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A B S T R A C T

Background: Non-small cell lung cancer (NSCLC), which accounts for about 85 % of all lung 
cancers, currently exhibits insensitivity to most treatment regimens. Therefore, the identification 
of new and effective biomarkers for NSCLC is crucial for the development of treatment strategies. 
Immunogenic cell death (ICD), a form of regulated cell death capable of activating adaptive 
immune responses and generating long-term immune memory, holds promise for enhancing anti- 
tumor immunity and offering promising prospects for immunotherapy strategies in NSCLC.
Methods: Clinical information and expressive profiles of NSCLC genes were retrieved from the 
GEO and TCGA databases. By combining these databases, the researchers were able to identify the 
appropriate genes for use in forecasting outcomes of patients with this type of cancer. We further 
performed functional enrichment, gene variants and immune privilege correlation analysis to 
determine the underlying mechanisms. This was followed by univariate and multivariate Cox 
regression and LASSO regression analyses, we developed a prognostic risk model based on the 
TCGA cohort, which included 17 gene labels. The results of the external validation were then used 
to identify the appropriate genes for use in predicting the survival outcome of patients with this 
type of cancer. In addition, a nomogram was created to help visualise the clinical presentation of 
the patients. For the analyses, we performed 50 functional and immunoinfiltration assessments 
for two risk groups.
Results: Using 17 genes (AIRE, APOH, CDKN2A, CEACAM4, COL4A3, CPA, DBH, F10, FCGRB, 
FGFR4, MMP1, PGLYRP1, SCGB2A2, SLC9A3, UGT2B17 and VIP), The researchers then created a 
gene signature that could be used to identify patients with an increased risk of contracting cancer. 
They divided the patients into two groups based on their risk score. The low-risk group exhibited 
a better prognosis (P < 0.01). The survival curve demonstrated that ICD-related models could 
accurately predict patient prognosis. Conversely, high-risk subgroups were closely associated 
with immune-related signaling pathways. The analysis of immune infiltration also showed that 
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the infiltration levels of most immune cells were higher in the high risk sub-group than in the low 
risk sub-group. In comparison to the low-risk group, the high-risk group was more susceptible to 
the immune-checkpoint blockade (ICB) treatment.
Conclusion: Our researchers utilized a gene model to analyze the immune inflammation and 
prognosis of patients with non-small-cell lung cancer (NSCLC). The discovery of new ICD-related 
genes could lead to the development of new targeted treatments for this condition.

1. Introduction

Lung cancer is the most common cause of death from cancer in both men and women, Non-small cell lung cancer (NSCLC) accounts 
for approximately 85 % of all cases of lung cancer [1]. Typically, when diagnosed, the tumour has progressed to a locally advanced or 
metastatic stage, resulting in a poor prognosis. NSCLC includes adenocarcinoma, squamous cell carcinoma and large cell lung cancer 
[2]. These characteristics render NSCLC more heterogeneous compared to other types of lung cancer patients, making it challenging to 
identify those who are responsive to treatments. Consequently, there is an urgent need for the discovery of novel biomarkers that can 
be used for the prediction and improvement of the prognosis of NSCLC patients.

Malignant cells produce damage-associated patterns of molecules (DAMPs) and secrete cytokines in response to microenviron-
mental perturbations, which mediate chemotactic and immunostimulatory effects. Immunogenic cell death (ICD) is a unique response 
mode characterized by the induction of organelles and stress, ultimatedly leading to cell death accompanied by the exposure and 
release of a large number of DAMPs [3–5]. Recent evidence suggests that the mechanism of ICD varies across different cancers and is 
associated with patient prognosis. ICD is a ubiquitous phenomenon observed in cancer-related injuries [6], infections [7], and 
autoimmune diseases [8], and its occurrence is often related to patient prognosis.

For the induction of immunogenic cell death, the interaction between cancer cells and immune cells is of paramount importance 
(ICD). Cancer cells can induce immune cells to produce a large number of proinflammatory factors, which can promote the occurrence 
of ICD by activating signal transduction molecules such as Toll-like receptors (TLRs) and T cell receptors (TCRs) [9]. When immune 
cells come into contact with cancer cells, they may change their surface properties, shape, or interaction with cancer cells. For example, 
a study found that up to 95 % of healthy adults had immune cells associated with both tumor stroma and angiogenesis. However, this 
correlation does not always exist between cancer cells and immune cells. In some studies, tumor-associated macrophages (TAMs) [10] 
mediated ICD by releasing proinflammatory factors such as IL-6, TNF-α, and MCP-1 [11] into tissues. Furthermore, TAM play a key role 
in promoting ICD by increasing these pro inflammatory factors in breast cancer [4,12]. These findings provide important insights into 
the mechanisms of ICD and may contribute to the development of new therapeutic approaches to modulate immune responses for 
cancer treatment and prevention. However, the role of ICD in predicting outcomes of NSCLC patients or guiding clinical treatment is 
still unclear.

