used for immunotherapeutic prediction and have been proven to have impressive predictive performance in various cancers (34, 66–68). The relationship between above mentioned ICIs-related biomarkers and BRGPs signature was investigated in this study. Our findings indicated that TMB scores rather than PD-L1 mRNA expression were positively correlated with the risk score. In contrast to the unfavorable prognosis associated with high TMB scores in NSCLC patients (69), TMB is common positively correlated with the improved efficacy of immunotherapy (70). Unfortunately, a positive correlation between BRGPs signature and PD-L1 mRNA expression was not found in all NSCLC cohorts. Since PD-L1 tumor staining by immunohistochemical is routinely used as an immunotherapy biomarker in multiple cancer types including NSCLC, further studies to investigate the relationship between BRGPs signature and PD-L1 expression are urgently warranted both in the mRNA and protein levels. Importantly, we found that NSCLC patients with high risk-scores had significantly higher TMB scores but lower TIDE scores, implying a greater potential for immunotherapy benefit. Hence, ICIs treatment may be a better option for NSCLC patients with high-risk scores. Nevertheless, the predictive value of BRGPs serving as a reliable biomarker in immunotherapy requires further validation.

Undeniably, several limitations were existed in this study. Even though the prognostic value of our BRGPs signature was fully validated in TCGA and GEO cohorts, the study’ retrospective nature and the potential bias should not be neglected. Next, the results were achieved based on public database. Therefore, additional experimental studies (both in vitro and in vivo) are warranted to verify the molecular mechanism through which B cell-related genes affect NSCLC, and external clinical studies should be performed to further clarify the predictive capability of our BRGPs signature in NSCLC patients with and without immunotherapy.

In conclusion, we established a novel BRGPs signature that could serve as a potent prognostic biomarker and a potential indicator of immunotherapeutic response in NSCLC. Importantly, our BRGPs signature significantly correlated with TME and TMB, indicating that these molecular changes might explain the clinical significance. Nonetheless, future clinical studies will be required to validate the utility of the constructed BRGPs signature as soon as possible.
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Background

Pulmonary sarcomatoid carcinoma (PSC) is a rare and aggressive disease without standardized treatment strategies. The efficacy of second-line or beyond immune checkpoint inhibitors (ICIs) has been proven in recent studies, whereas the evidence for first-line immunotherapy for PSC is still limited to case reports and remains poorly understood.



Materials and methods

This was a multicenter, retrospective analysis of 21 patients with a histological diagnosis of PSC who received ICI as first-line therapy from January 2019 to March 2022. The expression of PD-L1 was evaluated by immunohistochemistry (IHC) using the monoclonal antibody 22C3. Low and high PD-L1 expressions were defined using the tumor proportion score (TPS), with cutoffs of 1 and 50%, respectively.



Results

All eight patients had PD-L1 positivity who underwent PD-L1 expression assessment, and six patients (6/8, 75.0%) had high PD-L1 expression. Among the 21 PSC patients, seven received tislelizumab, six received camrelizumab, four received sintilimab, three received pembrolizumab, and one received durvalumab. Among them, 18 PSCs received combination therapy, whereas another three PSCs received immunotherapy alone. Out of the 21 PSC patients, 12 (57.1%) achieved a partial response (PR), and five patients had stable disease (SD) as the best response, whereas four PSCs experienced dramatic progressive disease (PD). The median progression-free survival (PFS) was 9.2 (95% CI [4.3, 14.1]) months, and the median OS was 22.8 (95% CI [4.0, 41.5]) months. Among the three treatment groups (immunotherapy alone, immunotherapy combined with anlotinib, and chemoimmunotherapy), the median PFS was 8.0, 9.4, and 9.6 months, and the median OS was 19.0, 22.8, and 30.6 months, respectively. There was no difference in PFS and OS between the three treatment regimen groups (P = 0.86 and P = 0.34, respectively) and different immunotherapies (P = 0.10 and P = 0.23, respectively). No serious adverse events (grade ≥ 3) were noted.



Conclusion

First-line immunotherapy has promising therapeutic potential in the treatment of PSC. More studies are warranted to confirm these findings.
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Introduction

Pulmonary sarcomatoid carcinoma (PSC), a rare and aggressive disease, accounts for less than 1% of non-small cell lung cancer (NSCLC) (1). It often is at advanced stages during diagnosis and is highly heterogeneous (2). No standardized treatment strategies exist for PSC, and conventional chemotherapy also has limited efficacy (3). In addition to potential targeted molecular therapy from genetic sequencing, immune checkpoint inhibitors (ICIs) using programmed cell death 1 (PD-1)/PD-L1 antibodies are considered to be one of the most promising immunotherapy strategies (4–7).

Studies have shown higher frequencies of genetic mutations and PD-L1–positive expression in PSC than in conventional NSCLC, and PD-L1 positivity might lead to survival benefits from immunotherapy or even a favorable response in those harboring actionable mutations (4, 8, 9). Immunotherapy by immune checkpoint blockade is emerging, and the efficacy of second-line or beyond immunotherapy for PSC has been proven in recent studies (10, 11). Furthermore, several studies suggested the remarkable response of PSC to first-line immunotherapy, while the reports are limited to the case (12, 13).

The low number of patients who have undergone immunotherapy as a first-line treatment strategy makes it challenging to evaluate the specific safety and efficacy of first-line immunotherapy for PSC. The purpose of this paper is to report the largest study of first-line immunotherapy for PSC treatment to date.



Materials and methods


Study design and patients

A multicenter, retrospective study was conducted at two tertiary medical institutions in the Nanchang region of China, namely The First and Second Affiliated Hospital of Nanchang University in China. The patients diagnosed with advanced PSC (III/IV) who received first-line immunotherapy from January 2019 to March 2022 were enrolled. Patients with pulmonary interstitial disease, systemic immunosuppression, autoimmune disease, or second primary malignancy were excluded from this study. Written informed consent was not required, as this was a retrospective review study. The last follow-up time was 30 April 2022. Each patient’s relevant clinical data were collected from hospital electronic medical records, including sex, age, smoking status, Eastern Cooperative Oncology Group (ECOG) score, histology, clinical stage, and distant metastasis. The best tumor response was evaluated according to RECIST version 1.1. Progression-free survival (PFS) was the time from the date of immunotherapy to the date of disease progression or death. Overall survival (OS) was the time from the date of immunotherapy to death from any cause or the last follow-up.



PD-L1 expression

The expression of PD-L1 protein was evaluated by immunohistochemistry (IHC) performed on 4-µm formalin-fixed paraffin-embedded (FFPE) tissue sections using a Dako PD-L1 22C3 pharmDx kit (Dako, Carpinteria, CA). PD-L1 protein expression was determined by using the tumor proportion score (TPS), and the cutoffs for low and high expressions were 1 and 50%, respectively (14).



Statistical analysis

Kaplan–Meier curves were drawn to analyze the survival of PSC patients. The corresponding 95% confidence interval (95% CI) was calculated. Statistical tests were performed in IBM SPSS version 25 (IBM Corp, Armonk, NY). p < 0.05 was considered statistically significant.




Results


Clinical characteristics

In the end, 21 PSC patients who were treated with first-line immunotherapy were enrolled. The clinical characteristics are summarized in Table 1. The median age was 65 (range: 39–95) years, and all the men had a history of smoking (15/21, 71.4%). In five patients (23.8%), the tumors were located in the left lung, whereas most of the tumors (76.2%) were in the right lung. All patients with PSC were diagnosed at advanced stages (III/IV). The majority of these were already in the IVB stage (61.9%) and had distant metastasis when they were diagnosed. Bone was the most common site of metastases (33.3%). Eleven out of 21 patients (52.4%) with good physical status had an ECOG performance status score of 0. Not surprisingly, pleomorphic carcinoma (PLC) was the most common pathological type of PSC at 80.9%, three cases were spindle cell carcinoma (SCC), and another case was carcinosarcoma (CS).


Table 1 | Clinical characteristics of PSC patients.



PD-L1 expression was assessed by IHC in the eight samples available. Six patients (6/8, 75.0%) had high expression (TPS > 49%) and the others had low expression (TPS 1–49%) (Figure 1A). Genetic testing was performed on 16 patients. Only one patient had an actionable mutation, for BRAF V600E. No EGFR, ALK, or MET mutations were found.




Figure 1 | Waterfall plot of the best response rate according to PD-L1 expression in tumor cells (A) and different immunotherapy strategies (B) among PSC patients who received first-line immunotherapy treatment. PD-L1, programmed cell death ligand-1; PSC, pulmonary sarcomatoid carcinoma.





Treatment and outcome of immunotherapy

Immunotherapy was given as a first-line treatment in all PSC patients, and the related data are presented in Table 2. The majority (18/21, 85.7%) were given combination therapies. The other three received camrelizumab (2/12, 16.7%) or sintilimab (1/12, 8.3%) monotherapy.


Table 2 | Characteristics of first-line immunotherapy.



Among those with combination treatment, 14 were given anlotinib, a multitargeted tyrosine kinase inhibitor, combined with immunotherapy, including tislelizumab (7/21, 33.3%), camrelizumab (4/21, 19.0%), sintilimab (2/21, 9.5%), and pembrolizumab (1/21, 4.8%). Of the seven patients who received tislelizumab combined with anlotinib treatment, two achieved partial response (PR) as the best response, one of them with tumor shrinkage of approximately 72%, and four achieved stable disease (SD), whereas rapid progression occurred in another patient for PFS of 1.7 months and OS of 5.4 months (Figure 1B). All patients who received camrelizumab combination treatment achieved PR as their best response and a survival time of more than 14 months (Figure 1B). It is noteworthy that one female PSC patient harboring the BRAF V600E mutation at the IVB stage refused dabrafenib plus trametinib treatment because it was expensive, received camrelizumab combination treatment, had a PFS of 22.4 months, and is still alive at the time of this last follow-up. In another female case with TP53 mutations, the lesions suggested a PR that endured for more than 14.8 months without progression. The PFS was 8 months in the patient who accepted camrelizumab combination treatment, and the continuation of the original treatment led to sustained stability for more than 21.2 months. The last PSC patient with TP53 mutation achieved PR and had a PFS and OS of 9.4 and 22.8 months, respectively. Unfortunately, two patients with stage IVB had relatively poor physical health (ECOG ≥1), and despite treatment with sintilimab plus anlotinib, their lesion rapidly progressed and they died within 3 months (Figure 1B). One of them had SCC with high PD-L1 expression and KRAS mutation. A man with a smoking history at the IVB stage harboring ATM, CREBBP, KRAS, and TP53 mutation and who received pembrolizumab in combination with anlotinib achieved PR; the PFS was 10.5 months and OS was 14.2 months.

Another four patients took the combination of platinum-based chemotherapy with pembrolizumab (2/21, 9.5%), sintilimab (1/21, 4.8%), or durvalumab (1/21, 4.8%). Both patients treated with the pembrolizumab combination achieved PR (Figure 1B). One patient’s lesion continued remission for 11.7 months, while the PFS was not achieved. More surprisingly, the other patient had a PFS of 10 months and an OS of up to 30.6 months. A male PSC patient at the IVA stage received sintilimab combined with chemotherapy and achieved PR with tumor shrinkage of approximately 67%; the PFS was 9.6 months and the OS was not reached. On the other hand, in one patient treated with durvalumab, rapid progression occurred (only 1.8 months).

Notably, three patients were reluctant to receive chemotherapy in favor of monotherapy, two were PD-L1 positive (one with high PD-L1 expression of 95% and the other with 20%), and another did not have PD-L1 testing since there was no gene mutation. Two were treated with camrelizumab monotherapy. The OS was 12.6 months in one patient (PD-L1 95%) and more than 25.4 months in the other. Sintilimab monotherapy was adopted as a first-line treatment for one CS patient with PD-L1 expression of 20%, who had a PFS of more than 5 months and whose OS was not reached.



Survival analysis

The median follow-up time for this cohort was 8.5 (range: 0.3–30.6) months, and only seven of the 21 PSC patients (33.3%) were deceased at the last follow-up time. In the whole sample, the median PFS was 9.2 (95% CI [4.3, 14.1]) months (Figure 2A), and the median OS was 22.8 (95% CI [4.0, 41.5]) months (Figure 2B). Twelve out of 21 (57.1%) PSC patients achieved a PR and five patients had SD as the best response, whereas four PSCs experienced dramatic progress with first-line immunotherapy, although one of them was PD-L1 TPS > 50% (Figure 1A). Regrettably, we did not do further molecular testing or autopsies due to the family members’ refusal.




Figure 2 | Survival analysis of first-line immunotherapy treatment in PSC. Kaplan–Meier analysis of PFS (A) and OS (B) in 21 PSC patients treated with first-line immunotherapy. PSC, pulmonary sarcomatoid carcinoma; PFS, progression-free survival; OS, overall survival.



We further analyzed the differences between different treatment regimens and immunotherapies on PFS and OS in PSC patients. Among the three treatment groups (immunotherapy alone, immunotherapy combined with anlotinib, and chemoimmunotherapy), the median PFS was 8.0, 9.4, and 9.6 months, and the median OS was 19.0, 22.8, and 30.6 months, respectively. Nevertheless, there was no difference in PFS and OS between the three treatment regimens groups (P = 0.86 and 0.34, respectively; Figure 3). Similarly, results have shown no differences in PFS and OS between different immunotherapies (P = 0.10 and 0.23, respectively; Figure 3).




Figure 3 | PFS (A, C) and OS (B, D) curves of PSC patients with different treatment regimens and immunotherapy. PFS, progression-free survival; OS, overall survival; PSC, pulmonary sarcomatoid carcinoma.



The overall objective response rate (ORR) was 57.2%, and a disease control rate (DCR) of 81.0% was achieved (Table 2). Remarkably, one patient who received first-line immunotherapy achieved tumor shrinkage of approximately 55%, even with the BRAF V600E mutation; the PFS was 22.4 months and the OS was not attained. We speculate that first-line immunotherapy was effective in achieving continuous remission.



Adverse events

Five patients (23.8%) experienced adverse events (Table 2), including myocarditis, myelosuppression, nausea, vomiting, and diarrhea, whereas no serious adverse events (grade ≥3) were noted. None of the patients discontinued immunotherapy due to adverse effects.




Discussion

Continuing efforts to find novel therapeutic strategies for PSC are imperative. Although the efficacy of immunotherapy after disease progression has been demonstrated (10), first-line immunotherapy in PSCs remains poorly understood. To the best of our knowledge, the present study is the largest to report the efficacy of immunotherapy for PSC as first-line immune therapy.

Immunotherapy has substantially contributed to the treatment of conventional NSCLC and has improved patient outcomes (15–19), providing promising new treatment strategies for PSC. Evidence indicates that 80.0% of PLCs with high PD-L1 expression, which is correlated with longer PFS and OS than low/negative/unknown PD-L1 expression, suggests that high PD-L1 expression may enable more benefit from immunotherapy (20). Another study showed that PD-L1 positivity in the tumor led to a better ORR of 58.8% in PSCs treated with second-line or beyond immunotherapy than PD-L1 negativity, and the median OS was 12.7 months in the whole sample. The authors thought that it was necessary to identify the efficacy of this promising immunotherapy as a first-line treatment for PSC (10).

Along with accumulating research on immune therapies in PSC, the efficacy of first-line treatment has been gradually unveiled. Pembrolizumab monotherapy treatment in three PSC patients showed a response, with a PFS of more than 11.0 months (21). Similarly, first-line camrelizumab combined with platinum-based chemotherapy, although followed by camrelizumab monotherapy for serious adverse events, achieved partial remission for more than 20.0 months (12). Interestingly, obvious tumor shrinkage was found in advanced-stage patients treated with chemoimmunotherapy, whereas PD-L1 expression was found in 1% (13). Consistent with the findings described above, our study makes significant advancements in first-line immunotherapy, including monotherapy and combination treatment.

Studies have shown that harboring the BRAF V600E mutation was associated with greater clinical benefit from ICIs and significantly prolonged PFS in NSCLC (22). Similarly, in our study, one PLC patient with the BRAF V600E mutation taking camrelizumab plus anlotinib as first-line treatment without targeted therapies had a PFS of 22.4 months. The results indicated that first-line immunotherapy is a potential choice to induce durable clinical benefits for PSC patients with the BRAF V600E mutation. Intriguingly, camrelizumab combined with anlotinib as first-line treatment demonstrated excellent effects in four PLC patients. This promising treatment strategy has been proven by a previous study showing that anti-PD-1 treatment, including camrelizumab with anlotinib, has favorable antitumor activity even in previously treated advanced NSCLC (16, 23).

Disease progression is inevitable, and little is known about what contributes to dramatic progress without any response to immunotherapy; however, we cannot ignore the four patients who showed progress in our study with advanced IVB stages at immunotherapy initiation.

KRAS and TP53 mutations have been demonstrated to be associated with high PD-L1 expression in NSCLC (24–26). Furthermore, Lococo et al. indicated that PSC harboring KRAS mutations portended a dismal prognosis (27). The results of our study are consistent with those; patients harboring KRAS or TP53 mutations indeed had high PD-L1 expression, whereas one SCC patient with a single KRAS mutation experienced limited treatment efficacy, with rapid progression, in contrast with that in one PLC patient with multigene mutations, including KRAS and TP53 mutations, who obtained a PR of more than 7.2 months. Two more PLC patients with TP53 single mutations also achieved PR for more than 8.0 months. The reasons for this are not well known; limited by a small sample size, KRAS mutation was associated with poor efficacy from immunotherapy for PSC, which is unlikely to hold true. However, this result is controversial, as several studies have suggested that those harboring KRAS mutations had a better response to immunotherapy (5, 28).

A phase Ib trial (NCT03628521) regarding combined sintilimab and anlotinib as first-line therapy in patients with advanced NSCLC saw decent success, with a median PFS of 15.0 months (29). Another retrospective study revealed that sintilimab plus anlotinib in NSCLC patients with previous systemic treatment failure yielded a favorable response (23). However, this situation did not occur in our study: Two PSC patients who took sintilimab plus anlotinib achieved rapid progression as their best response and died within 3.0 months. Similarly, the combined use of durvalumab and chemotherapy in a male PLC patient at stage IVB exhibited unsatisfactory results, although this combination of treatment strategies showed a promising effect in a previous investigation (30).

The limitations of this study are its small sample size, and we did not find an exact predictive factor or mechanism of dramatic progression. Additionally, this study had different treatment regimens and several immunotherapies with limited numbers of people on each treatment, and although the results showed no differences between groups, a larger sample of studies is needed to support this. Although remarkable outcomes have been obtained, they may suffer from selection bias (a low rate of incidence). Several clinical trials including first-line toripalimab combined therapy (NCT04725448) in the treatment of patients with advanced PSC are in progress. We hope that those studies can reveal more detail about the value of immunotherapy and help guide treatment decisions. One challenge is to be able to predict which patients are most likely to derive benefit from immune therapies and the mechanism of progression at initial treatment. Considering the rarity and complexity of PSC, clinical studies involving multiple centers, even globally, are needed to improve prognosis.



Conclusions

Our study sheds light on the promising therapeutic potential of first-line immunotherapy in the treatment of PSC. Given these findings, a prospective study is warranted to explore the efficacy of immunotherapy with or without chemotherapy, and it is necessary to determine the reason for the dramatic progression at initial immunotherapy treatment.
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Background

To evaluate longitudinal changes of concurrent chemoradiotherapy (CCRT) related lymphopenia and its association with survival in locally advanced non-small cell lung cancer (LA-NSCLC) patients.



Methods

Total lymphocyte count (TLC) at baseline, weekly intervals during CCRT and monthly intervals up to 12 months after CCRT were documented. The Common Terminology Criteria for Adverse Events version 5.0 was used to grade the severity of lymphopenia. Cox regression analysis was performed to evaluate the association between overall survival (OS) and CCRT related lymphopenia at different timepoints. Logistic regression model was used to determine the clinical factors associated with TLC level.



Results

381 LA-NSCLC patients treated with definitive CCRT without consolidation therapy (NCT02573506/NCT02577341) between 2011 to 2020 were analyzed. With a median follow-up of 45.8 months, the median OS was 41.0 months for all patients. Univariable analysis demonstrated that the 3 weeks during CCRT Grade (G) 4 lymphopenia (P=0.018), 2 months after CCRT G1-4 lymphopenia (P=0.004), 6 months after CCRT (6m-post-CCRT) G1-4 lymphopenia (P=0.001), and TLC nadir (P=0.020) were significantly associated with poorer OS. Multivariable analysis suggested that 6m-post-CCRT G1-4 lymphopenia (HR 2.614; P=0.041) were one of the independent predictors of OS. Further analysis inferred that radiation dose (OR: 1.328; P=0.005), GTV volume (OR: 1.004; P=0.036), and baseline TLC (OR: 0.288; P=0.001) were associated with 6m-post-CCRT lymphopenia.



Conclusion

The persistent lymphopenia at 6 months after CCRT was an independent prognostic factor of OS in LA-NSCLC patients. Higher radiation dose, larger gross tumor volume and lower baseline TLC were significantly related to 6m-post-CCRT lymphopenia.
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Introduction

Lymphocytes play a crucial role in the host antitumor immune response, which helps suppress cancer progression. Total lymphocyte count (TLC) has been recognized as an important prognostic factor for multiple solid tumors in clinical studies (1, 2). Although concurrent chemoradiotherapy (CCRT) is a standard treatment modality for unresectable locally advanced non-small cell lung cancer (LA-NSCLC), it frequently results in lymphopenia from directly destructing mature circulating lymphocytes, or interfering lymphopoiesis in radiation-sensitive organs, such as bone marrow (3, 4). The reduction of TLC caused by CCRT is associated with poor prognosis in various cancers (5–8). Previous studies have demonstrated that lymphopenia was a predictor of inferior survival as well as acute/chronic inflammatory pneumonitis among patients with NSCLC (7, 9, 10). Nevertheless, the dynamic change of TLC during and after CCRT and its role on prognosis has not been fully elucidated in NSCLC.

CCRT with consolidative immunotherapy offers the best chance for cure in patients with unresectable LA-NSCLC. Moreover, ex vivo studies suggested that radiotherapy can exert immunostimulatory effects through increased expression of cytokines and tumor associated antigens, and through recruitment of effector cells into tumor microenvironment (4, 11). However, CCRT induced lymphopenia might have negative impact on NSCLC patients receiving immunotherapy. Previous study also indicated that lymphopenia could be regarded as an early indicator of immune-related adverse events (12), and severe lymphopenia at the time of immunotherapy initiation was an independent predictor of worse progression-free survival (PFS) (13). Therefore, to explore the longitudinal changes of TLC during and after CCRT is crucial for maximizing the efficacy of combined therapy. Clinical factors associated with persistent lymphopenia and strategies to mitigate lymphopenia effects should be explored.

Given the association between TLC and survival in multiple solid tumors as well as the important role of the immune response in patients with LA-NSCLC, we hypothesized that not only the TLC nadir during CCRT but also the persistent lymphopenia after CCRT could negatively affect survival outcomes in patients with LA-NSCLC treated with CCRT. The objectives of this study were two-fold: (a) to investigate the relationship between longitudinal TLC changes and survival outcome in LA-NSCLC patients undergoing definitive CCRT and (b) to evaluate the clinical factors associated with persistent lymphopenia induced by CCRT in the patient population.



Materials and methods


Patient population

A total of 381 patients diagnosed as unresectable LA-NSCLC and treated with definitive CCRT were identified, including the patient cohorts from two clinical trials (NCT02573506, NCT02577341) as well as patients treated as the protocol of the trials. The inclusive criteria were (1): biopsy-proven NSCLC; (2) stage IIIA-IIIC according to the eighth edition of the International Union against Cancer/American Joint Committee on Cancer staging system. (3) receipt of CCRT with curative intent; (4) without adjuvant or consolidation therapy after CCRT; (5) age of 18 years or older; (6) Eastern Cooperative Oncology Group (ECOG) performance status score of 0 to 2. (7) complete blood count (CBC) with differential available prior to CCRT, weekly intervals during CCRT and monthly intervals up to 12 months after CCRT. Patients were excluded if they had metastatic disease at the time of diagnosis. Patient and disease characteristics including age, gender, ECOG score, family history of cancer, smoking history, histologic grade, TNM staging, pre-CCRT body mass index (BMI), pre-CCRT albumin were documented. Radiotherapy regimen information including gross tumor volume (GTV), total radiation dose, mean body dose (MBD), mean heart dose (MHD), and mean lung dose (MLD) were collected.

This study was approved by the review board of Sun Yat-sen University Cancer Center. Written informed consent for the use of clinical data was obtained from all patients.



Treatment

All the patients underwent definitive CCRT. A four-dimensional simulation CT was created and the GTV were composite volumes from CT scans of all breathing phases. The GTV was defined as the visible primary tumor and positive lymph nodes on CT scans. The planning target volumes for GTV were created by a uniform expansion of 5-6 mm surrounding the GTV for all patients. Involved nodal irradiation was adopted in our patients. Definitive CCRT was prescribed per clinical trial protocols (NCT02573506, NCT02577341). Radiotherapy was delivered using intensity modulated radiotherapy technique with a total dose of 60-68 Gy to PTV-GTV in 16-23 daily fractions. Concurrent chemotherapy regimens included docetaxel/paclitaxel plus platinum (14, 15). Three to five cycles of weekly concurrent chemotherapy were delivered depending on the fractions.



Longitudinal complete blood count

White blood cell, neutrophil, hemoglobin, and TLC prior to CCRT, weekly intervals during CCRT and monthly intervals up to 12 months after CCRT were documented. Longitudinal TLCs, including the baseline (pre-CCRT) TLC (within 2 weeks prior to RT), the 3 weeks during CCRT (mid-CCRT) TLC, the end of CCRT (end-CCRT) TLC, 2 months after CCRT (2m-post-CCRT) TLC, 6 months after CCRT (6m-post-CCRT) TLC and TLC nadir, were collected for analysis. TLC nadir was recorded as the minimum value from the onset till 12 months after CCRT. As treatment beyond progression was supposed to affect TLC, 2m-post-CCRT TLC and 6m-post-CCRT TLC were recorded for those patients who were progression-free for at least 6 months after CCRT. The Common Terminology Criteria for Adverse Events (CTCAE) version 5.0 was used to grade the severity of lymphopenia (G0: ≥1.00 k/µL, G1: <1.00-0.80 k/µL, G2: <0.80–0.50 k/µL, G3: <0.50–0.20 k/µL, and G4: <0.20 k/µL).



Follow-up

Patients were firstly followed up every 3 months during the first 2 years, every 6 months in 3-5 years, and every year thereafter until progression or death. Medical history, physical examination, CT scans of the chest and upper abdomen were performed at each follow-up. Brain magnetic resonance imaging, bone scan or positron emission tomography/CT were performed when tumor recurrence or metastasis was suspected.



Statistical analysis

The characteristics of patients, disease and treatments were summarized by descriptive analysis. Continuous variables were presented with median (range) and compared by Mann-Whitney U test. The primary endpoint of the study was overall survival (OS) which calculated from the date of initial treatment to death of any cause or time of last follow-up. Progression free survival was calculated as the time interval between the initial treatment to the date of disease progression or death. OS, PFS and local control were analyzed using the Kaplan-Meier method and log-rank test. Univariable and multivariable Cox regression model were performed to select the independent predictors of OS. The hazard ratio (HR) with their 95% confidence interval (CI) were calculated. Clinical and dosimetric factors were analyzed by univariable and multivariable binary logistic regression model to identify independent baseline variables associated with 6m-post-CCRT lymphopenia. The odds ratio (OR) with their 95% CI were calculated. All data were analyzed using the SPSS statistics, version 26.0 (IBM Corp., Armonk, NY). Two-tailed P value <0.05 was considered statistically significant.




Results


Patient characteristics

The baseline characteristics of 381 patients are summarized in Table 1. For the entire patient cohort, the median age was 58 (range, 28-81). The majority were male (82.2%) and had an ECOG performance status of 0-1 (92.4%). At diagnosis, 59.8% of patients had a smoking history. There were 208 (54.6%) patients had squamous cell carcinoma, and 194 (50.9%) patients had stage IIIB disease. The median radiation dose was 65.78 Gy (range, 59.80-68.00). Patients received weekly concurrent chemotherapy (25 mg/m2 docetaxel and 25 mg/m2 platinum) at 3~5 cycles. The median GTV volume was 98.5 cm3 (range, 21.5-664.3). The median values of MBD, MHD and MLD were 8.59 Gy (range, 2.27-16.57), 11.89 Gy (range, 0.74-45.20), and 18.87 Gy (range, 2.81-27.96), respectively.


Table 1 | Characteristics of patients (n=381).





Longitudinal total lymphocyte counts

The longitudinal dynamic change of TLC was shown in Figure 1. The median pre-CCRT TLC was 1.70 k/μL (range, 0.40-3.60). At 3 weeks during CCRT (mid-CCRT), the median TLC was 0.49 k/μL (range, 0.10-1.55), and the rate of G4 lymphopenia was 5.0%. The median end-CCRT TLC was 0.50 k/μL (range, 0-1.49), and the rate of G4 lymphopenia was 3.2%. The median 2m-post-CCRT TLC was 1.04 k/μL (range, 0.24-3.43), however, 46.4% of patients had G1-4 lymphopenia. The median 6m-post-CCRT TLC was 1.22 k/μL (range, 0.36-3.60). 75.0% of patients had TLC returned to >1.0 k/μL (G0) by 6 months, whereas 25.0% had persistent lymphopenia beyond 6 months. The median TLC nadir was 0.40 k/μL (range, 0-1.21), and 10.8% (41/381) of patients experienced G4 lymphopenia during the whole course of CCRT (Table 2).




Figure 1 | Changes of the total lymphocyte count (TLC) at longitudinal timepoints during concurrent chemoradiotherapy (CCRT) and follow-up. Abbreviations: pre-CCRT, the baseline; mid-CCRT, the 3 weeks during CCRT; end-CCRT, the end of CCRT; 2m-post-CCRT, 2 months after CCRT; 6m-post-CCRT, 6 months after CCRT.




Table 2 | The association between TLC and overall survival (OS).





Clinical and dosimetric factors associated with overall survival

With a median follow up of 45.8 months (range: 1.5-92.9 months), the median OS and PFS were 41.0 months (95%CI: 36.2–45.9 months) and 12.7 months (95%CI: 11.3–14.2 months) for all patients. The 1-year and 2-year of local control rate were 70.2% and 50.9%, respectively. Age (HR: 1.542; P=0.005), gender (HR: 1.548; P=0.046), ECOG (HR: 1.496; P=0.008), disease stage (HR: 1.325; P=0.010), radiation dose (HR: 1.083; P=0.037), GTV volume (HR: 1.004; P<0.001), mid-CCRT TLC (HR: 2.040; P=0.018), 2m-post-CCRT TLC (HR: 1.754; P=0.004), 6m-post-CCRT TLC (HR: 2.189; P=0.001), TLC nadir (HR: 1.655; P=0.020), MBD (HR: 1.110; P=0.002), and MLD (HR: 1.085; P=0.001) were significantly associated with OS on univariable Cox regression analysis. Subsequently multivariable analysis demonstrated that gender (HR: 3.797; P=0.009), disease stage (HR: 1.620; P=0.045), GTV volume (HR: 1.004; P=0.035), 6m-post-CCRT TLC (HR: 2.614; P=0.041) were independent predictors of OS (Table 3, Figure 2). The relationship between progression free survival and local control rates with 6m-post-CCRT TLC were shown in Figure 3.


Table 3 | Univariable and multivariable Cox regression analysis of potential variables associated with OS in LANSCLC patients.






Figure 2 | The association between overall survival (OS) and 6m-post-CCRT TLC.






Figure 3 | The association between progression free survival (PFS) (A) and local control (B) with 6m-post-CCRT TLC.





Clinical and dosimetric factors related to 6m-post-CCRT lymphopenia

Clinical and dosimetric factors affecting 6m-post-CCRT lymphopenia were shown in Table 4. Total radiation dose (OR: 1.307; P=0.002), GTV volume (OR: 1.005; P=0.002), pre-CCRT TLC (OR: 0.339; P<0.001), pre-CCRT BMI (OR: 3.044, P=0.040), and MLD (OR: 1.118, P=0.027) were found to be significantly associated with 6m-post-CCRT lymphopenia on the univariate analysis. Subsequently multivariable analysis revealed that radiation dose (OR: 1.328; P=0.005), GTV volume (OR: 1.004; P=0.036), and pre-CCRT TLC (OR: 0.288; P=0.001) were independent predictors of persistent lymphopenia at 6 months after CCRT.


Table 4 | Binary logistic regression results of variables related to persistent lymphopenia at 6 months after CCRT.






Discussion

The study investigated the relationship between the longitudinal TLC changes and survival outcome in LA-NSCLC patients undergoing definitive CCRT and evaluated the clinical factors associated with persistent lymphopenia induced by CCRT in the patient population. The results of current study suggested that the 6m-post-CCRT persistent lymphopenia was the independent predictor of OS among different time points.

94.5% of LA-NSCLC patients had a G0 TLC before CCRT, which dropped to 53.6% and 75.0% at 2 months and 6 months after the completion of CCRT. At 6 months after CCRT, 25% of patients had G1-4 CCRT related lymphopenia, with 1.2% of patients had G3 lymphopenia and no patients had G4 lymphopenia. The degree and timing of CCRT related lymphopenia in our study were consistent with previous studies that 51%-84% of patients had TLC reduction, the incidence of G3-4 lymphopenia was 35%-61% at 2 months after CCRT and persisted throughout one year of observation (5, 16–19).

As lymphocyte plays a vital role in infiltrating and destroying tumor tissues by activation of cellular immune response through T cells, TLC may be recognized as one of biomarkers to represent the immune status and anti-tumor response. Radiation to those circulating blood pool such as heart and lung might reduce tumor infiltrating lymphocytes by depleting circulating lymphocyte subpopulations, including CD8+ cytotoxic T cells, CD4+ helper T cells, and Foxp3+ regulatory T cells which have been proved to strongly correlate with survival outcome in NSCLC. Previous studies found that the TLC nadir, as well as lymphopenia occurred in 1 and 3 months after radiotherapy were significantly associated with OS in limited stage small cell lung cancer (20, 21). A large retrospective analysis of 901 patients with NSCLC demonstrated that TLC nadir with G3-4 lymphopenia was an independent factor of OS (11). Our results also found that TLC nadir was significantly associated with inferior OS in univariable analysis. Moreover, the multivariable analysis of current study suggested that the 6m-post-CCRT lymphopenia was the independent predictor of OS, indicating that the persistent lymphopenia after CCRT was crucial for long-term treatment outcome and regular examination was important for LA-NSCLC patients. The exact mechanism by which CCRT related lymphopenia affects OS is not clear. The impaired anti-tumor immunity associated with lymphopenia is one possible explanation. Recent studies suggested higher tumor infiltrated lymphocytes were associated with better disease control in lung cancer patients treated with immunotherapy (22, 23). In addition, CCRT related lymphopenia may lead to poorer OS due to increased lymphopenia-related complications such as infection (18). In our study, 103 patients (27.0%) used antibiotics for infection or ≥G2 radiation pneumonitis. In those patients, 3 patients (0.8%) experienced a sepsis, and 46 patients (12.1%) experienced infection confirmed by the procalcitonin testing and sputum culture and treated with prolonged antibiotics. For patients who had recurrent infections were more likely to have prolonged antibiotic use, which may induce antibiotic-associated bone marrow suppression through depletion of gut microbiota (24). In this case, lymphopenia as the reflector of myelosuppression was thought to be another prognostic factor for those patients.

PACIFIC study established the role of consolidative immunotherapy after CCRT for unresectable LA-NSCLC. However, not all patients could benefit from this strategy, raising an urgent need to discover important predictive factors. Among them, radiation induced lymphopenia is worthy of attention. Lymphopenia has been shown to negatively impact the treatment outcome of immunotherapy. Yeona et al. (13) demonstrated that patients with peri-immunotherapy lymphopenia showed worse OS and PFS. Friedes et al. (25) found that G3-4 lymphopenia before immunotherapy was associated with disease progression in patients with LA-NSCLC receiving consolidative immunotherapy after CCRT. Therefore, monitoring the recovery of TLC after CCRT was clinically important. Patients with favorable TLC recovery after CCRT and persistent normal TLC during long-term follow up could benefit more from the Pacific paradigm. In the current study, 46.4% and 25.0% of patients had persistent G1-4 lymphopenia at 2 months and 6 months after CCRT, respectively. Considering the impact of persistent lymphopenia on treatment outcome, utilizing TLC as a stratification tool for the initiation time of immunotherapy might help to improve treatment efficacy.

As the 6m-post-CCRT lymphopenia was independently associated with OS, pretreatment clinical factors associated with lymphopenia after CCRT and strategies to reduce the incidence of persistent lymphopenia should be considered. A growing number of studies have demonstrated that the incidence and severity of lymphopenia is associated with GTV volume, duration of radiotherapy, radiation fraction, multiple irradiated sites and receipt of concurrent chemotherapy (13, 26, 27). Abravan et al. has reported that vertebrae V20, MLD and MHD as predictors of lymphopenia by data mining approach (11). Higher doses of radiation to the immune system were associated with the development of G3 lymphopenia, tumor progression and death after the definitive treatment of stage III NSCLC (28). In our study, radiation dose, GTV volume, and pre-CCRT TLC were identified as significantly predictors of persistent lymphopenia. These results indicated that the appropriate radiation dose to gross tumor, effective induction therapy to reduce tumor volume before CCRT and nutrition support to maintain TLC level might be essential for clinical practice.

This study has several limitations aside from its retrospective nature. Firstly, some dosimetric factors were not included in the analysis, such as lung V5, and heart V5 (10, 29). There might be other dosimetric factors which contribute to the recovery of TLCs. Secondly, we included patients irradiated at different doses and fractionations, that might have different impact on the results. Third, all the patients in current study had no consolidative immunotherapy. For patients treated with CCRT followed by consolidation immunotherapy, the TLC after CCRT was supposed to be different and warrants further investigation.

In conclusion, the persistent G1-4 lymphopenia at 6 months after CCRT was found to be a prognostic factor of OS in LA-NSCLC patients. Higher radiation dose, larger gross tumor volume and lower baseline TLC were significantly related to 6m-post-CCRT lymphopenia. The association between the CCRT relate lymphopenia and OS suggests an important role of the host immunity in LA-NSCLC outcomes.
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Background

Immune checkpoint inhibitors, including anti-PD-1 therapies, have prolonged overall survival in patients with a variety of cancers, and immunotherapy is sometimes associated with immune-related adverse events (irAEs); however, hematological toxicity, especially neutropenia, is rare.



Case presentation

A 78-year-old man with squamous lung cancer, with brain metastasis, was treated with pembrolizumab and albumin-bound paclitaxel as first-line treatment for one cycle and changed to pembrolizumab plus anlotinib at the second cycle. After two therapy cycles, grade 4 neutropenia developed, which mainly contributed to irAEs. The patient was started on granulocyte colony-stimulating factor (G-CSF) but did not improve; he was then treated with corticosteroids, and neutrophil counts gradually returned to normal levels. However, the patient eventually died because of neurological problems.



Conclusion

Grade 4 neutropenia associated with ICI, although rare, is often severe and presents with infectious complications; it needs to be diagnosed early, and clinicians should ensure prompt and proper management to such patients.
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Background

Immune checkpoint inhibitors (ICIs) including programmed death-1 (PD-1)/programmed cell death-ligand 1 (PD-L1) and cytotoxic t-lymphocyte-associated antigen 4 (CTLA4) antibodies have revolutionized cancer therapy in various cancer types (1). However, it is associated with immune-related adverse events (irAEs), which can sometimes cause serious consequences (2, 3). Hematological irAE is rare following ICI treatment, with a frequency of 3.6% for all grades and 0.7% for grades III–IV (4). The detailed category is as follows: immune thrombocytopenia (ITP), aplastic anemia (AA)/pancytopenia, neutropenia, autoimmune hemolytic anemia (AIHA), and hemophagocytic syndrome (HPS). Immune-related neutropenia accounts for 17% of all hematological irAEs and is one of the rare but severe irAEs for complicated infections following neutropenia. Clinicians need to have an early diagnosis to ensure management of neutropenia and secondary infections. A previous report showed one case of developed Klebsiella pneumoniae caused by ICI-related neutropenia (5); here, we report a case of neutropenia induced by pembrolizumab, which was granulocyte-stimulating factor injection (G-CSF)-refractory, followed by bacterial and fungal infection.



Case presentation

A 78-year-old man visited the authors’ hospital complaining of chest tightness, cough, sputum, right back pain, and lower limb edema for 2 months; he was later diagnosed with squamous lung cancer of stage IVB (cT4N3M1) with brain metastasis (Figure 1). He had hypertension for 30 years, diabetes for more than 20 years, coronary heart disease for 2 years, and colon cancer treated by surgery 6 years ago; hypertension and diabetes were well-controlled by medication and no repeated infectious complications have occurred. He was an ex-smoker with 30 packs per year. The tumor cell proportion score (TPS) for PD-L1 staining was 40%.




Figure 1 | PET and brain MRI images at initial diagnosis. (A) Lung cancer is present in the hilar angle of the right lung before pembrolizumab treatment in November 2021. (B) Tissue biopsy showed squamous lung cancer.



The patient received one cycle of pembrolizumab (200 mg, day 1) and albumin-bound paclitaxel (nab-paclitaxel, 100 mg/m2, days 1 and 8), followed by brain tumor cyberknife radiation (30 Gy/2F). He was hospitalized in the cardiology department after the first cycle of treatment due to breathlessness and lower limb edema and was diagnosed with cardiac insufficiency (grade 2). Electrocardiogram (ECG) and echocardiography were applied; ECG showed sinus rhythm with STT changes similar to before chemoimmunotherapy, and echocardiography suggested enlarged left atrium, left ventricular systolic dysfunction, and no decrease in left ventricular ejection fraction (LVEF 52%). Serum evaluation of the patient during this period showed that the main abnormal factor was NT-ProBNP (3,840 pg/ml and eight times higher) but TNI was just slightly elevated (63.6 ng/L), CK-MB was 2 ng/ml (within the normal range), and LDH was 383 U/L (slightly elevated). The factors decreased quickly and the symptoms were relieved after medical treatment. Considering the intolerability of chemoimmunotherapy of the patient, the potential cardiotoxicity of nab-paclitaxel, and the patient’s situation, intravenous chemotherapy was stopped and changed to anlotinib hydrochloride capsules (12 mg days 1 to 14) in combination with pembrolizumab (200 mg). Forty-four days after the first administration and two therapy cycles of pembrolizumab, grade 4 neutropenia categorized by Common Terminology Criteria for Adverse Events (CTCAE 5.0) was detected (Figure 2). A complete blood count showed as follows: white blood cell: 500/μl, neutrophils: 0/μl, Hb: 10.7g/dl, and platelets: 19.7 × 104/μl (Table 1). The tumor progressed after pembrolizumab treatment per imaging evaluation (Figure 3). He was hospitalized and treated with continuous recombinant human granulocyte stimulating factor injection (rhG-CSF, 300 mg, bid) for 11 days; however, neutropenia continued to deteriorate, and the timeline for absolute neutrophil count (ANC) with pembrolizumab administration is shown in Table 1. After 11 days of continuous rhG-CSF treatment without any improvement, a bone marrow aspiration was performed.




Figure 2 | Timeline for absolute neutrophil count (ANC) with pembrolizumab administration. PEG-rhG-CSF, pegylated recombinant human granulocyte colony-stimulating factor; MPS, methylprednisolone.




Table 1 | The timeline of blood count and IL6.






Figure 3 | CT images before (A) and after administration of the first (B) and the second (C) dose with pembrolizumab. The tumor increased on CT.