Therefore, this investigation focused on obtaining gene expression profiles and clinical data of NSCLC from The Cancer Genome 
Atlas (TCGA) [13] and Gene Expression Omnibus (GEO) [14] databases. The genes related to ICD were gathered from the Genecards 
database. The genes associated with overall survival (OS) prognosis in NSCLC were filtered in the TCGA cohort, and their intersection 
with the ICD-related gene set was determined to identify ICD-related prognostic genes. To uncover the underlying mechanisms, 
functional enrichment, mutagenesis and immune infiltration analyses were performed. A prognostic risk model based on nine gene 
signatures was developed using Cox and LASSO regression analysis in the TCGA cohort. This model was then external validated in the 
GEO cohort. Additionally, a nomogram was created to predict survival by integrating the clinicopathological data and prognostic gene 
signatures. Furthermore, A survival prediction nomogram has been developed through the integration of clinician-pathological data 
and prediction gene markers. The high-risk and low-risk subgroups were then analysed for differences in risk function and immu-
nology. Based on above results, we generated an effective prognostic model for NSCLC patients, which emphasized that ICD-related 
genes can predict prognosis, even guide the usage of immunotherapy in NSCLC patient.

2. Materials and methods

2.1. Data collection and preprocessing

The count and transcriptome data (Count and TPM format), and clinical data of 1041 NSCLC samples and control tissues from the 
TCGA-LUSC and TCGA-LUAD projects were downloaded from the TCGA database. Additionally, transcriptome data and clinical data of 
715 NSCLC samples, including datasets GSE30219, GSE31210, and GSE37745, were downloaded from the GEO database for validation 
purposes. Furthermore, 1766 ICD-related genes were retrieved from the GeneCards database (https://www.genecards.org/), using 
“immunogenicity cell death” as the keyword.

2.2. Establishment of ICD related models

First, Univariate Cox regression analysis was performed for ICD-related genes, and those with a p-value less than 0.05 were selected 
as candidate genes for the model. Subsequently, we utilized the glmnet package in R software to perform the selection of features on 
these candidate genes using the minimum absolute contraction and selection operator (LASSO) regression algorithm, incorporating 10- 
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fold cross validation. The model’s formula is represented as Risk Score= (In the formula, n equal to the number of genes in the model, 
Expi is the gene expression, Ci is the corresponding coefficient). By applying the aforementioned formula, the risk score for each 
patient was obtained, which will be subjected to further follow-up analysis. The receiver operating characteristic (ROC) curve was used 
to assess the predictive ability of the model, with a larger area under the curve (AUC) indicating greater model efficiency.

2.3. Drawing a nomogram

In this research, to integrate the risk scores derived from the M-stage and ICD-related models, we used the R software package rms. 
We subsequently created a nomogram employing the Cox method to evaluate the prognostic importance of these characteristics in 993 
samples obtained from the TCGA database. To assess the effectiveness of the nomogram, we calibrated the curve. The overall model 
exhibited a C-index of 0.626130264126878, with a 95 % confidence interval in the range of 
0.600551054797142–0.651709473456614.

2.4. Immunoinfiltration analysis

Single sample Gene Set Enrichment Analysis (ssGSEA) involves performing GSEA on an individual sample. The sequencing 
approach for the gene list and the method used to compute the enrichment score (ES) are both dependent on the gene expression levels 
found in that specific sample. It is crucial to understand that ssGSEA does not rely on the relationship between genes and phenotypes 
[15]. In this study, immune cells in the tumour microenvironment of NSCLC were scored using the ssGSEA algorithm to assess immune 
status.

2.5. Drug sensitivity analysis

The Genomics of Drug Sensitibity in Cancer (GDSC), developed by the Sanger Institute in the United Kingdom, collects data on the 
responses of tumor cells to various treatments and their levels of sensitivity. Alterations in the cancer genome can significantly affect 
the effectiveness of clinical therapies, and different targets exhibit notably varied reactions to medications [16]. Therefore, this type of 
data is crutial for identifying potential tumor therapeutic targets. The expression of immune checkpoints can indirectly reflect a pa-
tient’s sensitivity to immunotherapy. In this study, we evaluated the sensitivity to immune checkpoint blockers (ICBs) in NSCLC 
patients from the TCGA cohort using the Tumour Immune Dysfunction and Exclusion (TIDE) algorithm. Generally, Individuals 
exhibiting elevated TIDE scores demonstrate reduced responsiveness to immunotherapy (30127393). Additonally, we used the 
GSCALite GSDC module of the database (http://bioinfo.life.hust.edu.cn/web/GSCALite/) to explore the relationship between gene 
models and the sensitivity to chemotherapy drugs (29790900).