Fifty-eight days after the first administration of pembrolizumab and after 11 days of rhG-CSF treatment, a complete blood count showed the following: white blood cell: 460/μl, neutrophils: 0/μl, Hb: 9.9 g/dl, and platelets: 310 × 103/μl (Table 1). He also had hypoproteinemia (ALB 24.9 g/ml), liver function was normal [aspartate aminotransferase (AST): 36 U/L, alanine aminotransferase (ALT): 28 U/L, and alkaline phosphatase (ALP): 64 U/L, lactate dehydrogenase (LDH,127 U/L) and procalcitonin (PCT, 0.35) levels were normal. Renal function was slightly abnormal with a creatinine of 149.9 μmol/L and a glomerular filtration rate of 37.9 ml/min. The coagulation system parameters were normal, but after continuous neutropenia status, the sputum culture was positive for Staphylococcus haemolyticus, and the fungal GM test was positive. No evidence suggested infection of HAV, HBV, HCV, HEV, HSV, CMV, EBV, or HPV. The vital signs of the patient were normal with no fever. Physical examination showed lower limb edema. The patient continued using anti-hypertension, anti-diabetes, and anti-hyperlipidemia drugs (levamlodipine, sacubitril valsartan sodium tablets, dapagliflozin, aspirin, clopidogrel, and atorvastatin) alongside the anti-cancer treatment.

The bone marrow smear showed that neutrophils are rare, and the biopsy showed that megakaryocytes can be easily seen and that there was no evidence of myelodysplasia. Malignant tumor infiltration to bone marrow was not present (Figure 4, Table 2). Autoimmune disease detection showed that anti-nuclear antibody (ANA) was positive with a titer of 1:100; other items were normal. After 14 days of G-CSF treatment, the neutrophil of the patient did not have improvement, and myeloid metastasis was excluded through a bone marrow smear; the patient was taken into consideration for ICI-related neutropenia.




Figure 4 | Bone marrow imaging. (A) Bone marrow cytological smear; there is no malignant tumor invasion into the bone marrow. (B) Bone marrow biopsy; the specimen shows agranulocytosis.




Table 2 | The results of bone marrow cytology smear.



On the 59th day post-first administration of pembrolizumab, he was treated with intravenous methylprednisolone sodium succinate (MPS; 80 mg/day for 5 days) firstly, which showed a very slow effect. Then, the dose was changed to 200 mg/day for 3 days and 100 mg/day for 3 days, followed by oral prednisolone (PSL; 50 mg/day, cut into half every 3 days). At the same time, rhG-CSF, antibiotic, and antifungal drugs were treated. After 69 days of the first administration of pembrolizumab, the neutrophil count returned to normal (white blood cell: 7,680/μl, neutrophils: 6,940/μl, Hb:10.7 g/dl, and platelets: 13×104/μl). However, he developed severe cerebral infarction, which progressed rapidly, and he was, therefore, referred to the neurology department and died because of neurological problems.



Discussion

The hematological irAE is a rare immune side effect; in recent times, coupled with over-expanding approvals for new ICI products and indications, there has been a gradual increase in related reports. Several guidelines recommend in detail the management of immunotherapy-related toxicities, including the American Society for Clinical Oncology (ASCO) (6), the European Society for Medical Oncology (ESMO) (7), the National Comprehensive Cancer Network (NCCN) (8), the consensus statement from the Society for Immunotherapy of Cancer (SITC) (9), and the Chinese Society of Clinical Oncology (CSCO). However, there are currently no uniform diagnostic and management criteria for immune-related hematologic side effects; hence, conducting relevant reports and case studies will help us to understand and standardize clinical management.

In ICI-related hematological toxicity, anemia and thrombocytopenia are the most common adverse events; neutropenia is rare among hematological irAEs. The median time of occurrence for neutropenia was 10.5 weeks after the first administration of ICI treatment (2.2–25.4 weeks) (10); PD-1/PD-L1 inhibitors are more frequent than CTLA4 inhibitors. Here, we report a case of neutropenia after 6.3 weeks (44 days) of the first administration of pembrolizumab and recovery after 9.9 weeks (69 days). The diagnostic principles and mechanisms for ICI-related neutropenia are still not clear. We should exclude other drug interference, check autoimmune indexes, and perform bone marrow aspiration (11). In this present case, nab-paclitaxel was conducted with ICI treatment in the first cycle; myelosuppressive toxicity caused by albumin paclitaxel often occurred in 1–2 weeks and recovered in 3 weeks, which was not fit for this patient. Bone marrow aspiration did not show myelodysplastic disease, and immunological parameters before the first cycle therapy of the patient showed an ANA positive test. A study showed that the presence of preexisting antibodies was associated with the development of irAEs in NSCLC with nivolumab or pembrolizumab (12); it is possible that some specific autoantibodies targeting neutrophils in serum are activated, leading to autoimmune neutropenia, but the more detailed mechanisms involved and dynamic autoantibody changes need to be further explored. Moreover, a study reported that 9% of the patients with hem-irAEs had a concomitant history of lymphocytic leukemia (4), suggesting that patients with mature lymphoid B clones may be at an increased risk for hematologic immunotoxicity; a lymphocytic infiltrate detection could provide evidence. More detailed mechanisms of ICI-related neutropenia need to be further explored. In this case, anlotinib and radiotherapy were conducted following the first administration of pembrolizumab, and a previous study showed that 4.3% grade 3/4 neutropenia occurred in recurrent or advanced endometrial cancer patients treated with sintilimab plus anlotinib (13); whether anti-angiogenic agents and radiotherapy increased the probability of neutropenia remains to be determined. However, considering the long duration of the patient’s neutropenia and lack of response to G-CSF, only one cycle of anlotinib and small radiation volume of brain tumor cyberknife radiation, immune factors were considered to be the main cause.

The management of neutropenia has not been detailed and clarified by ESMO or NCCN/ASCO/CSCO guidelines; SITC recommends treatment including steroids (prednisone 1 mg/kg oral or equivalent) together with G-CSF (9), but the time and duration of steroids were not clear. J.M. Michot reviewed the hematological irAEs and suggested systematical corticosteroid application without any firm evidence of efficacy, as they could accentuate the risk of infection (11). Infection is one of the most severe complications along with neutropenia, Boegeholz did one of the largest literature reviews of immune checkpoint inhibitor-related neutropenia; 3 patients (13%) had a bacterial infection, but none had a fungal infection (10). In this case, the patient got a positive result from the sputum culture and GM test; thus, antibacterial and antifungal drugs were administered along with glucocorticoids. This case adds to the growing body of evidence for bacterial and fungal infection following immune-related neutropenia after ICI therapy. Since immune-related neutropenia and infection are life-threatening, sputum culture and blood culture are recommended after discontinuation of ICIs. The application of antibiotics can affect the distribution of gut microbiota, leading to resistance to anti-PD-1 inhibitors (14). One study suggested that antibiotic therapy before but not concurrently with ICI is associated with worse treatment response and OS in cancer patients (15). How to balance the relationship between the anti-infective application for side effects treatment and clinical anti-tumor efficacy is a problem worthy of our consideration.

Since a neutropenia-complicated infection may be fatal, more attention needs to be paid to predictive biomarkers of adverse reactions to ICI treatment. IL6 is a cytokine that was reported to increase anti-PD-1-related dermatological toxicity (16, 17); severe AE rate in NSCLC patients receiving anti-PD-1 treatment was higher in the IL6 elevated group (18), while decreased IL6 level was reported to be associated with remission of colitis (19). In our case, the IL6 level was decreased in the recovery process of neutropenia, with 129.69 pg/ml on the 53rd day, 76.53 pg/ml on the 61st day, and 6.61 pg/ml on the 65th day after the first administration of pembrolizumab (Table 2). On the 69th day, the neutrophil count returned to normal. Our case gives a clue that a decreased level of IL6 may be an efficient biomarker for the remission of neutropenia, but there was no baseline IL6 level available for comparison. Additionally, IL6 can be released with growth factors into the bone marrow microenvironment (20); evaluation of IL6 level in the bone marrow might be another effective way. The predictive role of IL6 needs further validation in large-cohort studies and the cutoff of high level needs further definition.

Several studies have indicated that irAEs were associated with the efficacy of anti-PD-1 treatment in multiple tumor types, like NSCLC (21), melanoma (22), and gastric cancer (23). In hepatocellular carcinoma (HCC), the results show that the non-irAEs group was associated with independently poor prognosis, and low-grade irAE was predictable for better treatment efficiency (24). A pooled analysis of 1,747 patients with advanced urothelial cancer showed that an immune-mediated adverse event (imAE) occurred in 28% who did respond to the study drug, but 12% did not respond (25). A prospective cohort study from Japan showed that early irAEs were associated with a better outcome after nivolumab in NSCLC (26). A prospective cohort study with 73 NSCLC patients who received anti-PD-1 therapy (nivolumab or pembrolizumab) showed that 25 (34.2%) developed autoimmune skin toxic effects, which were more frequent in patients with complete remission or partial remission (68.2%) than those with progressive or stable disease (19.6%) (21). In this case, TPS for PD-L1 staining of the patient was 40% positive and he developed irAE, but after two cycles of anti-PD-1 treatment, a CT scan showed disease progression (Figure 3), which indicated the need for further research on the mechanism of ICI-mediated autoimmune toxic effects and the correlation with response to therapy. Various factors can affect the effectiveness of immunotherapy including age, immunity, and tumor-infiltrating lymphocytes (TILs), indicating that multi-element predictive models rather than single markers would better predict outcomes. Such an understanding will help us to better control adverse effects and further improve immunotherapy.

In conclusion, our case demonstrates that grade 4 neutropenia associated with ICIs, although rare, is often severe and presents with infectious complications. Biomarkers including IL6 to early identify ICI-associated neutropenia and timely intervention with immunosuppression and G-CSF may alleviate the duration and thus prevent a potentially fatal outcome. Though there were still some defects and deficiencies during the process, such as bone penetration, glucocorticoid therapy should be carried out earlier, and the combination of intravenous immunoglobin (IVIG) therapy might benefit the patient. Our case adds to the growing body of evidence on the hematological immune adverse effect profiles of ICIs, and we would like to provide additional evidence and experience for the later diagnosis and treatment work in this immunotherapy era.
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Age PS Smoking Type of RT Prescription dose (Gy) and V20 V5 MLD Type of Cycles of Prior Concurrent Grade of

fractionation (%) (%) (Gy) [¢]] ICIs TRT therapy aRP
68 1 Yes Consolidative 55/20 129 207 6.9 PD-L1 14 Yes No 3
7 1 No Consolidative 56/28 262 50.0 117  PD- 5 No No 3
62 1 Yes Consolidative 48/16 202 322 119 PD-1 2 No No 3
51 1 No Palliative 54/26 233 512 127  PDA 6 No Yes 3
67 1 Yes Curative 64/30 266 535 16.7  PD-L1 5 No No 3
66 1 No Consolidative 55/26 20.3 312 9.6 PD-1 8 No No 3
7 1 Yes Curative 60/30 214 396 128 PD-1 2 No No 4
54 1 Yes Palliative 54/27 292 574 16.1  PD-1 1 No Yes 5
66 2 Yes Palliative 44/20 194 548 105 PD-1 4 No No 5

aRP, acute radiation pneumonitis; RT, radiotherapy; V20, volume of lung receiving =20 Gy; V5, volume of lung receiving =5 Gy; MLD, mean lung dose; ICIs, immune checkpoint inhibitors;
TRT, thoracic radiotherapy.
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Any grade aRP Grade >2 aRP

Risk Factor OR 95% ClI P Value OR 95% ClI P Value
Age (continuous) 1.038 0.960-1.129 0.344 1.081 0.994-1.195 0.094
Sex (male vs. female) 4.800 0.805-38.889 0.097 1.400 0.238-11.112 0.719
Smoking (yes vs. no) 1.364 0.366-5.131 0.641 1.088 0.304-3.971 0.897
V20 (continuous) 1.117 1.029-1.232 0.014 1.092 1.011-1.194 0.035
V5 (continuous) 1.042 0.999-1.091 0.061 1.034 0.994-1.081 0.114
MLD (continuous) 1.206 1.033-1.447 0.026 1.145 0.992-1.347 0.077
Prior ICI cycles (continuous) 0.990 0.837-1.189 0.905 0.997 0.833-1.177 0.973
Concurrent systemic therapy (yes vs. no) 0.706 0.184-2.733 0.608 0.636 0.158-2.363 0.506

aRP, acute radiation pneumonitis; OR, odds ratio; Cl, confidence interval; V20, volume of lung receiving 220 Gy; V5, volume of lung receiving =5 Gy; MLD, mean lung dose; ICls, immune
checkpoint inhibitors.
The meaning of the bold values is to imply that the P values have significant statistical difference.
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No. (%) (N=40)

Median age, years (range)
Sex

Female

Male

Zubrod performance status
0-1

2

Cancer type

Lung cancer

Esophageal cancer
Smoking History

Never

Former

Current

ICI type

PD-1 inhibitor

PD-L1 inhibitor

History of COPD

Prior TRT

Cycles of ICls before TRT
1-3

4-6

7-20

Concurrent systemic therapy
No

Yes

63 (563-66)

6(15.0)
34 (85.0)

37 (92.5)
3(7.5)

32 (80.0)
8(20.0)

14 (35.0)
9(22.5)
17 (42.5)

34 (85.0)
6(15.0)
2(5.0)
5(12.5)

16 (40.0)
17 (42.5)
7(17.5)

25 (62.5)
15 (37.5)

ICls, Immune checkpoint inhibitors; PD-1, programmed death 1; PD-L1, programmed
death ligand 1; COPD, chronic obstructive pulmonary disease; TRT, thoracic

radiotherapy.
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No. (%) (N=40)

Radiation EQD2 (Gy)*

Median (IQR) 60 (51.8-64)
V20, %"

Median (IQR) 15.5 (9.3-24.7)
V5, %"

Median (IQR) 34.3(20.2-51.4)
MLD, Gy*

Median (IQR) 9.5 (5.7-13.3)
Radiation treatment type, n (%)

Curative 19 (47.5)
Consolidative 14 (35.0)
Palliative 7(17.5)
Median radiation dose, Gy (IQR)

Curative 60.0 (58.4-64.5)
Consolidative 52.5 (48.5-59.0)
Palliative 45.0 (41.5-55.7)
Median dose/fraction, Gy (IQR)

Curative 21 (2.0-2.2)
Consolidative 2.3 (2.0-5.0)
Palliative 3.0 (2.2-3.0)

EQD2, equivalent dose in 2 Gy fractions; IQR, interquartile range; V20, volume of lung
receiving =20 Gy; V5, volume of lung receiving =5 Gy; MLD, mean lung dose; ICIs,
immune checkpoint inhibitors; SBRT, stereotactic body radiation therapy; TRT, thoracic
radiotherapy.

*Assuming an o/ of 10.

' Following conversion of all dose-fractionation schemes to EQD2 based on the LQ model,
assuming an o/ of 3.
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Line Regimen Population No. of studies HR 95% ClI p-value
1st-Line Combined therapy Aged <65 years 4 081 0.72-0.92 0.0007
Aged 65-74 years 3 0.84 0.72-0.99 0.04
Male 4 0.84 0.75-0.93 0.001
Female 4 0.80 0.69-0.93 0.004
Non-squamous 3 0.82 0.74-0.91 0.0002
PSO 4 0.85 0.74-0.99 0.04
PS1 4 0.80 0.72-0.90 <0.0001
Active or previous smoker 4 0.83 0.76-0.92 0.0002
Without liver metastases 2 0.77 0.66-0.90 0.0010
EGFR wildtype 2 0.82 0.73-0.93 0.002
White 3 0.82 0.74-0.91 0.0003
TC1/2/3 or IC1/2/3 3 0.76 0.66-0.88 0.0003
TC1/2 or IC1/2 4 077 0.60-0.98 0.04
TC3 or IC3 4 0.69 0.55-0.87 0.002
Monotherapy PSO 2 0.73 0.565-0.97 0.03
TCO and ICO 1 0.67 0.46-0.96 0.03
>2nd-Line Monotherapy Aged =65 years 1 0.75 0.61-0.91 0.004
Male 1 0.79 0.66-0.93 0.005
Squamous 2 0.79 0.64-0.99 0.04
Non-squamous 2 0.78 0.67-0.90 0.0008
PS 1 1 0.77 0.65-0.90 0.001
Active or previous smoker 2 0.77 0.67-0.88 0.0002
EGFR wildtype 1 0.76 0.65-0.89 0.0006
TC1/2/3 or IC1/2/3 2 078 0.62-0.86 0.0002
TC2/3 or IC2/3 2 0.62 0.49-0.78 <0.0001
TC3orIC3 2 0.49 0.35-0.67 <0.00001





OPS/images/fimmu.2022.909027/table1.jpg
Reference

Fehrenbacher
(18)

Rittmeyer
27)
Fehrenbacher
(28)

Socinski (29)
Reck (30)

Socinski (31)

Nogami (32)

West (33)

Jotte (34)

Nishio (35)

Herbst (19)
Jassem (36)

Trial

POPLAR

OAK

IMpower
150

IMpower
130

IMpower
131

IMpower
132

IMpower
110

Study  Stage
phase

Advanced
or
metastatic
1B or vV

Vor
recurrent
metastatic

Treatment

line

1C1 used (n)

Atezolizumab (144)

Atezolizumab (613)

Atezolizumab +
carboplatin +
paciitaxel (402)
Atezolizumab +
bevacizumab +
carboplatin +
pacitaxel (400)
Atezolizumab +
carboplatin + nab-
paciitaxel (451)
Atezolizumab +
carboplatin + nab-
paciitaxel (343)
Atezolizumab (292)

Atezolizumab (107)

Control arm
Q)]

Docetaxel (143)

Docetaxel (612)

Bevacizumab +
carboplatin +
paciitaxel (400)

Garboplatin +
nab-paciitaxel
(228)
Carboplatin +
nab-paciitaxel
(340)
Carboplatin or
cisplatin plus
pemetrexed
(286)
Chemotherapy
(©8)

Histological type
Squamous  Non-
(%)  squamous
(%)
338 662
26.2 738
0 100
0 100
100 0
0 100
24.4 756

Median
(range)
Age
(vears)

62.0 (36—
84)

63.5 (25~
85)

63.0 (31~
90)

64.3 (18-
86)

65.0 (23~
86)

63.5(31-
85)

64.4 (33-
87)

Male
(%)

58.9

61.9

60

58.9

816

69.8

Never
smokers
(%)

19.5

19.9

96

1.6

"7

Tumor PD-L1 expres-

<1%
(%)

62

433

48.8

524

485

282

sion

21% Unknown

(%)

38

55.8

50.5

476

51.4

313

(%)

08

0.7

0.1

405

ECOG

o
(%)

31.7

371

422

a.2

329

415

356

1
(%)