2.6. Functional enrichment analysis

Gene Set Enrichment Analysis (GSEA) was performed utilizing the R package clusterProfiler (version 3.14.3) to derive results for 
gene set enrichment. Parameters were set with a minimum gene set size of 5 and a maximum of 500. Statistical significance was judged 
by p-values of less than 0.05 and FDRs of less than 0.10.

2.7. Difference analysis

Limma (linear models for microarray data, https://doi.org/10.1093/nar/gkv007) is a method for differential expression analysis 
that employs a generalized linear model. In this method, the expression of each gene was fitted into a linear equation. The outcomes of 
the data analysis can be readily accessed and visualized via web services, significantly enhancing the use of data and research on 
tumors. In this study, Limma and R software (version version 3.40.6) were employed for differential expression analysis to identify the 
differential genes between different comparison groups and control groups. The threshold for significance was defined as the dif-
ference factor greater than 0.5 and the p-value less than 0.05.

2.8. Protein-protein interaction network

STRING(）is” title = "https://cn.string-db.org/)is">https://cn.string-db.org/)is a protein interaction database that can be used to 
analyze both known and predicted interactions between proteins. Protein-protein interaction (PPI) refers to a process in which two or 
more protein molecules form a protein complex through non-covalent bonds [17]. Protein interactions are a key element of the 
biochemical response network within cells and are essential for regulating cellular functions and their signaling pathways. In this 
study, we applied the STRING database for PPI analysis and set the interaction score to 1.5. Subsequently, the interaction network was 
exported to Cytoscape software for visualization. Using the Cytohub function in Cytoscape, We examined and pinpointed the five most 
significant hub genes in the network. These hub genes are expected to have significant roles within the protein interaction network and 
may participate in essential cellular processes or signaling pathways.
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Fig. 1. Figure of the methods of this study.
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Fig. 2. Differential Expression of ICD Genes and Functional Enrichment Analysis in Non-Small Cell Lung Cancer (NSCLC). A. Volcano plot illus-
trating the differentially expressed genes in Small Cell Lung Cancer (SCLC) compared to adjacent non-cancerous tissues. B. Heatmap displaying the 
differentially expressed genes in Small Cell Lung Cancer (SCLC) versus adjacent non-cancerous tissues. C. Venn diagram illustrating the intersection 
of differentially expressed genes and ICD genes between small cell lung cancer (SCLC) and adjacent non-cancerous tissue. D. Investigation of 
differentially expressed ICD genes in non-small cell lung cancer (NSCLC) using Gene Ontology Biological Process (GO-BP) analysis. E. GO-MF 
analysis of differentially expressed ICD genes in NSCLC. F. GO-CC analysis of differentially expressed ICD genes in NSCLC. G. Kyoto Encyclo-
pedia of Genes and Genomes (KEGG) analysis of differentially expressed ICD genes in non-small cell lung cancer (NSCLC).
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2.9. Single cell analysis

TIGER is an accessible web portal that integrates and analyzes gene expression data related to tumor immunology. It encompasses a 
substantial volume of transcriptome data, comprising bulk transcriptome information from 1508 tumor samples with associated 
immunotherapy clinical outcomes and 11,057 TCGA tumor/normal samples. Additionally, TIGER includes single-cell transcriptome 
data from 655 samples, comprising a total of 2116,945 cells. Importantly, 119,039 cells derived from 63 samples are associated with 
immunotherapy clinical data. In this study, we utilized NSCLC data available in the TIGER database(32042191) for single-cell analysis 
to confirm which cells should express the target gene.

2.10. Statistical analysis

The choice between the t-test and the Mann-Whitney U test for the comparison of the two data groups was based on the normality of 

Fig. 3. Establishing an ICD-associated prognosis model for NSCLC.A-B. LASSO regression analysis of ICD genes associated with prognosis. C.Sur-
vivorship, hazard scores and expression levels of 17 model genes across TCGA cohorts.D.In the TCGA dataset, Kaplan-Meier curves for high-risk and 
low-risk groups. E. ROC curve of ICD-related prognostic model in TCGA dataset. F. Risk scores of 17 model genes in the GEO dataset, survival status 
and expression levels. G. Kaplan-Meier curves within the GEO dataset to illustrate the high-risk and low-risk groups. H. ROC curve analysis of ICD 
prediction models in GEO.
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the data distribution. In the case of categorical variables, either the chi-square test or Fisher’s exact test were used. For comparisons 
between more than two groups, the Kruskal-Wallis test was used. To assess relationships between variables, Spearman correlation 
analysis was used. The Kaplan-Meier method and the log-rank test were used for the analysis of survival time. To assess the inde-
pendent effects of the variables, univariate and multivariate Cox regression analyses were performed. All statistical analyses were 
executed using R software. Statistical significance was defined as P < 0.05, with the following notation used to indicate the level of 
significance: *P < 0.05, **P < 0.005, ***P < 0.001, ****P < 0.001, ns: P > 0.05.