67.2
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Primary
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Author/year Type of Study/Median  Systemic therapy Control Noftotalpts/ % Sex Median % Smoking ~%EGFR/ ~ %PD-L1 %Ad/Sq  XRT Nofmets  median max diameter
follow-up time(mo) BM pts ™) age history  KRAS/ALK  >1% (Total/median) of mets (cm)
Dudnk 2016 (35)  Retrospective/- Nivo + RT - 5/5 0 702 80 /40 - 6020 unknown - -
Watanabe 2017 (39)  Retrospective/- Nivo + RT - 4819 - - - - - - unknown - -
Geier 2018 (40) Retrospective/- Nivo + RT - 7777 727 87 909 /20,8 - 727/ unknown - -
Kobayashi 2018 (41) - Retrospective/- Nivo  RT - 142127 75 67 796 11.3/-2.1 - 585289 unknown - -
Hendrks 2019 (42 Retrospective/15.8 Anti-PD-1+ RT - 1025265 62 615 934 520531 615 78149 uknown 952037 -
Znang2019 (439 Retrospective/8.0 Nivo = RT - 73/32 8 &7 - 9/3/- - 7522 unknown 66/2 -
Bjorhart 2019 (44)  Retrospective/15.7 Nivo/Pembro + RT - 1821 47 66 9 3/~ &2 6023 unknown - -
Goldberg 2020 (45)  Prospective phase /8.3 Pembro = RT Pembro 4242 33 60 93 14/33/2 8 86/10/4  unknown 106225 052
Checkmate0122020  Prospective phase I/~ Nivo - 12112 B 626 % /- 8 8218 untreated - -
(46)
Ashinuma 2017 (47)  Retrospective/- Nivo/Pembro - 18/18 56 56 - - - 7716 untreated - -
Henon 2017 (48)  Retrospective/17 Gl + RT - 250/48 - 63.1 &7 5/26/1 2 64/~ unknown - -
Molinier 2017 Prospective phase /221 Nivo - 600/130 68 64 87 - - /38 unknown - -
Dumeni 2018 (49 Retrospective/- Nivo + RT - 67/10 6 685 87 072800 - 7025 unknown 3434 -
Gauvain 2018 (56)  Retrospective/5.8 Nivo  RT - 4343 7 595 91 /26 12 8119 unknown - -
Wakudat 2021 Retrospective/~ Pembro + RT - 10/10 0 745 % - 100 8010 untreated 35 (1-10) 06(0.2-1.64)
Wakuda2 2021 (51)  Retrospective/- Pembro - 1313 62 69 92 - 100 6223 treated 2(1-10) 175 (0.6-6.6)
Lucio 2019 (52) Prospective phase /81 Nivo = RT - 1588/409 65 63 74 - - - unknown - -
Cortinovis 2019 (53)  Prospective phase ll/7.1  Nivo + RT - 371/37 &5 64 79 - - - unknown - -
Achim 2016 (28) ~ Prospective phase lI/21  Atezolizumab Ghemo 85085 61 63 80 10/6/<1 57 7426 treated - -
Ahmet 2021 (57)  Prospective phase /108 Cemipimab Chemo 563/34 88 63 100 - 100 57/43  treated - -
Lu 2021 (55) Prospective phase 1/259  Nivo Chemo 504/45 78 60 70 - 55 6139 untreated - -
Goldman 2020 (59) ~ Retrospective/8.4 Nivo Chemo 46/46 - - - - - - unknown - -
Borghaei 2015 (60)  Prospective phase /132 Nivo Chemo 582/34 55 62 787 1 53 /08 treated - -
Martin 2019 (51)  Prospective phase /252 Pembro Chemo 30518 597 645 968 - - 8218 treated - -
Mansfild 2019 (62)  Retrospective/18.4 pembro Chemo 31701199 - - - - 100 - unknown - -
Matthew 2019 (67)  Prospective phase /24 Nivo + Iplimumab Chemo 116681 667 64 854 - 68 705279 treated - -
Muhammad 2018 Retrospective/- Pembro + Chemo Chemo 5416 a4 65 93 - 536 1000 unknown - -
63)
Powell 2019 (54 Retrospective/10.9 Pembro + Chemo Chemo 61673 6 65 883 - 634 961/24  unknown - -
Caicun 2020 (79)  Prospective phase lI/11.9  Camreizumab+Chemo  Chemo 412111 7 59 624 none 67 990 treated - -
Yunpeng 2020 (65)  Prospective phase /89 Sintiimab Placebo+Chemo so7/6 767 61 643 none &8 95.1/0  untreated - -
+Chemo
Shepard 2019 (13)  Retrospective/- SRS +IC1 SRS 1717 61 64 - - 7.4 - treated 4526 1.0(02-18)
Singh 2019 (66) Retrospective/12 G+ SRS Chemo+SRS 39/39 a1 62 - - - 68/106 treated 20175 -
Patruni 2019 (68)  Retrospective/11.4 ICHRT RT 545/545 - - - - - - treated - -
Enright 2020 (69 Retrospective/.87 ICI+RT AT 33/33 61 62 - - - 7419 treated 64/2(1-5) 065 (0.04-6.5)
imber 2017 (70) Retrospective/3.9 ICHRT - 45/45 - - - - - 84/~ treated 91/2 (1-4) 08 (0.1-4)
Srivastava 2018 (71)  Retrospective/14.3 ICHRT - 42/42 - - - - - - treated - -
Ahmed 2017 (72)  Retrospective/8.7 ICI+SRS - 1717 588 60 - 11.8/17.6/- - - treated 49/3 (1-4) 057(02-23)
Gandhi 2018 (73)  Prospective phase lI/10.5  pembro + Chemo Chemo 41073 620 65 96.1/24  untreated - -
Schapira 2018 (37)  Retrospective/14.3 SRS +1CI - 37137 351 63 - - - - treated 85/2(1-9) 06(0.2-26)
W 2019 (56) Prospective phase /104 Nivo Chemo 3845 778 60 608 - 497 60.1/093 untreated - -
Fehrenbacher 2018 Prospective phase /27 Atezolizumab Chemo 613118 618 63 817 986907 566  73.7/263 treated - -
(74)
Emest 2021(75)  Prospective phase /17.3  Atezolzumab+Chemo 4040 725 626 75 - - 975/25  untreated - -
David 2021 (76) Prospective phase /127 Nivo + Ipiimumab Chemo 719564 70 65 87 - 60 6931 treated - -
+Chemo
Wang 2021 (77)  Prospective phase /12 Sintiimab+Chemo 40110 775 85 55 1015/~ 125 875125 unknown - -
Miranda 2021 (30)  Prospective phase /163 Cemipimab+Chemo  Chemo 31224 859 63 308 - 695  57.4/426 unknown - -
Caicun 2021 (64)  Prospective phase lI/86  Sugemalimab+Chemo  Chemo 32050 794 62 725 - 613 597403 unknown - -
Natasha 2021 (78)  Prospective phase/16.6 Durvalumab + Durvalumab + 301/49 % 64 54 - a7 82/18  unknown - -
Tremelimumab +Chemo  Tremelimumab

BM, brain metastases; F, female; mo, months; pts, patients; N, number; IC}, immune checkpoint inhibitors; Nivo, nivolumab; Pembro, pembrolizumab; Chemo, chemotherapy; q2w, every two weeks; G3w, every 3 weeks; Ad, adenocarcinoma;
Sq, squamous-cel carginoma: SRS, slereotactic radiosurgeny: con, concurrent: $6q, sequential
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Total n = 137 HSP900. <52.7 ng/ml n = 58 HSP90c. >52.7 ng/ml n = 79 P value

Age 58.6 + 9.8 0.767
<65 94 (68.6%) 39 (67.2%) 55 (69.6%)
265 43 (31.4%) 19 (32.8%) 24 (30.4%)

Sex 0.140
Male 101 (73.7%) 39 (67.2%) 62 (78.5%)
Female 36 (26.3%) 19 (32.8%) 17 (21.5%)

Smoking History 0.479
Never 52 (38.0%) 24 (41.4%) 28 (35.4%)
Ever 85 (62.0%) 34 (58.6%) 51 (64.6%)

ECOG-PS 0.193
<2 131 (95.6%) 57 (98.3%) 74 (93.7%)
>2 6 (4.4%) 1(1.7%) 5 (6.3%)

Pathological type 0.019
Adenocarcinoma 75 (564.8%) 35 (60.3%) 40 (50.6%)
Squamous cell carcinoma 48 (35.0%) 22 (37.9%) 26 (32.9%)
Others 14 (10.2%) 1(1.7%) 13 (16.5%)

Metastasis 0.015
Intrathoracic* 78 (56.9%) 40 (69.0%) 38 (48.1%)
Extrathoracic/ 59 (43.1%) 18 (31.0%) 41 (51.9%)

Stage 0.044
v 106 (77.4%) 40 (69.0%) 66 (83.5%)
ns/iic 31 (22.6%) 18 (31.0%) 13 (16.5%)

Combination chemotherapy 0.016
Pemetrexed 33 (56.9%) 33 (41.8%) 66 (48.2%)
Taxols” 25 (43.1%) 37 (46.8%) 62 (45.3%)
Etoposide 0 (0.0%) 9 (11.4%) 9 (6.6%)

ECOG-PS, Eastern Cooperative Oncology Group Performance Status; HSP90e, heat shock protein 90 alpha.
intrathoracic®, including lymph node metastasis (N2+N3), malignant pleural effusion, pericardial effusion, pleural metastasis, pulmonary metastasis; extrathoracic”, including bone, brain,
liver, adrenal gland, and other distant metastases; Taxols”, including paclitaxel, paciitaxel liposome, albumin paclitaxel, and docetaxel.
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N HR P value (95% Cl)

Age

<65 94 (68.6%) 1.0

>65 43 (31.4%) 1.4 0212 0.8, 2.4)
Sex

Male 101 (78.7%) 1.0

Female 36 (26.3%) 0.9 0.606 (05, 1.6)
Smoking history

Never 52 (38.0%) 1.0

Ever 85 (62.0%) 1.1 0.698 0.7,1.9)
ECOG-PS

<2 131 (95.6%) 1.0

>2 6 (4.4%) 0.4 0.381 ©0.1,3.0)
Pathological type

Adenocarcinoma 75 (54.8%) 1.0

Squamous cell carcinoma 48 (35.0%) 1.0 0.969 0.6,1.8)

Others 14 (10.2%) 1.1 0.794 05,2.7)
Metastasis

Intrathoracic* 78 (56.9%) 1.0

Extrathoracic/ 59 (43.1%) 1.7 0.054 (1.0,2.8)
Stage

v 106 (77.4%) 1.0

ns/iic 31(22.6%) 0.7 0.247 0.4,1.3)
Combination Chemotherapy

Pemetrexed 66(48.2%) 1.0

Taxols” 62(45.3%) 1.0 0.963 0.6,1.7)

Etoposide 9(6.6%) 1.5 0.407 (0.6,3.9)
HSP90a:

<627 58 (42.3%) 1.0

>52.7 79 (57.7%) 18 0.036 (1.0,3.2)

HR, hazard ratio; Cl, confidence interval; ECOG-PS, Eastem Cooperative Oncology Group Performance Status; HSP90e;, heat shock protein 90 alpha; PFS, progression-free survival.
intrathoracic®, including lymph node metastasis (N2+N3), malignant pleural effusion, pericardial effusion, pleural metastasis, pulmonary metastasis; extrathoracic”, including bone, brain,
liver, adrenal gland, and other distant metastases; Taxols*, including paciitaxel, paclitaxel liposome, albumin paclitaxel, and docetaxel.
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N HR P value (95% Cl)

Age

<65 94 (68.6%) 1.0

=65 43 (31.4%) 1.0 0.890 05,19
Sex

Male 101 (78.7%) 1.0

Female 36 (26.3%) 05 0.110 02,1.2)
Smoking History

Never 52 (38.0%) 1.0

Ever 85 (62.0%) 1.5 0.235 (0.8, 3.0
ECOG-PS

<2 131 (95.6%) 1.0

>2 6 (4.4%) 0.0 0.997 (0.0, inf)
Pathological type

Adenocarcinoma 75 (54.8%) 1.0

Squamous cell carcinoma 48 (35.0%) 1.0 0918 0.5,1.9)

Others 14 (10.2%) 17 0.302 0.6, 4.5)
Metastasis

Intrathoracic* 78 (56.9%) 1.0

Extrathoracic /A 59 (43.1%) 1.5 0.189 0.8,2.8)
Stage

v 106 (77.4%) 1.0

ns/iic 31(22.6%) 0.7 0.318 0.3, 1.5)
Combination chemotherapy

Pemetrexed 66 (48.2%) 1.0

Taxols” 62 (45.3%) 1.0 0.942 (0.5,2.0)

Etoposide 9 (6.6%) 25 0.099 (0.8,7.5)
HSP90a:

<627 58 (42.3%) 1.0

>52.7 79 (57.7%) 25 0.017 (12,52

HR, hazard ratio; Cl, confidence interval; ECOG-PS, Eastem Cooperative Oncology Group Performance Status; HSP90e, heat shock protein 90 alpha; OS, overall survival.

intrathoracic®, including lymph node metastasis (N2 + N3), malignant pleural effusion, pericardial effusion, pleural metastasis, pulmonary metastasis; extrathoracic/, including bone, brain,
liver, adrenal gland, and other distant metastases; inf. infinity, sample size was too small to calculate; Taxols*, including paclitaxel, paciitaxel liposome, albumin paclitaxel, and docetaxel.
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Advanced lung cancer patients treated with PD-1/PD-L1 inhibitors
admitted to the Guangxi Medical University Cancer Hospital (n=209)

Exclusion criteria:

(1) patients have no pretreatment plasma HSP90«

information (n=20)

(2) follow-up information was unavailable or

missing (n=14)

Patients with available follow-up and baseline information(n=175)

Exclusion criteria:

(1) patients with active infection or inflammatory
diseases (n=16)

(2) primary malignancies in other systems (n=5)

(3) patients treated with PD-1/PD-L1 inhibitors
alone or PD-1/PD-L1 inhibitors plus other

drugs except chemotherapy (n=17)

Patients were enrolled in this cohort study (n=137)
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Characteristics

Sex
Male
Female
Age (years)
<60
>60
ECOG performance status
<1
>2
Smoking status
Never
Current or former
Pathological pattern
Squamous cell carcinomas
Adenocarcinoma
Others
Treatment stage
First-line
Second-line
Third-line and more
Stage of disease
IV (M1a)
IV (M1b-M1c)
Iradiated sites
Brain
Bone

Lung (drainage area lymph node)

Liver
Adrenal grand
Soft tissue

No. (%)

101 (74.9)
35(25.7)

75 (55.0)
61 (45.0)

124 (91.2)
12(9.7)

67 (49.3)
69 (50.7)

35 (25.7)
91 (66.9)
10/(7.4)

31 (22.8)
62 (45.6)
43 (31.6)

11(8.1)
125 (91.9)

39 (28.7)
43 (31.6)
33 (24.9)
7(6.1)
10(7.4)
429

No., number: ECOG, Eastern Cooperative Oncology Group.
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Characteristics Delta-MLR Delta-NLR Delta-PLR Delta-Sll Delta-L Delta-M Delta-EOS

Groups (iradiated sites) 0.339 0.475 0.383 0.271 -0.381 -0.041 0.195
Inter-group difierence (o-value) 0.001 0.001 0.055 0.000
Short-term efficacy -0.024 0017 0.163 0.122 -0.147 -0.138 -0.172

RT, radiotherapy; MLR, monocyte-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; Sii, systemic immune-inflammation index; L, lymphocyte;
M, monocyte; EOS, eosinophils.

The bold values mean the correlation coefficients between blood indexes and different irradiated groups in Spearman rank correlation test. Similarly, the "0.000" means positive blood
indexes differ in specific irradiated sites via Kruskal-Wallis rank sum test.
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Parameters

Clinical Characteristics

Age (<60 vs. >60), years

Gender (Male vs. Female)

BMI

Pathological pattern
Squamous cell carcinomas vs. Adenocarcinoma and Others
Treatment stage

First-line vs. Second-line and Third-line and more
ICls modalities

Monotherapy vs. CT combined vs. VEGFR combined and three modes combined

RT segmentation model (CFRT vs. SBRT)

Smoking status (Never vs. With)

Drinking status (Never vs. With)

ECOG performance status (<1 vs. >2)

Groups (irradiated sites)

Brain

Bone

Lung (drainage area lymph node)

Liver

Adrenal grand

Soft tissue
Inflammatory Parameters

Delta-MLR

Delta-NLR

Delta-PLR

Delta-SlI

Delta-L

Delta-M

Delta-EOS

p-value

0.351
0.939
0.157

0.254

0.001

0.349
0.883
0.894
0.376
0.760
0.021
0.000
0.000
0.000
0.273
0.178
1.000

0.328
0.446
0.978
0.735
0.985
0.101
0.249

OR

1.653
0.954
0.899

0.551

5.436

1.338
1.178
0.931
0.497
1.257
1.312
0.121
0.108
0.069
0.400
0.333
1.000

2188
0.762
0.946
1.412
1.033
0.083
0.698

95% Cl

0.5675-4.752
0.285-3.193
0.777-1.042

0.198-1.535

1.956-15.118

0.727-2.464
0.132-10.471
0.327-2.655
0.106-2.335
0.290-5.458
1.041-1.652

0.456-10.499
0.379-1.534
0.019-46.332
0.191-10.406
0.031-34.744
0.004-1.621
0.379-1.285

Cl, confidence interval; BMI, body mass index; ICls, immune checkpoint inhibitors; VEGFR, vascular endothelial growth factor receptor; CT, chemotherapy; CFRT, conventional
fractionated radiotherapy; SBRT, stereotactic body radiotherapy; ECOG, Eastemn Cooperative Oncology Group; MLR, monocyte-to-lymphocyte ratio; NLR, neutrophil-to-lymphocyte

ratio; PLR, platelet-to-lymphocyte ratio; S, systemic immune-inflammation index; L, lymphocyte; M, monocyte; EOS, eosinophils.
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Year

2020

2020

2019

2019

2019

2019

2019

2019

2019

2019

2018

2018

2018

2017

2016

2016

Tumor
type

LAC

LAC

NSCLC

LAC

LAC

LAC

LUSC

NSCLC

LAC

LuUsC

LAC

LSCC

LAC

LAC

NSCLC

LUSC

PD1/
PD-
L1

PD-
L1

PD-1

PD-1

PD-1

PD-
L1
PD-1

PD-1

PD-1

L1

PD-

L1

PD-1

PD-1

PD-1

PD-1

PD-1

PD-1

ICls

Atezolizumab

Pembrolizumab

Nivolumab

Nivolumab

Durvalumab

Pembrolizumab

Pembrolizumab

Pembrolizumab

Atezolizumab

Durvalumab

Nivolumab

Nivolumab

Nivolumab

Nivolumab

Nivolumab

Nivolumab

Treatment Radiotherapy

lines

First

Second

Second

Second

First

First

First

First

Third

Third

Second

Third

Third

Third

Second

Second

None

None

None

Yes

None

Yes

None

None

None

Yes

None

None

Yes

None

None

Yes

Onset
times

875
days

11
days

15
days

42
days

266
days

days
100
days
157
days

7 days

28
days

40
days

180
days

255
days

29
days
85
days

99
days

Lowest
PLT
(x10%7ul)

16

0.3

21

33

Megakaryocyte

Normal

Increased

Maintained

ND

Normal

Elevated

ND

Normal

ND

Decreased

Absence

Decreased

Increased

Increased

Increased

NR

Treatment

Steroids, TPO,
platelet
transfusions,
MMF,
tocilizumab
Steroid,
platelet
transfusions,
TRA, IVIG,
rituximab
Steroids,
platelet
transfusions
Steroids,
platelet
transfusions,
IVIG, TRA
Steroid, IVIG

Steroid
Steroid

Steroid, IVIG,
platelet
transfusions,
TRA
Steroid,
platelet
transfusions,
MG

Steroid,
platelet
transfusions
Steroids,
platelet
transfusions,
MG

Steroid,
plasma
exchanges
Steroid,
platelet
transfusions,
TPO, MIG
Steroid

Steroid,
platelet
transfusions
TRA

Efficacy Outcome

to ICIs

PR

NA

PR

NR

PR

PR

PR

PR

NA

PD

PR

SD

NA

PR

NA

PR

Recovered

Recovered

Recovered

Died

Died

Improvement

Recovered

Improvement

Recovered

Recovered

Died

Recovered

Improvement

Recovered

Died

Recovered

LAC, lung adenocarcinoma; NSCLC, non-small-cell lung cancer; LSCC, lung squamous cell carcinoma; LUSC, lung squamous cell carcinoma; IC, immune checkpoint inhibitor; MMF,
mycophenolate mofetil; IVIG, intravenous immunoglobulin; TRA, thrombopoietin receptor agonist; TPO, thrombopoietin; PR, partial response; CR, complete response; SD, stable disease;
PD, progressive disease; NA, not available.
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N Unadjusted HR (95% ClI) P value Fully adjusted HR (95% CI) P value

HSP90o.
<627 58 (42.3%) 1.0 1.0
262.7 79 (57.7%) 1.8(1.0,32) 0.036 1.8(1.0,32) 0.049

Fully adjusted model adjusts for age, smoking history, ECOG-PS, and metastasis.
HR, hazard ratio; Cl, confidence interval: ECOG-PS, Eastern Cooperative Oncology Group Performance Status; HSP90ea, heat shock protein 90 alpha; PFS, progression-free survival.
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N Unadjusted HR (95% ClI) P value Fully adjusted HR (95% ClI) P value

HSP90o
<62.7 58 (42.3%) 1.0 1.0
262.7 79 (57.7%) 25(1.2,5.2) 0.017 24(11,5.1) 0.023

Fully adjusted model adjusts for age, smoking history, ECOG-PS, and metastasis.
HR, hazard ratio; Cl, confidence interval: ECOG-PS, Eastern Cooperative Oncology Group Performance Status; HSP90«, heat shock protein 90 alpha; PFS, progression-free survival.
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Confirmed Response

HSP900. <52.7 ng/ml

HSP90a >52.7 ng/ml

n=58 n=79
Best response
Complete response (CR) 0 (0%) 0 (0%)
Partial response (PR) 29 (50%) 37 (47%)
Stable disease (SD) 28 (48%) 40 (51%)
Progressive disease (PD) 0 (0%) 2 (2%)
Not evaluable 1(2%) 0 (0%)
Objective response rate 50% 47%
(ORR)
Disease control rate (DCR) 98% 98%

Objective response rate(ORR) = Complete response (CR) + Partial response (PR).
Disease control rate (DCR) = Complete response (CR) + Partial response (PR) + Stable

disease (SD).

Not evaluable = Patients who did not have one postbaseline imaging assessment.
RECIST, Response Evaluation Criteria In Solid Tumors; HSP90¢, heat shock protein 90 alpha.
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Category

Checkpoint
inhibitors

Vaccines/
oncolytic
Viruses

Cytokines
Other

targeted
immune Rx

Reagent

Anti-CTLA-4

PD-1/PD-L-1

AdV-tk, Sipluleucel-T, G207, ADV/HSV-tk,
Oncolytic Adenovirus Ad5-yCD/
mutTKSR39rep-hiL12, and Ad5-yCD/
MutTKSR39rep-AD

IL-2, IFN, GM-CSF, and TGF-beta
blockade

OX40 antibody, CDX-301, GITR, and TLR-
4,7,9 agonists

Diseases

Cervix, melanoma, head and neck, NSCLC, pancreas, liver, lung, Breast, colon

Esophageal, NSCLC, Malignant glioma, melanoma (brain metastases), invasive bladder,
oligometastatic breast, head and neck, pancreas, gastric, colorectal, follicular lymphoma,
Extensive Stage Small Cell Lung, Prostate, urothelial, Gastroensophageal, HCC, Pancreatic, renal,
colon, glioblastoma

Prostate, pancreas, malignant supratentorial neoplasms, NSCLC, triple negative breast, prostate,
glioma, ovarian, sarcoma, glioblastoma, oesophageal

Metastatic breast, NSCLC, glioblastoma, follicular lymphoma, and pancreas, renal, advanced
hepacellular carcinoma, oesophageal, colorectal, melanoma, glioma

Melanoma, renal cell carcinoma, NSCLC, breast, sarcoma, cutaneous T-cell and recurrent
lymphoma, breast, colorectal, fibrosarcoma, fibrosarcoma, lung, melanoma, osteosarcoma, renal,
B-cell ymphomas

No. of
current
studies

100

28

155

27
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Cells Blood smear

Primitive blood cells

Granulocyte lineage Primitive granulocytes
Promyelocyte
Neutrophilic
Myelocyte
Metamyelocyte
Stab granulocyte
Segmented granulocyte
Eosinophilic
Myelocyte
Metamyelocyte
Stab granulocyte
Segmented granulocyte
Basophilic
Myelocyte
Metamyelocyte
Stab granulocyte
Segmented granulocyte

Erythroid lineage Normoblast
Basophilic normoblast
Polychromatic normoblast

Orthochromatic normoblast

Lymphocytes Lymphoblast

Prolymphocyte

Mature lymphocyte 100
Monocyte Monocyte

Promonocyte

Mature monocyte
Plasma cell Plasmablast
Proplasmacyte
Mature plasmacyte
Others Reticulocytes
Unknown

Granulocyte lineage/Erythroid lineage 3-5/1

Average
0.08
064
157
649
7.90

23.72
9.44

0.38
0.49
1.25
0.86

0.02
0.06
0.10
0.03

0.57
0.92
741
10.75
0.05
0.47
22.78
0.01
0.14

0.004
0.104
0.71
0.05
0.03

Bone marrow smear

+SD
0.01
0.33
0.60
204
197
350
292

0.23
0.32
0.61
0.61

0.05
0.07
0.09
0.05

0.30
0.41
191
2.36
0.09
0.84
7.04
0.04
0.19
0.88
0.22
0.16
0.42
0.09
0.09

%
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0.50

20.50
41.50

30.00
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Date Days of WBC ANC Hb PLT Monocyte Lymphocyte IL6 ALT AST Cr BUN CRP PCT

ICI (10°/  (10°/ (g (0%  10°/L) (10°/L) (pg/ (U/  (U/ (umol/ (mmol/ (mg/ (ng/

treatment L) L) L) L) ml) L) L) L) L) L) L)
2021.12.7 =15 559 39 118 259 0.53 0.76 7 18 95.4 5.24
2021.12.18 4 623 408 125 223 0.52 121
2021.12.22 0 (1%
2021.12.24 2 724 6 112 213 0.2 0.9
2021.12.26 4 627 528 110 218 0.16 0.63
2021.12.29 7 34 239 112 270 0.18 0.78 11.5
2022.1.4 13 2818 2522 116 251 13 121 55.68
2022.1.7 16 21.03 17.27 108 241 1.61 1.9 14 19 88.5 29.04
2022.1.12 21 IL15: 951 107 269 0.58 0.95
2022.1.13 22(2™)
2022.1.14 23 14.62 12.63 111 341 0.86 1.06 397
2022.1.18 27 859 682 102 366 0.72 0.95 1424 16.05
2022.2.4 14 05 0 107 197 0.02 05 17 22 95.5 7.84
2022.2.7 47 031 0 100 173 0 03 18 23 1234 6.76 4519
2022.2.8 48 036 0 102 193 0.01 03
2022.2.9 49 0.46 0.03 106 201 0.01 0.42 126.9 6.56
2022.2.10 50 049 0 106 206 0.01 047
2022.2.11 51 0.51 0 103 223 0.01 0.49
2022.2.12 52 047 001 109 264 0.01 045 12 16 92.8 6.46
2022.2.13 53 046 001 104 279 0 045 129.69
2022.2.16 56 044 0 100 289 0.06 04 17 24 103.2 7.06 787 029
2022.2.18 58 046 0.01 99 310 0.05 04
2022.2.19 59 0.43 0.01 96 319 0.04 0.37 0.35
2022.2.20 60 044 003 94 351 0.09 032
2022.2.21 61 053 005 98 448 0.09 039 76.53
2022.2.22 62 059 005 96 470 0.14 04
2022.2.23 63 0.62 008 97 457 0.18 036
2022.2.24 64 093 031 109 519 033 0.29
2022.2.25 65 117 062 109 413 031 0.24 6.61 038
2022.3.1 69 7.68 6.94 107 130 04 0.33
2022.3.5 73 9.42 859 96 56 039 043 1335 692
2022.3.10 78 14.53 13.87 74 371 0.34 0.31 82.5 85.7

Hb, hemoglobin; PLT, platelets; WBC, white blood cells; ANC, absolute neutrophil count; ALT, alanine aminotransferase; AST, aspartate transaminase; Cr, creatinine; BUN, blood urea
nitrate; CRP, C-reactive protein; PCT, procalcitonin. Bold values provided in table shows the date of neutropenia occurred and recovered.
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2021.11.15 2021.11.22 2021.11.29 2021.12.04 2021.12.08 2021.12.11

CRP 33 3.2 59.77 39.74 16.9 191

WBC 8.56 521 1.76 5.46" 10.43* 9.69*
RBC 4.29 4.38 3.98 3.97 3.15 1.54
PLT 439 428 346 298 204 302
Hb 138 140 125 124 100 49

ALB 37.3 40.2 33.1 20.4 239 18.9
ALT 204 16.2 13.6 19.5 17.4 22.7
Cr 67.2 65 89 2271 91 80

FOBT = = = ++ 4+ R an
PT 114 10.9 1.2 1.7 12.9 12.9
APTT 29.8 29.7 30.1 34.5 35.9 39.1
D-dimer 05 0.95 >20.3 12.82 17.2 8.19

CRP, C-reactive protein (mg/L), n.v., <8.2 mg/L; WBC, white biood cell (x10%L), n.v., 3.5-9.5 x 10%L; RBC, red blood cell (x10;2/L), n.v., 4.3-5.8 x 10"%/L; PLT, platelet (x10%L), n.v.,
125-350 x 10%/L; Hb, hemoglobin (g/L), n.v., 130~175 g/L; ALB, albumin (g/L), n.v., 35-50 g/L; ALT, alanine transaminase (U/L), n.v., <72 U/L; Cr, serum creatinine (mmol/L), n.v., 58~110
mmol/L; FOBT, fecal occult blood test; PT, prothrombin time (s), n.v., 10.8 = 3 s; APTT, activated partial thromboplastin time (s), n.v., 30.8 = 10 s; D-dimer, mg/L, n.v., <0.55 mg/L. FEU.
*After recombinant human granulocyte-stimulating factor injection.
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Durvalumab 1500 mg
Irinotecan 115 mg

Cisplatin 50 mg Infliximab 300mg Infliximab 300mg
Diagnosed Irinotecan 115 mg Vedolizumab
with SCLC Cisplatin 50 mg 300mg Death
Day 11.10 11.16 11.23 12.02 12.04 12.05 12.08 12.11 1212 12.13
Methylprednisolone Methylprednisolone Prednisone

120 mg ivgtt qd 60 mg ivgtt qd 40 mg po qd
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Variables

Gender
Female
Male
Age
Age<65
65< Age <75
Age=75
Smoking history
Ever
Never
Treatment
Monotherapy

Combination

Univariate analysis

OR (95% CI)

Reference

1.067 (0.705-1.615)

Reference
0.997 (0.623-1.576)
0.683 (0.373-1.251)

Reference

1.304 (0.882-1.928)

Reference

1.075 (0.602-1.920)

0.752

0.578

0.968

0.255
0.172

0.799

Multivariate analysis

OR (95% CI)

Reference

1.235 (0.798-1.910)

Reference
1.043 (0.648-1.678)
0.648 (0.308-1.365)

Reference

1.359 (0.895-2.065)

Reference

1.027 (0.572-1.841)

0.343

0.490

0.862

0.254
0.150

0.930
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Variables PD-L1 expression p-value

Negative (<1%) Medium (1-49%) High (250%)

Gender 09213
Female 38 (66.67%) 27 (62.80%) 9 (64.29%)
Male 19 (33.33%) 16 (37.21%) 5(35.71%)

Age 0.6615
Age<65 40 (70.18%) 28 (65.12%) 7 (50.00%)
65<Age<75 13 (22.81%) 10 (23.26%) 5(35.71%)
Age=75 4 (7.02%) 5(11.63%) 2 (14.29%)

Smoking history 0.6538
Ever 29 (50.88%) 19 (44.19%) 8 (57.14%)
Never 28 (49.12%) 24 (55.81%) 6 (42.86%)

Prior lines of therapy 0.5956
0 1(1.75%) 3 (6.98%) 1(7.14%)
1-2 34 (59.65%) 27 (62.79%) 7 (50.00%)
>3 22 (38.60%) 13 (30.23%) 6 (42.86%)

EGFR status 0.1711
Major 41 (73.21%) 27 (62.79%) 8 (61.54%)
Rare 7 (12.50%) 10 (23.26%) 5 (38.46%)
Others 8 (14.29%) 6 (13.95%) 0 (0.00%)

T790M status 0.0825
Positive 21 (38.18%) 13 (30.95%) 1(7.14%)

Negative 34 (61.82%) 29 (69.05%) 13 (92.86%)
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Characteristics All patients (n = 114)

Number (n) Percent (%)

Gender

Female 74 64.91

Male 40 35.09
Age

Age<65 75 65.79

65<Age<75 28 24.56

Age>75 11 9.65
Smoking history

Ever 56 49.12

Never 58 50.88
Prior lines of therapy

0 5 4.39

1-2 68 59.65

=3 41 35.96
Treatment

Monotherapy 100 87.72

Combination 14 12.28
PD-L1

<1% 57 50.00

1-49% 43 37.72

250% 14 12.28
EGEFR status

Major 70 61.40

Rare 22 19.30

Others 14 12.28

T790M * 6 5.26

NA 2 175
T790M status

Positive 35 30.70

Negative 76 66.67

NA 3 263

*Primary T790M mutation.
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G0:0008037~cell recognition = @ Count
G0:0007267~cell-cell signaling - [ ] ® 20
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G0:0007186~G-protein coupled receptor signaling pathway = ‘ . 40
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NSCLC, non-small-cell lung cancer; EGER, epidermal growth factor receptor; EGFRm, EGFR mutant; EGFRwt, EGFR wild type; PD-L1, programmed death-ligand 1; n, No. of EGFR
mutant patients; ORR, overall response rate; OS, overall survival; PFS, progression-free survival; DOR, duration of response; HR, hazard ratio; CI, confidence interval; TRAE, treatment
related adverse event; AE, adverse event; G, grade of toxicity. *I'RAE:s for the entire study population and not selected for EGFRm patients. NR, not reached; TKIs, tyrosine kinase inhibitors;
ICD, interstitial lung disease; ICIs, immune checkpoint inhibitors.
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Phase

12

NSCLC, non-small-cell lung cancer; EGER, epidermal growth factor receptor; EGFRm, EGFR mutant; EGFRwt, EGFR wild type; PD-L1, programmed death-ligand 1; n, No. of EGFR

mutant patients; ORR, overall response rate; OS, overall survival; PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; TRAE, treatment related adverse event;

E,

adverse event; G, grade of toxicity. “TRAEs for the entire study population and not selected for EGFRm patients. NA, not applicable; NR, not reached; TKIs, tyrosine kinase inhibitors; PT-

DC, platinum-doublet chemotherapy; ICls, immune checkpoint inhibitors.
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1b

NSCLC, non-small-cell lung cancer; EGER, epidermal growth factor receptor; EGFRm, EGFR mutant; EGFRwt, EGFR wild type; PD-L1, programmed death-ligand 1; n, No. of EGFR
mutant patients; ORR, overall response rate; OS, overall survival; PFS, progression-free survival; HR, hazard ratio; CI, confidence interval; TRAE, treatment related adverse event; AE,
adverse event; G, grade of toxicity. *I'RAEs for the entire study population and not selected for EGFRm patients. #OS or PFS data not given for EGFRm subgroup. NA, not applicable; TKIs,
tyrosine kinase inhibitors.
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Characteristics

Gender
Female
Male
Age (years)
<65
=65
Smoking history
Never
Anytime
Pathology
Squamous
Adenocarcinoma
Stage
Postoperative recurrence
v
ECOG PS
0
>1
PD-L1
Not detected
Detected
treatment lines
1
>1
Treatment strategy
Monotherapy
Combination therapy
Brain metastasis
No
Yes
Liver metastasis
No
Yes
Bone metastasis
No
Yes
Blood biomarkers, median (1st quartile, 3rd quartile)
Leukocyte
Neutrophil
Lymphocyte
IFN-y
IL-10
IL-12
IL-13
IL-1
IL-2
IL-4
IL-6
IL-8
TNF-o

All (%)

9 (13.4)
58 (86.6)

35 (52.2)
32 (47.8)

44 (85.7)
23 (34.3)

34 (50.7)
33 (49.3)

16 (23.9)
51 (76.1)

17 (42.5)
23 (57.5)

38 (56.7)
29 (43.3)

60 (89.6)
7(10.4)

63 (94)

6.57 (5.71, 8.46)
4.48 (3.47, 6.05)
1.36 (1.1, 1.94)
9.15 (6.05, 15.86)
115 (0.72, 1.92)
0.16 (0.08, 0.27)
1.44 (1.04, 2.15)
0.13 (0.05, 0.29)
0.26 (0.16, 0.40)
0.02 (0.01, 0.03)
3.66 (1.81, 6.73)
5.47 (3.48, 8.86)
4.93 (381, 6.19)

Without irAEs (%)

2(7.4)
25 (92.6)

13 (48.1)
14 (519)

22 (81.5)
5(18.5)

18 (66.7)
9(333)

8(29.6)
19 (70.4)

0(0)
27 (100)

11(40.7)
16 (69.3)

14 (51.9)
3(48.1)

25 (92.6)
2(7.4)

27 (100)
0(0)

6.39 (4.90, 8.67)
4.56 (3.09, 6.28)
1.62 (1.18, 2.01)
8.70 (4.87, 15.86)
0.92 (0.57, 1.61)
0.11(0.09, 0.18)
1.38 (0.89, 1.80)
0.13 (0.06, 0.26)
0.23 (0.10, 0.39)
0.02 (0.01, 0.03)
3.38 (1.68, 6.38)
5.60 (3.48, 8.28)
5.02 (3.40, 6.94)

With irAEs (%)

7(17.5)
33 (82.5)

8(36.4)
14 (63.6)

35 (87.5)
5(12.5)

36 (90)
4(10)

6.57 (5.78,8.17)
4.48 (3.75, 5.35)
1.24 (110, 1.84)
9.23 (6.71, 16.89)
1.51 (0.86, 2.28)
0.19 (0.08, 0.37)
1.51 (1.06, 2.60)
0.12 (0.05, 0.33)
0.26 (0.17, 0.46)
0.02 (0.01, 0.03)
3.72 (1.81, 6.90)
5.13 (3.09, 10.73)
4.89 (3.97,6.13)

0.410

0.582

0.025

0.032

0.365

0.654

0.385

0.952

0.509

0.794

0.242

0.969

0.520
0.763
0.154
0.733
0.016
0.098
0.238
0.872
0.124
0.823
0.759
0.858
0.808

ICIs, immune checkpoint inhibitors; IrAEs, immune-related adverse events; ECOG PS, Eastern Cooperative Oncology Group Performance Status.
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Univariate and multivariate logistic regression analysis for the risk factors of ICl-pneumonitis

Characteristics

OR (95% Cl)

Male vs female

Age(y)

265 vs <65

Smoking history

Anytime vs never

Pathology

Adenocarcinoma vs squamous
Stage

1II/IV vs postoperative recurrence
ECOG PS

21vs0

PD-L1

Detected vs not detected
Treatment lines

21vs1

Treatment strategy
Combination therapy vs monotherapy
Brain metastasis

Yes vs no

Liver metastasis

Yes vs no

Bone metastasis

Yes vs no

IL-10

High vs low

IL-12

High vs low

0.360 (0.086, 1.501)

0.769 (0.279, 2.121)

4.420 (1.494, 13.078)

2.047 (0.732, 5.722)

1.781(0.502, 6.317)

0.512 (0.031, 8.575)

1.422 (0.340, 5.941)

1.905 (0.655, 5.543)

0.771 (0.276, 2.153)

1.500 (0.306, 7.358)

2.000 (0.263, 15.209)

1.125 (0.398, 3.178)

7.980 (1.663, 38.291)

6.347 (1.954, 20.612

0.161

0.612

0.007

0.172

0.371

0.641

0.629

0.237

0.620

0.617

0.503

0.824

0.009

0.002

OR (95% Cl)

2.314 (0.679, 7.881)

P————38 9.969 (1.144, 86.843)

3.461 (0.961, 12.461

0.180

0.037

0.058
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Univariate and multivariate logistic regression analysis for the risk factors of irAEs

Characteristics

OR (95% Cl)

Male vs female

Age(y)

265 vs <65

Smoking history

Anytime vs never

Pathology

Adenocarcinoma vs squamous
Stage

III/IV vs postoperative recurrence
PD-L1

Detected vs not detected
Treatment lines

21vs1

Treatment strategy
Combination therapy vs monotherapy
Brain metastasis

Yes vs no

Bone metastasis

Yes vs no

IL-10

High vs low

0.377 (0.072, 1.974)

0.760 (0.286, 2.022)

3.600 (1.136, 11.411)

3.000 (1.082, 8.320)

1.684 (0.543, 5.227)

1.750 (0.492, 6.220)

1.031 (0.381, 2.788)

0.718 (0.268, 1.922)

1.786 (0.320, 9.955)

1.020 (0.372, 2.800)

8.479 (2.081, 34.552)

0.030

0.035

0.367

0.387

0.952

0.510

0.508

0.969

0.003

OR (95% Cl) P

2.999 (0.843, 10.662) 0.090

2.952 (0.937,9.301)  0.064

p—————38 5.318(1.174, 24.081) 0.030

0 1 3
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Type of Data Arm (patients with BMs/all BMs Conditions Response (ORR) Survival Safety
combination  sources patients) (>3 Grade AEs)
Experimental Control CNS Systematic CNS Systematic
ICl +CT Prospective  Pembro. + CT Placebo+ CT  Nonsguamous; NR NR PFS=6.9m vs. 4.7m, NR 80% vs.
(76) (73/410) (35/206) Asymptomatic; Untreated; HR=0.42; 0S=19.2m vs. 63.6%
7.5m, HR=0.41;
Prospective  Pembro. + CT CT (66/550) Asymptomatic; NR 39.0% vs. PFS: 6.9mvs. 4.1m, 32.4%  59.8% vs.
(77) (105/748) 19.7%  HR=0.44; 0S: 188mvs.  vs. 45.3%
7.6m, HR=0.48 17.2%"*
Prospective  Camre. + CT ~ CT (6/207) Nonsquamous; NR NR PFS: HR=0.14 NR NR
(78) (11/205) Asymptomatic; CT-naive;
Prospective  Sinti. + CT Placebo + CT  Nonsguamous; NR NR PFS: HR=0.491; OS: NR NR
(79, 80) (36/112) (22/86) Asymptomatic; Untreated; HR=0.565
Prospective Toripa. + CT ~ N/A Asymptomatic; With EGFR NR 66.7%; NR NR NR
(81) (6/40) mutations but T790M; Failed
from prior TKI;
Prospective  Atezo. + CT N/A Nonsquamous; Untreated; 40% 47.5% iPFS: 6.9m; PFS: 8.9m; NR 55%
(82) (40) 0S: 13.6m
ICI + AAT Prospective  ABCP (28/ BCP (24/400)  Nonsquamous; NR NR iTTD: HR=0.68 for ABCP NR 64.3% vs.
83) 400)/ ACP Asymptomatic; Treated; vs. BCP; HR=1.55 for 35.4% vs.
(48/402) ACP vs. BCP 41.7%
Prospective  Sinti. + N/A Asymptomatic; Systemic 100%; 75%; 1y-PFS: 50.0%; 1y-OS: NR NR
(84) Anlotinib (4/ therapy-naive 100%
22)
ICI + ICI Prospective  Nivo. + Ipili. CT (66/583) Asymptomatic; Treated; NR 33%vs. PFS:5.4mvs. 5.8m, 46% NR
(85) (69/583) 26%; HR=0.79 OS: 18.8m vs. VS,
13.7m, HR=0.57; 42%"*
Prospective  Nivo. + Ipili. + CT (58/358) Asymptomatic; Treated; NR NR 0S: 19.9m vs. 7.9m, NR NR
(86) CT (65/361) HR=0.47

NSCLC, Non-Small Cell Lung Cancer; BMs, Brain Metastases; AEs, Adverse Events; N/A, Not Applicable; NR, Not Reported; nr, Not Reach; HR, Hazard Ratio; CT, chemotherapy; AAT,
anti-angiogenic therapy; Pembro., Pembrolizumab; Nivo., Nivolumab; Atezo., Atezolizumab; Camre., Camrelizumab; Sinti., Sintiimab; Toripa., Toripalimab; ABCP, Atezolizumab +
Bevacizumab + Carboplatin+ Paclitaxel; ACP, Atezolizumab + Carboplatin+ Paclitaxel; BCP, Bevacizumab + Carboplatin+ Paclitaxel; OS, Overall Survival; PFS, Progression-free Survival;
ORR, Objective Response Rate; iPFS, Intracranial Progression-free Survival; iTTD, Intracranial Time to Development (of New Brain Metastases).

*Any grade AEs.
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Data source Arm (patients with BMs/all patients) BMs Response (LNR) Survival Safety (3
Condition Grade AEs)
Experimental Control CNS Systematic CNS  Systematic
Prospective Concurrent (within 2 weeks) N/A Untreated; < 80% 51.7% iPFS: 5.0m; OS: 14m NR NR
(61) SRT after the first dose of 10cc;
Nivo (26).
Retrospective  RT before or after ICI (545/  RT alone NR NR NR 0S: 18.1mvs. 9.7m NR NR
(62) 14090) (13545/14090)
Retrospective  SRT before or after ICI SRT alone (44/ NR 97% vs. 86% NR OS: HR = 0.46 NR NR
(63) (within 3 months) (33/77) 77)
Retrospective ~ Concurrent (within 4 weeks) SRT alone (50/ <4 cm; NR NR iPFS: HR = 0.32 NR NR
(64) Cl after SRT (100/150) 150)
Retrospective  SRT before or after ICI SRT alone (34/ NR 84.9% vs. NR NR 5.9% NR
(65) (within 3 months) (17/51)  51) 76.3% vs.
2.9%
Retrospective  WBRT before ~ SRT Pembro. (9/30) Asymptomatic ~ 87.5% vs. 87.5% vs. iPFS: 7.1m vs. 4.8m vs. nr NR 37.5% vs.
(66) Pembro. (8/30) before 46.2% vs. 38.5% vs. PFS: 7.1mvs. 3.5m vs. 23% vs.
Pembro. 66.7% 66.7% 10.2m 11.1%
(13/30)

NSCLC, Non-Small Cell Lung Cancer; BMs, Brain Metastases; AEs, Adverse Events; N/A, Not Applicable; NR, Not Reported; nr, Not Reach; HR, Hazard Ratio; ICI, immune checkpoint
inhibitor; RT, radiotherapy; SRT, stereotactic radiation therapy; Pembro., Pembrolizumab; Nivo., Nivolumab; OS, Overall Survival; PFS, Progression-free Survival; LCR, local control rate;
iPFS, Intracranial Progression-free Survival.
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Variable

PD-L1 expression: positive/negative

Surgical approach: pneumonectomy/lobectomy
pT stage: T3+T4/T1+T2

PN stage: N1+N2+N3/NO

RR

20
26
09
14

DES

95% CI

0.8-5.2
09-7.7
03-2.7
0.6-3.6

P value

0.136
0.074
0.953
0.447

30
4.1
09
1.6

95% CI

1.0-8.8
1.3-124
0.3-26
0.6-4.4

P value

0.053
0.014
0.802
0.353
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Data source

Experimental

Prospective Pembro (42).
(32)
Prospective Pembro. (199/
(44) 1753)
Retrospective  Pembro. in BMs
(38) (126/547)
Retrospective ~ Pembro. in BMs
(40) (23/87)
Prospective Nivo. (45/427)
(46)
RWS (47) Nivo. in BMs
(1800/10452)
RWS (48) Nivo. (477/2585)
RWS (49-51)  Nivo. (446/1959)
Retrospective  Nivo. in BMs
(41) (32/73)
Prospective Atezo. (13/137)
(45)
Prospective Atezo. (61/425)
(52)
Prospective  Cemip. (34/283)
(53)
Retrospective  ICI (840/1680)
(54)
RWS (43) ICI (41)

Arm (patients with BMs/all patients)

Control

N/A

CT (94/1217)

Pembro. in non-
BMs (444/570)
Pembro. in non-
BMs (64/87)
CT (42/427)

Nivo. in non-BMs
(8652/10452)

N/A
N/A

Nivo. in non-BMs
(41/73)
N/A

CT (62/425)
CT (34/280)
Non-ICI (840/1680)

N/A

BMs Condition PD-  Response (ORR)
L1
CNS Systemic
Asymptomatic; >1% 29.7%  29.7%
Untreated; 4~20 mm
<1% 0.0% NR
Asymptomatic >50% NR  33.9%vs.
4.6%
>1% NR  26.1% vs.
18.1%
NR NR  36.4% 27.8% vs.
29.7%
NR >650% 70% NR
Asymptomatic; Treated ~ NR NR NR
NR NR NR NR
Treated NR NR NR
Asymptomatic; NR NR 17%
Nonsquamous
Asymptomatic; NR NR 19%
Squamous;
NR NR  281% 25.0% vs.
19.5%
Asymptomatic; Treated  All NR 23%
>50% NR 25% 23m
Asymptomatic; Treated ~ NR NR NR
Asymptomatic; Treated >50%  NR NR
NR NR NR NR
NR NR 366% 24.4%

PFS

1.9m

NR
4.1mvs.
4.6m
2.3m vs.
52
9.2m vs.
7.7m
6.5m vs.
7.0m
NR

NR

NR
3.0m

4.9m
28 myvs.
4.9m

2.5m
7.0m

NR

HR=0.45

NR

6.2m

Survival
os
9.9m

NR
19.7mvs. 9.7m

13.4m vs. 10.3m

18.0m vs. 18.7m

21.6m vs. 24.6m

7.6m vs. 6.2m

9.9myvs. 12.1m

9.7m
8.6m

5.8m

14.8mvs.
20.29m
6.8m
NR
16.0mvs.
11.9m, HR=0.74
HR=0.17

12.8mvs.
10.1m, HR=0.80
18.7m

Safety (>3 Grade AEs)
CNS Systemic
0% 14%
97%vs. 14.8%vs.
26.7%; 45.6%
NR NR
NR 23% vs.
30%
NR NR
NR NR
0% NR
NR 7%
NR 8%
NR NR
NR 15%
NR
5.0%vs. 23.3% vs.
1.8% 50.9%
NR NR
NR NR
NR NR

NSCLC, Non-Small Cell Lung Cancer; BMs, Brain Metastases; AEs, Adverse Events; N/A, Not Applicable; NR, Not Reported; nr, Not Reach; HR, Hazard Ratio; RWS, Real-word Study;
ICI, immune checkpoint inhibitor; CT, chemotherapy; Pembro., Pembrolizumab; Nivo., Nivolumab; Atezo., Atezolizumab; Cemip., Cemiplimab; OS, Overall Survival; PFS, Progression-free
Survival: ORR, Objective Response Rate; CNS, central nervous system.
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Variable

Gender
Male
Female
Age
<70 years
270 years
Smoking status
Non-smokers
Smokers
Surgical approach
Lobectomy
Pneumonectomy
Pathological subtype
Pleomorphic carcinoma
Spindle-cell carcinoma
Giant-cell carcinoma
Carcinosarcoma
pT stage
T1+T2
T3+T4
pN stage
NoO
N1
N2
pTNM stage
Stage I
Stage 11
Stage 111
Adjuvant therapy
With
Without
CD8+T cell infiltration
Positive
Negative
PD-L1 expression
Positive
Negative
Immunophenotype 1
Immune-inflamed
Immune-excluded
Immune desert
Immunophenotype 2
Type I
Type 1T
Type IIT
Type IV

DES

7.30
8.57

7.30
537

9.40
6.65

8.70
3.50

6.77

10.97
1.80
5.37

8.57
6.65

8.70
NA
3.07

10.97
9.40
537

9.40
6.60

8.57
7.30

7.30
10.97

8.57
6.77
7.30

6.65
6.77
7.30
NA

95% CI

3.70-10.90
0-17.48

3.94-10.66
0-10.81

0-33.69
5.26-8.05

3.66-13.74
0-7.82

4.25-9.29

7.22-14.71
NA
NA

2.75-14.39
3.57-9.74

6.01-11.40
NA
0-6.66

0.57-21.37
8.03-10.77
1.50-9.23

0-25.17
5.58-7.62

4.72-12.41
4.28-10.32

3.84-10.77
3.71-18.23

4.72-12.41
6.41-7.13
0.58-14.02

1.35-11.95

6.34-7.19

1.55-13.05
NA

P value

0.818

0.710

0.248

0.094

0912

0.636

0.029

0.073

0.224

0.765

0.544

0.945

0.844

17.07
11.93

11.97
17.07

NA
733

19.40
35

NA
NA
NA
NA

11.97
12.03

17.07
NA
7.27

19.40
NA
6.65

6.65
19.40

12.03
NA

11.93
NA

12.03
11.97
NA

11.93
NA
7.30
NA

95% CI

4.49-29.64
0-26.23

0-29.18
6.36-27.78

NA
0-18.95

4.00-34.80
0-7.82

NA
NA
NA
NA

3.10-20.84
0-25.10

7.91-26.22
NA
0-16.20

4.77-34.04
NA
5.19-8.11

5.28-8.02
NA

0-25.94
NA

4.28-19.59
NA

0-25.94
0.44-23.49
NA

4.48-19.39
NA
NA
NA

P value

0.574

0.725

0.104

0.018

0.842

0.734

0.151

0.087

0.122

0.258

0.273

0414

0.608
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Variable N Immunophenotype P value

Type I Type II Type III Type IV
Gender 0.290
Male 29 12 (41.4%) 7 (26.9%) 4 (13.8%) 6 (17.9%)
Female 3 3 (100%) 0(0) 0(0) 0(0)
Age 0.706
<70 years 26 12 (46.2%) 5 (19.2%) 4 (15.4%) 5(19.2%)
270 years 6 3 (50.0%) 2 (33.3%) 0(0) 1(16.7%)
Smoking status 0212
Non-smokers 12 4 (33.3%) 5 (41.7%) 1 (8.3%) 2 (16.7%)
Smokers 20 11 (55.0%) 2 (10.0%) 3 (15.0%) 4 (20.0%)
Pathological subtype 0.366
Pleomorphic carcinoma 24 13 (54.2%) 4 (16.7%) 4 (16.7%) 3 (12.4%)
Spindle-cell carcinoma 5 2 (40.0%) 1 (20.0%) 0 (0) 2 (40.0%)
Giant-cell carcinoma 2 0(0) 1 (50.0%) 0(0) 1 (50.0%)
Carcinosarcoma 1 0 (0) 1 (100%) 0 (0) 0(0)
pT stage 0.334
T1+T2 8 4 (50.0%) 2 (25.0%) 2 (25.0%) 0 (0)
T3+T4 24 11 (45.8%) 5 (20.8%) 2 (8.3%) 6 (25.1%)
PN stage 0.228
NO 17 8 (47.1%) 3 (17.6%) 4 (23.5%) 2(11.8%)
N1 4 2 (50.0%) 0(0) 0(0) 2 (50.0%)
N2 11 5 (45.5%) 4 (36.4%) 0(0) 2 (18.1%)
pTNM stage 0.338
Stage I 6 3 (50.0%) 1 (16.7%) 2(33.3%) 0(0)
Stage 1T 6 1 (16.7%) 2(33.3%) 1 (16.7%) 2(33.3%)

Stage 111 20 11 (55.0%) 4 (20.0%) 1 (5.0%) 4 (20.0%)
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Variable

Gender
Male
Female
Age
<70 years
270 years
Smoking status
Non-smokers
Smokers
Pathological subtype
Pleomorphic carcinoma
Spindle-cell carcinoma
Giant-cell carcinoma
Carcinosarcoma
pT stage
T1+T2
T3+T4
PN stage
NO
N1
N2
pTNM stage
Stage I
Stage 1T
Stage 111

29

26

12

20

24

24

17

11

20

Immune -inflamed

18 (62.1%)
3 (100%)

17 (65.4%)
4(66.7%)

6 (50.0%)
15 (75.0%)

16 (66.7%)

4 (80.0%)

1 (50.0%)
0(0)

4(50.0%)
17 (70.8%)

10 (58.8%)
4 (100%)
7 (63.6%)

3 (50.0%)
3 (50.0%)
15 (75.0%)

Immunophenotype

Immune-excluded

5 (17.2%)
0(0)

5 (19.2%)
0(0)

2 (16.7%)
3 (15.0%)

5(20.8%)
0 (0)
0 (0)
0(0)

3 (37.5%)
2 (8.3%)

4(23.5%)
0 (0)
1(9.1%)

2(33.3%)
2(33.3%)
1 (5.0%)

Immune desert

6 (20.7%)
0(0)

4(15.4%)
2 (33.3%)

4(33.3%)
2 (10.0%)

3 (12.5%)
1(25.0%)
1 (50.0%)
1 (100.0%)

1(12.5%)
5(20.9%)

3(17.7%)
0 (0)
3(27.3%)

1(16.7%)
1(16.7%)
4 (20.0%)

P value

0.420

0.369

0.234

0.267

0.143

0.457

0.329
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Variable

Gender
Male
Female
Age
<70 years
270 years
Smoking status
Non-smokers
Smokers
Pathological subtype
Pleomorphic carcinoma
Spindle-cell carcinoma
Giant-cell carcinoma
Carcinosarcoma
pT stage
T1+T2
T3+T4
PN stage
No
N1
N2
pTNM stage
Stage T
Stage 1T
Stage I1T
CD8+T cell infiltration
Positive

Negative

29

26

20

24

20

21

Positive

16 (55.2%)
3 (100%)

6 (61.5%)
3 (50.0%)

5 (41.7%)
14 (70.0%)

17 (70.8%)
2 (40.0%)
0(0)
0(0)

6 (75.0%)
13 (54.2%)

12 (70.6%)
2 (50.0%)
5 (45.5%)

5 (83.3%)
2(33.3%)
12 (60.0%)

15 (71.4%)
4 (36.4%)

PD-L1

Negative

13 (44.8%)
0(0)

10 (38.5%)
3 (50.0%)

7 (58.3%)
6 (30.0%)

7 (29.2%)
3 (60.0%)
2 (100%)
1 (100%)

2 (25.0%)
11 (45.8%)

5 (29.4%)
2 (50.0%)
6 (54.5%)

1 (16.7%)
4(66.7%)
8 (40.0%)

6 (28.6%)
7 (63.6%)

P value

0.253

0.666

0.150

0.091

0.420

0.384

0.210

0.072
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Variable

Gender
Male
Female
Age
<70 years
270 years
Smoking status
Non-smokers
Smokers
Pathological subtype
Pleomorphic carcinoma
Spindle-cell carcinoma
Giant-cell carcinoma
Carcinosarcoma
pT stage
T1+T2
T3+T4
PN stage
NoO
N1
N2
pTNM stage
Stage I
Stage 1T
Stage 11T

29

26

12

20

24

24

17

11

20

Intratumoural region

18 (62.1%)
3 (100%)

17 (65.4%)
4 (66.7%)

6 (50.0%)
15 (75.0%)

16 (66.7%)

4 (80.0%)

1 (50.0%)
0(0)

4 (50.0%)
17 (70.8%)

10 (58.8%)
4 (100%)
7 (63.6%)

3 (50.0%)
3 (50.0%)
15 (75.0%)

P value

0.534

1.000

0.250

0.458

0.397

0.292

0.354

Peritumouralregion

14 (48.3%)
2 (66.7%)

14 (53.8%)
2(33.3%)

6 (50.0%)
10 (50.0%)

14 (58.3%)
2 (40.0%)
0 (0)
0(0)

5 (62.5%)
11 (64.7%)

8(47.1)
3 (75.0%)
5 (45.5%)

3 (50.0%)
4 (66.7%)
9 (45.0%)

P value

1.000

0.654

1.000

0.276

0.685

0.563

0.648
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Variable N Percentage (%)

Age (61.0+10.23 ) Range: 39.0-86.0 years

Gender
Male 29 90.6%
Female 3 9.4%

Smoking status

Non-smokers 12 37.5%

Smokers 20 62.5%
Pathological subtype

Pleomorphic carcinoma 24 75.0%

Spindle-cell carcinoma 5 15.6%

Giant-cell carcinoma 2 6.3%

Carcinosarcoma 1 3.1%
pT stage

T1+T2 8 25.0%

T3+T4 24 75.0%
pN stage

No 17 53.1%

N1 4 12.5%

N2 11 34.4%
pTNM stage

Stage [ 6 18.8%

Stage 1T 6 18.8%

Stage IIT 20 62.4%

Surgical approach
Lobectomy 26 81.3%

Pneumonectomy 6 18.7%
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Infiltration of CD8+T cell in intratumoural region
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Factors

Gender
Male
Female
Age
<60
=60
Body mass index
<20
20-25
225
T stage
T1-2
T3-4
Presence of liver metastasis
Yes
No
Presence of brain metastasis
Yes
No
Types of mutation
Exon 19 del
Exon 21 L858R
Others
Acquired T790M mutation
Yes
No
PFS to EGFR-TKIs
<10 months
>10 months
Previous extracranial radiotherapy
Yes
No
Previous thoracic radiotherapy
Yes
No
Number of immunotherapy lines (n)
2
>3
Treatment regimen (n)
Anti-PD-1/PD-L1 monotherapy
Anti-PD-1/PD-L1 + Chemo
Anti-PD-1/PD-L1+Anti-angiogenesis
Anti-PD-1/PD-L1+Chemo-+anti-angiogenesis
Concurrent extracranial radiotherapy
Yes
No

Univariate analysis

HR (95% CI)

0.955 (0.501-1.822)

0.715 (0.353-1.449)

1.359 (0.515-3.586)
1.745 (0.815-3.739)

1.226 (0.639-2.354)

0.592 (0.260-1.353)

0.593 (0.304-1.156)

1.588 (0.462-5.458)
1.231(0.362-4.182)

1.242 (0.585-2.640)

1,610 (0.841-3.083)

0.948 (0.489-1.838)

0.723 (0.368-1.421)

1.583 (0.420-5.970)
1.424 (0.623-3.255)
1.658 (0.666-4.124)

1,919 (0.578-6.371)

p Value

0.890

0.352

0.354

0.535
0.152

0.540

0.214

0.125

0.657

0.463
0.739

0.573

0.150

0.875

0.347

0.727

0.498

0.402
0.277

0.287

Multivariate analysis

HR (95% CI)

p Value

Cl, Confidence interval: PFS, Progression free survival: EGFR, Epidermal growth factor; TKI, Tyrosine kinase inhibitor.
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Factors

Gender
Male
Female
Age
<60
=60
Body mass index
<20
20-25
225
T stage
T1-2
T3-4
Presence of liver metastasis
Yes
No
Presence of brain metastasis
Yes
No
Types of mutation
Exon 19 del
Exon 21 L858R
Others
Types of EGFR-TKI
Gefitinib
Erlotinib
Icotinib
Afatinib
Osimertinib
Acquired T790M mutation
Yes
No
PFS to EGFR-TKIs
<10 months
>10 months
Previous extracranial radiotherapy
Yes
No
Previous thoracic radiotherapy
Yes
No
Number of immunotherapy lines (n)
2
>3
Treatment regimen (n)
Anti-PD-1/PD-L1 monotherapy
Anti-PD-1/PD-L1 + Chemo
Anti-PD-1/PD-L1+Anti-angiogenesis
Anti-PD-1/PD-L1+Chemo-+anti-angiogenesis
Concurrent extracranial radiotherapy
Yes
No

Univariate analysis

HR (95% CI)

1.061 (0.638-1.765)

1.473 (0.833-2.605)

3.202 (1.509-6.793)
1.97 (1.046-3.711)

0.945 (0.569-1.570)

1.433 (0.723-2.842)

0.939 (0.536-1.647)

0.562 (0.247-1.277)
0.605 (0.272-1.347)

1.450 (0.347-6.051)
1.838 (0.395-8.549)
1.373 (0.289-6.518)

2.891 (0.601-13.911)

0.893 (0.421-1.894)

1.934 (1.1565-3.237)

0.944 (0.558-1.595)

0.981 (0.557-1.729)

1.352 (0.823-2.220)

0.807 (0.233-2.793)
1.379 (0.747-2.546)
1.572 (0.788-3.138)

2.251 (0.936-5.417)

p Value

0818

0.183
0.007

0.002
0.036

0.828

0.303

0.827
0374
0.169
0.605
0.444
0611
0.438

0.690
0.185

0.797

0.012

0.828

0.948

0.234

0.488

0.734

0.304
0.199

0.070

Multivariate analysis

HR (95% CI) p Value
0.126
2.780 (0.957-8.074) 0.060
2.461 (0.947-6.396) 0.065
5.279 (1.629-17.114) 0.006
4.694 (1.266-17.406) 0.021

Cl, Confidence interval; PFS, Progression free survival: EGFR, Epidermal growth factor; TKI, Tyrosine kinase inhibitor. Bold: P value < 0.05.
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Mutation
type

Primary 19del
211858R
Other
Acquired  T790M-

T790M+

General (95%Cl), mo

PFS:3.87 (1.823-5.917)
08: 7.07 (4.394-9.746)
PFS: 3.9 (2.619-5.181)
08: 132 (5.497-20.903)
PFS: 2.3 (1.092-3.508)
08:9.03
PFS: 3.6 (2.129-5.071)
0S:8.7 (3.789-13.611)
PFS: 3.9 (2.276-5.524)
08S: 15 (4.884-25.116)

ICl alone (95%Cl), mo

PFS:3.2
08:6.63
PFS: 4.7 (1.499-7.901)
08S:17.9 (0-43.073)
8

PFS: 2.7
0s:2.17
PFS: 3.2
08S: 6.63

ICI+Chemo (95%Cl), mo

PFS: 3.1 (1.396-4.806)
OS: 9.93 (0.652-19.208)
PFS: 5.31 (2.621-7.999)
08S:13.2 (7.018-19.382)
PFS: 1.4 (0.322-2.478)
OS: 8.7 (3.957-13.443)
PFS: 3.1 (1.566-4.634)
08: 9.02 (5.354-12.706)
PFS: 3.2 (1.16-5.24)
OS:NR

ICI+Anti-angiogenesis
(95%Cl), mo

PFS: 8.42 (1.829-5.011)
0S: 4.67 (4.311-5.029)
PFS: 3.1 (1.991-4.209)
0S: 6.73 (3.958-9.502)
PFS: 5.8
0s: NR
PFS: 3.1 (2.048-4.152)
0S: 6.73 (1.593-3.607)
PFS: 3.9 (0-9.453)
0s:5

Cl, Confidence interval; ICI, Immune checkpoint inhibitor: PFS, Progression free survival: OS, Overall survival: NR, Not reached.

ICl+Chemo+Anti-angiogenesis
(95%Cl), mo

PFS: 7.3 (3.839-10.761)
0S: 7.83 (4.546-11.114)
PFS: 3.9 (3.608-4.192)
OS: 11.42 (8.971-13.874)
PFS: 2.3 (0.22-4.380)
0S: NR
PFS: 4.67 (1.312-8.028)
OS: NR
PFS: 5.2 (2.436-7.964)
08: 15.0 (5.727-24.273)
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Variables Univariate survival analyses of intracranial Multivariate survival analyses of intracranial
PFS PFS

HR 95% CI p value HR 95% CI p value

Age at diagnosis
<60
260 1.01 0.96-1.07 0.683

Sex
Female
Male 1.01 0.39-2.6 0.988

KPS

0-1

2 0.60 0.14-2.65 0.503
Smoking history

Never

Smoked 1.89 0.54-6.63 0.32

Histology
Adenocarcinoma
Non- adenocarcinoma 1.88 0.42-8.51 0413
Molecular genotype
EGFR 19del
EGFR 21L858R 129 0.49-3.43 0.610
EGFR rare mutation 0.30 0.04-2.53 0.269
Acquired T790M mutation
No or unknown
Yes 0.81 0.28-2.31 0.693
PD-LI1 expression
Negative or unknown
Positive 2.26 0.72- 7.07 0.163
High disease burden
No
Yes 2.58 0.98-6.74 0.054 213 0.58-7.91 0.257
Number of BMs
Single
Multiple 241 0.88- 6.63 0.088 3.90 1.00-15.12 0.049
Symptomatic BMs
No
Yes 0.97 0.27-3.51 0.973
Prior intracranial RT
No
Yes 0.62 0.23-1.65 0.339
Prior lines of systemic therapy
1
22 1.34 0.38-4.75 0.646
Prior EGFR-TKI response time
<10 months
210 months 0.47 0.17-1.28 0.138 0.279 0.08-1.03 0.056
Prior third-generation EGFR-TKI therapy
No
Yes 2.46 0.85-7.12 0.096 232 0.63-8.63 0.208
Corticosteroid use at start of ICI treatment
No
Yes 0.97 0.36-2.57 0.946
Combination modalities
ICI monotherapy
ICI plus chemotherapy 0.06 0.09-0.90 0.005 0.02 0.00-0.18 <0.001
ICI plus anti-angiogenesis 0.16 0.12-1.39 0.055 0.09 0.01-0.86 0.036
ICI plus chemotherapy plus anti-angiogenesis 0.04 0.08-0.88 0.003 0.02 0.00-0.16 < 0.001
Combination intracranial RT
No
Yes 0.36 0.08-1.57 0.173
Combination extracranial RT
No
Yes 1.28 0.42-3.94 0.666
dNLR
<3
23 2.25 0.69-7.37 0.18
LDH
<ULN
>ULN 1.73 0.7-4.31 0.236
LIPI
Good (0) and intermediate (1)
Poor (2) 2.45 0.75-8.00 0.138 2.063 0.47-9.00 0.336

Bold values indicates significant results with p <0.05. HR, hazard ratio; CI, confidence interval; BMs, brain metastases; EGFR, epidermal growth factor receptor; ECOG-PS, Eastern
Cooperative Oncology Group performance status; PD-L1, programmed death-1 ligand; RT, radiotherapy; TKI, tyrosine kinase inhibitor; ICI, immune checkpoint inhibitor; dNLR, derived
neutrophil-to-lymphocyte ratio; LDH, lactate dehydrogenase; ULN, upper limit of normal; LIPI, immune prognostic index.
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Factor N (%)
Gender

Male 37 (49.3%)

Female 38 (50.7%)

Age (median, range) (y) 52.0 (36.0-81.0)
Smoking history (n)

Never-smoker 63 (84.0%)

Former/current smoker 12 (16.0%)
T stage in naive (n)

1-2 40 (53.3%)

3-4 35 (46.7%)
TNM stage (n)

B-Ic 4 (5.3%)

IVA-IVB 71 (94.7%)
Type of mutation (n)

EGFR exon 19 del 30 (40%)

EGFR exon 21 L858R 37 (49.3%)

Others* 8 (10.7%)
Acquired T790M mutation

No 57 (76.0%)

Yes 18 (24.0%)
Type of EGFR-TKI (n)

Gefitinib 43 (57.3%)

Erlotinib 11 (14.7%)

Icotinib 10 (13.3%)

Afatinib 8 (10.7%)

Osimertinib 3 (4.0%)
Best response to EGFR-TKIs (n)

PR 22 (29.3%)

SD/PD 53 (70.7%)
Number of immunotherapy lines (n)

2 24 (32.0%)

>3 51 (68.0%)
Treatment regimen (n)

Anti-PD-1/PD-L1 monotherapy 4 (5.3%)

Anti-PD-1/PD-L1 + Chemo 31 (41.3%)

Anti-PD-1/PD-L1+Anti-angiogenesis 16 (21.3%)

Anti-PD-1/PD-L1+Chemo-+anti-angiogenesis 24 (32.0%)
PD-L1 expression

Negative 3 (4.0%)

1-49% 6 (8.0%)

>50% 6 (8.0%)

Not reported 60 (80.0%)

*Others include EGFR exon 20INS (n=3), EGFR exon 18 G719A (n=2), EGFR exon 20
S768l (n=1), EGFR exon 21 L861Q (n=1), EGFR exon 21 G863D (n=1).
EGFR, Epidermal growth factor; TKI, Tyrosine kinase inhibitor; PR, Partial response; SD,

Stable disease; PD, Progression disease.
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Variables Univariate survival analyses of overall PFS Multivariate survival analyses of overall PFS

HR 95% CI p value HR 95% CI p value

Age at diagnosis
<60
=60 1.02 0.98-1.06 0.276

Sex 0775
Female
Male 1.09 0.6-1.99

ECOG-PS
0-1
2 0.79 0.28- 2.24 0.655
Smoking history
Never
Smoked 243 1.00-5.94 0.051 1.83 0.64-5.24 0.261

Histology
Adenocarcinoma
Non-adenocarcinoma 0.92 0.28-3.02 0.897

Molecular genotype
EGFR 19del
EGFR 21L858R 1.37 0.72-2.61 0.341
EGEFR rare mutation 0.74 0.29-1.87 0.528

Acquired T790M mutation
No or unknown
Yes 0.702 0.35-1.41 0.321

PD-L1 expression
Negative or unknown
Positive 1.04 0.48- 2.26 0.928

High disease burden
No
Yes 1.87 1-3.49 0.049 224 1.14-4.40 0.019

Number of BMs

Single

Multiple 1.54 0.84- 2.82 0.161
Symptomatic BMs

No

Yes 117 0.54-2.5 0.691
Prior intracranial RT

No

Yes 0.70 0.38-1.29 0.246

Prior lines of systemic therapy
1
22 141 0.59-3.38 0.438

Prior EGFR-TKI response time
<10 months
210 months 0.61 0.3-1.25 0.176

Prior third-generation EGFR-TKI therapy 2.16 1.07-4.37 0.032
No
Yes 1.86 1.00- 3.45 0.049
Corticosteroid use at start of ICI treatment
No
Yes 1.30 0.71-2.40 0.395

Combination modalities
ICI monotherapy
ICI plus chemo 0.28 0.09-0.90 0.032 0.15 0.04-0.57 0.005
ICI plus anti-angiogenesis 0.42 0.12-1.39 0.154 0.26 0.07-1.04 0.057
ICI plus chemotherapy plus anti-angiogenesis 0.27 0.08-0.88 0.030 0.13 0.04-0.50 0.003

Combination intracranial RT
No
Yes 0.72 0.32-1.63 0.429

Combination extracranial RT

Yes 191 0.92-3.96 0.082 2.06 0.87-4.88 0.100

23 1.34 0.64-2.81 0.446
LDH
<ULN
2ULN 146 0.79-2.68 0.223
LIPI
Good (0) and intermediate (1)
Poor (2) 3.39 1.50-8.23 0.007 3.86 1.35-11.07 0.012

Bold values indicates significant results with p <0.05. HR, hazard ratio; CI, confidence interval; BMs, brain metastases. EGFR, epidermal growth factor receptor; ECOG-PS, Eastern
Cooperative Oncology Group performance status; PD-L1, programmed death-1 ligand; RT, radiotherapy; TKI, tyrosine kinase inhibitor; ICI, immune checkpoint inhibitor; dNLR, derived
neutrophil-to-lymphocyte ratio; LDH, lactate dehydrogenase; ULN, upper limit of normal; LIPI, immune prognostic index.





OPS/images/fimmu.2022.832419/fimmu-13-832419-g005.jpg
Progression free survival (%)

BMI<20
(median 3.1 months [95%CI 2.6-3.6])

BMI 20-25
(median 3.9 months [95%CI 2.3-5.4])

BMI>25
(median 8.3 months [95%CI 0.5-16.1])

100

50
P=0.004

Months
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Characteristic

Age at diagnosis
<60
260
Sex
Male
Female

ECOG-PS
0-1
2
Smoking history
Never
Smoked

Histology
Adenocarcinoma

Molecular genotype
EGFR 19del
EGFR 21L858R
EGFR rare mutation

Acquired T790M mutation
No or unknown
Yes

PD-LI expression
Negative or unknown
1%-49%

250%

High disease burden
No
Yes

Number of BMs
Single
Multiple
Symptomatic BMs
No
Yes

Prior lines of systemic therapy
1
22

Prior intracranial RT
No
Yes

Prior EGFR-TKI response time
<10 months
210 months

Prior third-generation EGFR-TKI therapy

No
Yes

Concurrent intracranial RT
No
Yes

Concurrent extracranial RT
No
Yes

Chemo N (%)

28 (70.0)
12 (30.0)

13 (32.5)
27 (67.5)

39 (97.5)
1(2.5)

33 (82.5)
7 (17.5)

40 (100.0)

18 (45.0)
20 (50.0)
2 (5.0)

30 (75.0)
10 (25.0)

36 (90.0)
4(100)
0 (0.0)

26 (65.0)
14 (35.0)

10 (25.0)
30 (75.0)

35 (87.5)
5(12.5)

26 (65.0)
14 (35.0)

17 (42.5)
23 (57.5)

28 (70.0)
12 (30.0)

18 (45.0)
22 (55.0)

37 (92.5)
3(7.5)

34 (85.0)
6 (15.0)

ICI + Chemo N (%)

11 (57.9)
8 (42.1)

9 (47.4)
10 (52.6)

16 (84.2)
3(15.8)

17 (89.5)
2(10.5)

19 (100.0)

6(31.6)
7 (36.8)
6(31.6)

17 (89.5)
2(10.5)

13 (68.4)
2(10.5)
4(21.1)

12 (63.2)
7 (36.8)

9 (47.4)
10 (52.6)

15 (78.9)
4(211)

3(15.8)
16 (84.2)

10 (52.6)
9 (47.4)

12 (63.2)
7 (36.8)

7 (36.8)
12 (63.2)

14 (73.7)
5(26.3)

15 (78.9)
4(21.1)

p value

0.533

0.415

0.179

0.758

NA

0.021

0.345

0.010

1.000

0.156

0.641

0.001

0.653

0.820

0.756

0.117

0.835

EGFR, epidermal growth factor receptor; ECOG-PS, Eastern Cooperative Oncology Group performance status; PD-L1, programmed death-1 ligand; BMs, brain metastases; RT,
radiotherapy; TKI, tyrosine kinase inhibitor; ICI, immune checkpoint inhibitor; Chemo, chemotherapy; NA, Not applicable.
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Progression free survival (%)

100

50

i With extracranial radiotherapy
(median 10.7 months [95% Cl 4.8-16.6] )

. Without extracranial radiotherapy
(median 3.8 months [95%CI 3.1-4.5])

P=0.0404
HR (95% Cl) 0.48 (0.25-0.91)

Months

Overall survival (%)

100

50

With extracranial radiotherapy
(median NR)

X Without extracranial radiotherapy
(median 9.0 months [95%CI 5.0-13.0])

i

P=0.26
HR (95% Cl) 0.53 (0.21-1.35)

10 20 30 40
Months
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Patients Response—N (%) ORR (%) DCR (%)

CR PR SD PD
Total patients (1 = 53) 0 (0.0) 11 (20.8) 27 (50.9) 15 (28.3) 208 717
ICI monotherapy (n = 4) 0 (0.0) 0 (0.0) 3 (75.0) 1(25.0) 0.0 75.0
ICI plus chemotherapy (n = 19) 0 (0.0) 7 (36.8) 9 (47.4) 3(15.8) 36.8 84.2
ICI plus anti-angiogenesis (n = 12) 0 (0.0) 0 (0.0) 4(33.3) 8 (66.7) 0.0 333
ICI plus chemotherapy plus anti-angiogenesis (n = 18) 0 (0.0) 4(222) 11 (61.1) 3 (16.7) 222 83.3
Patients with measurable CNS lesions (n =38) 1(2:6) 7 (18.4) 18 (47.4) 12 (31.6) 21.0 68.4
ICI monotherapy (n = 3) 0 (0.0) 0 (0.0) 1(33.3) 2 (66.7) 0.0 333
ICI plus chemotherapy (n =16) 1(6.3) 5(31.3) 7 (43.7) 3(18.7) 375 81.3
ICI plus anti-angiogenesis (n = 7) 0 (0.0) 0 (0.0) 2 (28.6) 5(71.4) 0.0 28.6
ICI plus chemotherapy plus anti-angiogenesis (n = 12) 0 (0.0) 2(16.7) 8 (66.6) 2(16.7) 16.7 83.3
Patients with measurable CNS lesions who received concurrent iRT (n =9) 1(11.1) 3(333) 4 (44.5) 1(1L.1) 444 88.9

ICI, immune checkpoint inhibitor; CNS, central nervous system; iRT, intracranial radiotherapy; CR, complete response; PR, partial response; SD, stable disease; PD, progression disease;
ORR, objective response rate; DCR, disease control rate.
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Progression free survival (%)

= PFS-TKI<10 months,
(median 2.8 months [95% CI 2.0-3.6])

e PFS-TKIZ10 months
(median 5.2 months [95% CI 4.2-6.2])

100

P=0.005

50 Log-rank HR (95%Cl) 0.530 (0.40-0.91)

Months
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Characteristic

Age at diagnosis
<60
260

Sex
Male

Female

ECOG-PS
0-1
2
Smoking history
Never
Smoked

Histology
Adenocarcinoma
Non-adenocarcinoma

Molecular genotype
EGFR 19del
EGFR 21L858R
EGFR rare mutation

Acquired T790M mutation
No or unknown
Yes

PD-L1 expression
Negative or unknown
1%-49%

250%

High disease burden
No
Yes

Number of BMs
Single
Multiple
Symptomatic BMs
No
Yes

Prior lines of systemic therapy
1
=2
Prior intracranial RT
No
Yes

Prior TKI response time
<10 months
=10 months

Prior third-generation TKI treatment
No
Yes

Corticosteroid use at start of ICI treatment
No
Yes

Combination modalities
ICI monotherapy
ICI plus chemotherapy
ICI plus anti-angiogenesis
ICI plus chemotherapy plus anti-angiogenesis

Concurrent intracranial RT
No
Yes
Concurrent extracranial RT
No
Yes
dNLR
<3
23
LDH
<ULN
>ULN
LIPI
Good (0)
Intermediate (1)
Poor (2)

N (%)

36 (67.9)
17 (32.1)

27 (50.9)
26 (49.1)

47 (88.7)
6(11.3)

46 (86.8)
7 (132)

50 (94.3)
3(5.7)

22 (41.5)
23 (43.4)
8 (15.1)

40 (75.5)
13 (24.5)

43 (81.1)
5(9.4)
5(9.4)

22 (46.8)
25 (53.2)

25 (47.2)
28 (52.8)

41 (78.38)
11 (212)

7 (132)
46 (86.8)

30 (56.6)
23 (43.4)

26 (49.1)
27 (50.9)

24 (45.3)
29 (54.7)

24 (45.3)
29 (54.7)

4(7.5)
19 (35.8)
12 (22.6)
18 (34.0)

43 (81.1)
10 (18.9)

43 (81.1)
10 (18.9)

41 (77.4)
12 (22.6)

31 (58.5)
22 (41.5)

28 (52.8)
16 (30.2)
9 (17.0)

EGFR, epidermal growth factor receptor; ECOG-PS, Eastern Cooperative Oncology
Group performance status; PD-L1, programmed death-1 ligand; BMs, brain metastases;
RT, radiotherapy; TKI, tyrosine kinase inhibitor; ICI, immune checkpoint inhibitor;
dNLR, derived neutrophil-to-lymphocyte ratio; LDH, lactate dehydrogenase; ULN, upper

limit of normal; LIPI, immune prognostic index.
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Malignant lung nodules Benign lung P
(n = 459) nodules (n =285) value
Size of lesions, n <0.001
(%)
¢<8 mm 83 (18.1) 116 (40.7)
8 mm <p<20 mm 271 (69.0) 133 (46.7)
20 mm <@<30 105 (22.9) 36 (12.6)
mm
Number of nodules, 0.103
n (%)
Single 260 (56.7) 144 (50.5)
Multiple 199 (43.3) 141 (49.5)
Composition, n (%) <0.001
GGO 41 (8.9 26 (9.1)
pGGN 103 (22.4) 21(7.3)
mGGN 214 (46.6) 15 (5.2)
Solid 101 (22.0) 223 (78.2)
Pathologic type, n
(%)
Adenocarcinoma 312 (68.0)
scc 39 (8.5)
AIS or MIA 103 (22.4)
Neuroendocrine 5(1.1)
Lung benign 19 (6.7)
tumor
AAH 141 (49.5)
Inflammatory lung 72(25.2)
nodules
Other lung 53(18.6)
nodules
Stage of lung
cancer, n (%)
0 (AIS) 43 (9.3
| 302 (65.8)
1 51 (11.1)
1l 31(6.8)
v 32 (7.0)
Imaging features <0.001
Vessel sign 361 (78.6) 24 (8.4)
Spiculation sign 179 (39.0) 42 (14.7)
Lobulated sign 207 (45.1) 51 (17.9)
Pleural indentation 154 (33.6) 37 (13.0)
Bubble-like sign 93 (20.2) 26(9.1)
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Full cohort

Patients with lung nodules

Patients with malignant patients with benign p-value Malignant lung Benign lung p-value
diseases (n = 571) diseases (n = 362) nodules (n = 459) nodules (n = 285)
P53 concentration, u/mL, (SD) 8.87 (15.09) 3.25 (5.11) <0.001 8.208 (14.65) 3.316 (5.128) <0.001
p53 qualitative diagnosis, n (%)
Positive 116 (20.3) 18 (5.0) <0.001 92 (20.0) 9(3.2) <0.001
Negative 455 (79.7) 344 (95.0) 357 (80.0) 276 (96.8)
PGP9.5 concentration, wmL, (SD) 6.17 (10.67) 3.11 (4.80) <0.001 6.569 (10.44) 3.025 (3.936) <0.001
PGP 9.5 qualitative diagnosis, n (%)
Positive 76 (13.3) 13 (3.6) <0.001 64 (13.9) 0(3.5) <0.001
Negative 495 (86.7) 349 (96.4) 395 (86.1) 275 (96.5)
SOX2 concentration, u/mL, (SD) 7.46 (12.14) 3.40 (5.92) <0.001 7.739 (12.67) 3.127 (4.971) <0.001
SOX2 qualitative diagnosis, n (%)
Positive 110 (19.3) 21(5.8) <0.001 83 (18.1) 4(4.9 <0.001
Negative 461 (80.7) 341(94.2) 376 (81.9) 271 (95.1)
GACE7 concentration, wmL, (SD) 9.59 (18.01) 4.08 (7.35) <0.001 9.34 (17.36) 4.405 (8.020) <0.001
GACE7 qualitative diagnosis, n (%)
Positive 98 (17.2) 13 (3.6) <0.001 81(17.6) 12 (4.2) <0.001
Negative 473 (82.8) 349 (96.4) 378 (82.4) 273 (95.8)
GBU4-5 concentration, u/mL, (SD) 3.46 (5.45) 1.87 (3.57) <0.001 3.542 (5.693) 1.954 (3.822) <0.001
GBUA4-5 qualitative diagnosis, n (%)
Positive 97 (16.7) 19 (6.2) <0.001 78 (17.0) 7 (8.0) <0.001
Negative 476 (83.3) 343 (94.8) 381 (83.0) 288 (94.0)
MAGEA1 concentration, u/mL,(SD) 6.36 (12.08) 3.15(7.19) <0.001 6.008 (11.44) 3.334 (7.892) <0.001
MAGEA1 qualitative diagnosis, n (%)
Positive 76 (13.3) 16 (4.4) <0.001 58 (12.6) 3 (4.6) <0.001
Negative 495 (86.7) 346 (95.6) 401 (87.4) 272 (95.4)
CAGE concentration, w/mL, (SD) 3.44 (8.06) 1.75 (2.54) <0.001 3.397 (7.891) 1.766 (2.653) <0.001
CAGE qualitative diagnosis, n (%)
Positive 53 (9.3 113.0 <0.001 429.2) 8(2.8) <0.001
Negative 518(90.7) 351(97.0) 417 (90.8) 277 (97.2)
Combined test
Positive, n (%) 347 (60.7) 71(19.6) <0.001 274 (69.7) 54 (18.9) <0.001
Negative, n (%) 224 (39.3) 291 (80.4) 185 (40.3) 231 (81.1)

AUC

0.7448

0.7476
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Malignant Benign P
or borderline  pulmonary valve
diseases diseases
(n=571) (n=362)
Gender, n (%) 0.016
Male 282 (49.4) 208 (57.5)
Female 289 (50.6) 154 (42.5)
Age, n (%) <0.001
<60 316 (55.3) 258 (71.2)
>60 255 (44.7) 104 (28.7)
Smoking history, n (%) 0.715
Ever or current 236 (41.3) 154 (42.5)
Never 335 (58.7) 208 (57.5)
Diameter, cm, mean (SD) 16.5 (9.0) 124 (5.7) <0.001
7-AABs
Positive 347 (60.7) 67 (185)  <0.001
Negative 224 (39.3) 295 (81.5)
Type of malignant lung diseases, n (%)
NSCLC
Adenocarcinoma 411 (72.0)
Squamous carcinoma 91 (15.9)
SCLC
Limited stage 65 (11.4)
Extensive stage 4(0.7)
Type of benign lung diseases, n (%)
Tuberculosis 48 (13.2)
Pneumonia 123 (34.0)
Hamartoma 11 (3.0)
Other benign diseases 180 (49.7)
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Variable Dimensions Types
feature_i dim _i Discrete/
continuous
hidden_feature_i 32 Continuous
h 32 Continuous
y 1 Continuous
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Characteristics

PD-L1 expression
<1%/undetected
1-49%

250%

Immunotherapy strategies
Monotherapy
Immune+ anlotinib
Chemoimmunotherapy

Type of immunotherapy
Tislelizumab
Camrelizumab
Sintilimab
Pembrolizumab
Durvalumab

Best response
PR
SD
PD

Adverse events
No
Yes

No. of patients (%)

13 (61.9)
2(95)
6 (28.6)

3(14.3)
14 (66.7)
4 (19.0)

7(33.3)
6 (28.6)
4 (19.0)
3(14.3)
1(4.8)

12 (57.2)
5(23.8)
4 (19.0)

16 (76.2)
5(23.8)

ECOG, Eastern Cooperative Oncology Group; PR, partial response; SD, stable disease;

PD, progressive disease.
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Characteristics

Median age (range)
Gender
Men
Women
Smoking status
Never
Former/current
Primary location
Left
Right
ECOG at diagnosis
0
=1
Histology
PLC
scc
[e
Clinical stage
TIA-IVA
VB
Distant metastasis
Bone
Adrenal
Liver
RLN
Other*

“Including duodenum and pancreas.

No. of patients (%)

65 (39-95)

15 (71.4)
6 (28.6)

6 (28.6)
15 (71.4)

5(23.8)
16 (76.2)

11 (52.4)
10 (47.6)

17 (80.9)
3(14.3)
1(4.8)

8 (38.1)
13 (61.9)

7 (33.3)
5(23.8)
5(23.8)
5(23.8)
3(14.3)

ECOG, Eastern Cooperative Oncology Group; PLC, pleomorphic carcinoma; SCC,
spindle cell carcinoma; CS, carcinosarcoma; RLN, retroperitoneal lymph node.
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Characteristic TCGA-NSCLC

(n =999) (n =196) (n = 148) (n = 226)
Age (years), n (%)
<65 427 (42.7) 102 (52.0) 98 (66.2) 176 (77.9)
>65 556 (55.7) 94 (48.0) 50 (33.8) 50 (22.1)
Unknown 16 (1.6) 0 0 0
Gender, n (%)
Female 399 (39.9) 89 (45.4) 25 (16.9) 121 (53.5)
Male 600 (60.1) 107 (54.6) 123 (83.1) 105 (46.5)
Disease stage, n (%)
I 512 (51.3) 130 (66.3) - 168 (74.3)
i 278 (27.8) 35 (17.9) - 58 (25.7)
11 164 (16.4) 27 (13.8) - 0
v 33(3.3) 4(2.0) - 0
Unknown 12 (1.2) 0 - 0
Histology, n (%)
LUAD 504 (50.5) 106 (54.1) 85 (57.4) -
LUSC 495 (49.5) 66 (33.7) 60 (40.5) -
Other 0 24 (122) 3(21) -
T stage, n (%)
T1 282 (28.2) - 122 (82.4) -
T2 557 (55.8) - 18 (12.2) =
T3 115 (11.5) - 6 (4.1) -
T4 42 (4.20%) - 2(13) -
Unknown 3(0.30%) -
N stage, n (%)
NO 641 (64.2) - 136 (91.9) -
N1 222 (22.2) - 12 (8.1) -
N2 111 (11.1) - 0 -
N3 7(0.7) - 0 -
Unknown 18 (1.8) = 0 -
M stage, n (%)
MO 742 (74.3) - 148 (100) -
M1 32 (3.2) - 0 -
Unknown 225 (22.5) - 0 -
EGFR/ALK mutation, n (%)
Positive 103 (10.3) - - 138 (61.1)
Negative 439 (43.9) - - 88 (38.9)

Unknown 457 (45.7) - - 0
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Line Regimen Population No. of studies HR 95% Cl P-value
1st Line P monotherapy Aged <65 years 2 0.78 0.65-0.93 0.005
Aged >65 years 1 0.64 0.42-0.98 0.04
Squamous 2 0.74 0.61-0.92 0.005
Active or previous smoker 2 0.72 0.59-0.88 0.002
Without brain metastases 1 0.64 0.46-0.88 0.006
PD-L1 TPS 21% 1 0.81 0.71-0.93 0.003
PD-L1 TPS 250% 2 0.67 0.57-0.80 <0.00001
P combined therapy Aged <65 years 2 0.47 036-0.61 <0.00001
Aged >65 years 2 0.69 0.563-0.91 0.007
Male 2 0.70 0.56-0.88 0.002
Female 2 0.32 0.23-0.46 <0.00001
Squamous 1 0.64 0.49-0.85 0.002
Non-squamous 2 0.59 0.48-0.72 <0.00001
PSO 2 0.48 0.33-0.69 0.0001
PS 1 2 0.59 0.47-0.74 <0.00001
Active or previous smoker 1 0.54 0.41-0.71 <0.0001
Never smoker 1 0.23 0.10-0.54 0.0007
With brain metastases 1 0.41 0.24-0.67 0.0005
Without brain metastases 1 0.59 0.46-0.75 <0.0001
Liver metastases 1 0.62 0.39-0.98 0.04
East Asia 1 0.44 0.22-0.89 0.02
PD-L1TPS <1% 2 0.55 0.41-0.73 <0.0001
PD-L1TPS 21% 2 0.62 0.50-0.77 <0.0001
PD-L1TPS 1-49% 2 0.60 0.44-0.81 0.0007
PD-L1TPS >50% 2 0.60 0.44-0.84 0.002
N monotherapy None
N combined therapy None
>2nd Line P monotherapy Aged <65 years 1 0.62 0.51-0.75 <0.00001
Male 1 0.70 0.58-0.84 0.0001
Female 1 0.66 0.52-0.83 0.0004
Non-squamous 1 0.68 0.57-0.81 <0.0001
PS 1 1 0.64 0.54-0.76 <0.00001
EGFR mutant 1 0.69 0.59-0.81 <0.00001
PD-L1 TPS 21% 1 0.69 0.60-0.80 <0.00001
PD-L1 TPS 1-49% 1 0.78 0.65-0.94 0.009
PD-L1 TPS >50% 1 0.53 0.42-0.66 <0.00001
P combined therapy None
N monotherapy Aged <65 years 3 0.72 0.62-0.85 0.0001
Aged 265 years 1 0.50 0.29-0.85 0.01
Aged 65-74 years 2 0.61 0.46-0.80 0.0005
Male 3 0.68 0.57-0.80 <0.00001
Female 3 0.75 0.59-0.96 0.02
Squamous 2 0.60 0.47-0.75 <0.0001
Non-squamous 2 0.73 0.62-0.87 0.0003
PS O 3 0.66 0.49-0.89 0.007
PS1 2 0.62 0.51-0.76 <0.00001
Active or previous smoker 3 0.68 0.59-0.79 <0.00001
Without brain metastases 3 0.68 0.59-0.78 <0.00001
Liver metastases 1 0.68 0.50-0.91 0.01
EGFR mutant 1 0.66 0.51-0.86 0.002
East Asia 1 0.68 0.52-0.90 0.007
US/Canada 2 0.54 0.41-0.71 <0.0001
PD-L1TPS <1% 3 0.77 0.63-0.96 0.02
PD-L1TPS >1% 3 0.63 0.51-0.77 <0.00001

N combined therapy

None
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Reference  Trial  Year Study Stage  Treatment 1C1 used () Controlarm  Median Males  Never ~Squamous Nsquamous Tumor PD-L1 expression ~ ECOG  Primary
phase line ) (range) (%) smokers (%) (%) T endpoint
Age (%) <1% 21% Unknown 0 1
(years) (%) (%) (%) (%) (%)
Arieta PROLUNG 2020 Il  Advanced/ 2L Pembrolizumab + Docetaxel (38) 60 (27- 41 436 0 897 385 385 230 14 8 ORR
etal. 23) metastatic docetaxel (40) 78)
Awadetal. KEYNOTE- 2021 Il WBAV 1L Pembrolizumab + Pemetrexed + 643 39 20 o 100 % 64 0 43 56 ORR
(24) o021 pemetrexed + carboplatin  (37-80)
carboplatin (60) ©3)

Borghaei  CheckMate 2015 Il WB/AV/ 22l Nvolumab (202) Docetaxel 62(21- 55 20 0 100 39 423 218 31 69 08
etal (25) 057 recurrence/ (200) 85)
Vokes 2018 progression
et al. (26)
Brahmer  CheckMate 2015 Il IB/V/ 2L Nivolmab (135) Docetaxel 63(3- 76 6 100 0 390 437 173 24 76 0S8
etal. (27) 017 recurrence/ (137) 85)
Vokes 2018 progression
etal. (26)
Carbone CheckMate 2017 n v/ L Nivolumab (271) Platinum 64 (29— 61 1 24 7% 0 100 0 33 66 PFS
etal. 28) 026 recurrence doublet 89)

chemotherapy

(270)
Gandhi  KEYNOTE- 2018 Il metastatic AL Pembrolzumab + Placebo + 645 589 119 0 100 308 630 62 432 560 OSand
etal 29 189 pemetrexed + platinum  pemetrexed +  (34-84) PFS
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Characteristic cIp RP P

Gender 0.313
Male 23 24
Female 17 24

Age (years) 0.481
Mean 56.8 57.4

Smoking 0.200
Yes 24 34
No 16 14

Number of lobes 0.184
<3 22 32
>3 18 16

Volume of lung 0.101
<10% 10 11
10%< X <60% 23 19
>50% 7 18

Histology 0.067
Adenocarcinoma 24 37
Squamous cell carcinoma 16 11
Radiological elements 0.910

Ground-glass opacities 15 18

(GGO)
Consolidation 8 8
GGO + consolidation 17 22

Bilateral changes <0.001
Yes 27 13
No 18 35

Sharp border 0.001
Yes 1" 31

No 29 17
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Male
Female
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Mean
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Volume of lung
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Histology
Adenocarcinoma
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Consolidation
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Bilateral changes
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Sharp border
Yes
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Subtype of pneumonitis
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Variables

Age (yrs)
Gender

ECOG (2 vs. 1 vs. 0)

Smoking history

Family history of cancer

Histology

Disease stage

Radiation dose (Gy)
GTV volume (cm?)

Concurrent chemotherapy (cycles)

Pre-CCRT TLC (K/uL)
Pre-CCRT BMI (kg/m?)

Pre-CCRT albumin (g/L)
Pre-CCRT neutrophil (k/uL)
Pre-CCRT hemoglobin (g/L)
MBD (Gy)

MHD (Gy)
MLD (Gy)

n (%)
/Median (range)

Median (range)
female

Male

0

1

2

Non-smoker
Smoker

No

Yes
adenocarcinoma
squamous cell carcinoma
Others

IIA

1B

mc

Median (range)
Median (range)
3

4

5;

Median (range)
218.5

<185

235

<35

=218

<1.8

=100

<100

Median (range)
Median (range)
Median (range)

6m-post-CCRT lymphopenia

GO (n=183)

56 (28-77)
32(17.5)
151 (82.5)
51 (27.8)
118 (64.5)
14 (7.7)
75 (41.0)
108 (59.0)
142 (77.6)
41 (22.4)
70 (38.3)
92 (50.3)
21 (11.4)
149 (26.8)
100 (54.6)

34 (18.6)
65.78 (59.80-68.00)
94.0 (21.5-503.3)
75 (41.0)

96 (52.4)

12 (6.6)

1.80 (0.80-3.60)
167 (95.4)

8 (4.6)

176 (97.2)
5(2.8)

170 (93.4)

12 (6.6)

174 (95.6)

8 (4.4)

8.04 (2.27-16.57)
1151 (1.14-45.20)
1832 (2.81-26.48)

G1-4 (n=61)

57 (34-81)
14 (23.0)
47 (77.0)
20 (32.8)
38 (62.3)
3(4.9)
32(525
29 (47.5
49 (80.3
2(19.7
18 (29.5
4 (55.7
9 (14.8)
18 (29.5)
27 (44.3)
16 (26.2)
68.00 (62.79-68.00)
134.4 (23.1-567.7)
21 (34.4)
39 (63.9)
1(1.7)
1.50 (0.60-3.05)
48 (87.3)
7(12.7)
60 (98.4)
1(1.6)
59 (96.7)
2(3.3)
58 (95.1)
3(4.9)
825 (4.47-13.58)
11.20 (2.23-35.37)
1945 (10.93-25.46)

)
)
)
)
)
)

(univariable)

0.997 (0.967-1.028, p=0.856)

0.711 (0.350-1.445, p=0.346)
0.821 (0.436-1.547, p=0.542)
0.546 (0.142-2.108, p=0.380)

0.629 (0.351-1.127, p=0.119)

0.848 (0.413-1.744, p=0.654)
1.437 (0.750-2.754, p=0.274)
1.667 (0.653-4.254, p=0.285)
0.735 (0.370-1.462, p=0.380)
1.281 (0.574-2.860, p=0.546)
1.307 (1.103-1.547, p=0.002)
1.005 (1.002-1.008, p=0.002)
1.451 (0.788-2.671, p=0.232)
0.298 (0.037-2.422, p=0.257)
0339 (0.185-0.622, p<0.001)

3.044 (1.051-8.822, p=0.040)

0.587 (0.067-5.122, p=0.630)

0.480 (0.104-2.209, p=0.346)
1.125 (0.289-4.382, p=0.865)
1.071 (0.942-1.217, p=0.296)
1.006 (0.965-1.048, p=0.782)
1.118 (1.013-1.235, p=0.027)

(multivariable)

1.328 (1.092-1.614, p=0.005)
1.004 (1.000-1.007, p=0.036)

0.288 (0.137-0.605, p=0.001)

0.133

0.833

BMI, body mass index; ECOG, Eastern Cooperative Oncology Group; GTV, gross tumor volume; pre-CCRT, before concurrent chemoradiotherapy; MBD, mean body dose; MHD, mean
heart dose; MLD, mean lung dose; OR, odds ratio; TLC, total lymphocyte count.

The bold values mean the data were considered statistically significant as the P value <0.05.
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Variables

Age (258)

Gender (Male)

ECOG

Smoking history (Smoker)
Family history of cancer (Yes)
Histology

Disease stage

Radiation dose (Continuous)
GTV volume (Continuous)
Pre-CCRT TLC (G1-4)
Mid-CCRT TLC (G4)
End-CCRT TLC (G4)
2m-post-CCRT TLC (G1-4)
6m-post-CCRT TLC (G1-4)
TLC nadir (G4)

Pre-CCRT BMI (<18.5)
Pre-CCRT albumin (<35)
Pre-CCRT neutrophil (<1.8)
Pre-CCRT hemoglobin (<100)
MBD (Continuous)

MHD (Continuous)

MLD (Continuous)

Univariable analysis

HR (95% CI)

1.542 (1.142-2.081)
1.548 (1.007-2.381)
1.496 (1.112-2.011)
1.360 (0.999-1.851)
0.870 (0.601-1.259)
0.921 (0.733-1.157)
1.325 (1.071-1.640)
1.083 (1.005-1.166)
1.004 (1.003-1.005)
1.321 (0.716-2.436)
2.040 (1.131-3.680)
1.937 (0.852-4.405)
1.754 (1.194-2.576)
2.189 (1.366-3.508)
1.655 (1.082-2.532)
1.559 (0.901-2.697)
0.807 (0.356-1.833)
1.047 (0.568-1.932)
1.361 (0.695-2.668)
1.110 (1.039-1.185)
1.014 (0.993-1.034)
1.085 (1.032-1.140)

P

0.005
0.046
0.008
0.051
0.460
0.921
0.010
0.037
<0.001
0373
0.018
0.115
0.004
0.001
0.020
0.112
0.609
0.883
0.369
0.002
0.186
0.001

Multivariable analysis

HR (95% CI)

1.707 (0.888-3.282)
3.797 (1.386-10.400)
1.456 (0.824-2.571)

1,620 (1.010-2.599)
1.003 (0.871-1.156)
1.004 (1.000-1.007)
0.867 (0.123-6.090)
1.233 (0.564-2.699)

2,614 (1.040-6.573)
1.879 (0.511-6.907)

1.130 (0.993-1.286)

1.049 (0.922-1.193)

0.109
0.009
0.196

0.045

0.966

0.035

0.886

0.600

0.041
0.343

0.064

0.470

BMI, body mass index; CI: confidence interval; ECOG, Eastern Cooperative Oncology Group; GTV, gross tumor volume; HR, hazard ratio; pre-CCRT TLC, TLC before concurrent
chemoradiotherapy (CCRT); mid-CCRT TLC, TLC at the 3 weeks in CCRT; end-CCRT TLC, TLC at the end of CCRT; 2m-post-CCRT TLC, TLC at 2 months after CCRT; 6m-post-CCRT
TLC, TLC at 6 months after CCRT; pre-CCRT, before concurrent chemoradiotherapy; MBD, mean body dose; MHD, mean heart dose; MLD, mean lung dose.
The bold values mean the data were considered statistically significant as the P value <0.05.
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Factor No. of patients (%) Stratification No. of patients (%) Median OS (95% CI) pPY

Pre-CCRT TLC

GO 359 (94.5)
Gl 17 (4.5) GO 359 (94.5) 42.5 (35.2-49.9) 0.371
G2 3(0.8) Gl-4 21 (5.5) 34.4 (27.3-41.5)
G3 1(0.2)
G4 0(0)
Mid-CCRT TLC
GO 32 (8.5)
Gl 28 (7.5) GO-3 356 (95.0) 41.9 (33.8-50.0) 0.016
G2 124 (33.1) G4 19 (5.0) 27.7 (11.0-44.3)
G3 172 (45.9)
G4 19 (5.0)
End-CCRT TLC
GO 18 (5.9)
Gl 33 (10.7) GO-3 297 (96.8) 44.9 (36.1-53.6) 0.108
G2 119 (38.8) G4 10 (3.2) 16.8 (0-39.0)
G3 127 (41.4)
G4 10 (3.2)
2m-post-CCRT TLC
GO 140 (53.6)
Gl 49 (18.8) GO 140 (53.6) 52.8 (36.7-69.0) 0.004
G2 64 (24.5) Gl-4 121 (46.4) 38.3 (23.8-52.8)
G3 8(3.1)
G4 0(0)
6m-post-CCRT TLC
GO 183 (75.0)
Gl 30 (123) GO 183 (75.0) 54.0 (41.4-66.6) 0.001
G2 28 (11.5) Gl-4 61 (25.0) 28.8 (24.6-33.0)
G3 3(12)
G4 0(0)
TLC nadir
GO 5(1.3)
Gl 10 (2.6) GO-3 340 (89.2) 41.9 (33.9-49.8) 0.019
G2 79 (20.7) G4 41 (10.8) 34.4 (10.1-58.7)
G3 246 (64.6)
G4 41 (10.8)

a) Analyzed by log-rank test between two subgroups.

pre-CCRT TLC, TLC before concurrent chemoradiotherapy (CCRT); mid-CCRT TLC, TLC at the 3 weeks in CCRT; end-CCRT TLC, TLC at the end of CCRT; 2m-post-CCRT TLC, TLC
at 2 months after CCRT; 6m-post-CCRT TLC, TLC at 6 months after CCRT.

The bold values mean the data were considered statistically significant as the P value <0.05.





OPS/images/fimmu.2022.870842/fimmu-13-870842-g001.jpg





OPS/images/fonc.2022.979384/table1.jpg
Total

Characteristics (N=381)
Age, median (yr, range) 58 (28-81)
Gender, n (%)

Male 313 (822)

Female 68 (17.8)
ECOG, n (%)

0 88 (23.1)

1 264 (69.3)

2 29 (7.6)
Smoking history, n (%)

Yes 228 (59.8)

No 153 (40.2)
Family history of cancer, n (%)

Yes 81 (21.3)

No 300 (78.7)
Histology, n (%)

Adenocarcinoma 130 (34.1)

Squamous cell carcinoma 208 (54.6)

Others 43 (11.3)
Disease stage, n (%)

A 108 (28.3)

1B 194 (50.9)

Ic 79 (20.8)
Total dose, median (Gy, range) 65.78 (59.80-68.00)
GTV volume, median (cm?, range) 98.5 (21.5-664.3)
Concurrent chemotherapy (cycles)
3 137 (36.0)
4 214 (56.2)
5 30 (7.9)
Pre-CCRT TLC, median (k/uL, range) 1.70 (0.40-3.60)
Pre-CCRT BMI, n (%)

<18.5 kg/m’ 21 (5.8)

>18.5 kg/m” 338 (94.2)
Pre-CCRT albumin, n (%)

<35 g/L 11 (3.0)

>35 g/L 357 (97.0)
Pre-CCRT neutrophil, n (%)

<1.8 k/uL 23 (6.1)

>1.8 k/uL 353 (93.9)
Pre-CCRT hemoglobin, n (%)

<100 g/L 16 (43)

>100 g/L 360 (95.7)
MBD, median (Gy, range) 8.59 (2.27-16.57)
MHD, median (Gy, range) 11.89 (0.74-45.20)
MLD, median (Gy, range) 18.87 (2.81-27.96)

BMI, body mass index; ECOG, Eastern Cooperative Oncology Group; GTV, gross tumor
volume; MBD, mean body dose; MHD, mean heart dose; MLD, mean lung dose; Pre-
CCRT, before concurrent chemoradiotherapy; TLC, total lymphocyte count.
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Performances

Rad-score
Nomogram

P-value

AUC pin

0.891
(0.876-0.906)
0953
(0.916-0.990)
<0.001¢

Training cohort

AUCemp APopin
0.896 0.857
(0.879-0.913) (0.836-0.878)
0.950 0.949
(0.941-0.959) (0.935-0.963)
<0.001e <0.001n

APemp

0.811
(0.785-0.837)
0.926
(0.900-0.952)
<0.0016

AUC pin

0.901
(0.855-0.947)
0.947
(0.912-0.982)
<0.001y

Validation cohort

AUCemp APoin
0.874 0.903
(0.843-0.905) (0.860-0.946)
0.936 0.943
(0.905-0.967)  (0.925-0.961)
<0.001c <0.001p

APemp

0.891
(0.859-0.923)
0.887
(0.860-0.914)
<0.001n

All the data in parentheses are 95% confidence interval (Cl) values. The subscripts emp and abin means empirical-based and a-binormal-based area under the curve (AUC) or average
precision (AP), respectively. ¢ w—the comparison of AUCabin; e, o—the comparison of AUCemp; 1, p—the comparison of Apabin; and 6, u—the comparison of APemp between Rad-
score and nomogram in both training and validation cohorts.