3. Results

3.1. Analysis of differential expression and functional enrichment of genes associated with immunogenic cell death (ICD) in non-small cell 
lung cancer (NSCLC)

Prior to presenting the results, we include an overall flowchart of this study in Fig. 1 to facilitate readers’ understanding of our 
methodology. In comparison to adjacent non-cancerous tissue, we identified that 3312 genes were upregulated in NSCLC, while 3806 
genes were downregulated (Fig. 2A and B). After intersecting the differential expresssed genes and ICD genes, we obtained 235 genes 
for further analysis (Fig. 2C).GO-BP revealed that these 235 ICD genes are involved in immune response (Fig. 2D). GO-CC showed that 
these molecules are localized to the extracellular matrix and cytoplasm (Fig. 2E). GO-MF showed that these molecules bind to receptor 
ligands and are associated with cytokine activity (Fig. 2F). KEGG enrichment analysis further demonstated that these molecules 
interact with cytokines and signaling pathways such as PI3K-AKT (Fig. 2G).

3.2. Development of a prognostic model associated with immunogenic cell death (ICD)

We performed univariate Cox regression analysis of 235 ICD-associated genes using NSCLC cases from the TCGA database, and the 
results showed that 52 of these genes were associated with NSCLC prognosis (P < 0.05). Subsequently, we constructed an ICD-related 
prognostic model based on the 52 genes(Fig. 3A and B), with the formula for this model outlined in the methodology section. For 993 
NSCLC patients with available prognostic information in the TCGA database, we derived risk scores using this formula. A median risk 

Table 1 

Levels LUAD LUSC

n  539 502
ajcc_stage (%) Stage I 5 (0.9) 3 (0.6)
 Stage IA 137 (25.8) 90 (18.1)
 Stage IB 153 (28.8) 152 (30.5)
 Stage II 1 (0.2) 3 (0.6)
 Stage IIA 50 (9.4) 65 (13.1)
 Stage IIB 75 (14.1) 94 (18.9)
 Stage III 0 (0.0) 3 (0.6)
 Stage IIIA 73 (13.7) 63 (12.7)
 Stage IIIB 11 (2.1) 18 (3.6)
 Stage IV 26 (4.9) 7 (1.4)
age (median [IQR])  66.00 [60.00, 73.00] 69.00 [62.00, 74.00]
T_stage (%) T1 71 (13.2) 50 (10.0)
 T1a 47 (8.7) 24 (4.8)
 T1b 57 (10.6) 40 (8.0)
 T2 180 (33.4) 173 (34.5)
 T2a 86 (16.0) 87 (17.3)
 T2b 27 (5.0) 34 (6.8)
 T3 49 (9.1) 71 (14.1)
 T4 19 (3.5) 23 (4.6)
 TX 3 (0.6) 0 (0.0)
N_stage (%) N0 349 (64.9) 320 (63.7)
 N1 98 (18.2) 131 (26.1)
 N2 74 (13.8) 40 (8.0)
 N3 2 (0.4) 5 (1.0)
 NX 15 (2.8) 6 (1.2)
M_stage (%) M0 366 (68.7) 412 (82.7)
 M1 18 (3.4) 5 (1.0)
 M1a 2 (0.4) 1 (0.2)
 M1b 5 (0.9) 1 (0.2)
 MX 142 (26.6) 79 (15.9)
gender (%) female 291 (54.0) 131 (26.1)
 male 248 (46.0) 371 (73.9)
smoking_status (%) ≤ 15 years 77 (32.5) 87 (50.3)
 >15 years 79 (33.3) 51 (29.5)
 Current smoker 47 (19.8) 28 (16.2)
 Lifelong Non-smoker 34 (14.3) 7 (4.0)
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score was then used to divide patients into high-risk and low-risk groups.Fig. 3C shows the risk score, survival state, and expression 
levels of the 17 ICD-associated genes comprising the model in NSCLC patients from the TCGA cohort. Overall survival (OS) in the low- 
risk group was superior to the high-risk group, according to survival curve analysis(P < 0.001, Fig. 3D). The ROC curve analysis 
showed that the AUC value of ICD-related models was 0.54 for 1-year survival, 0.68 for 3-year survival, and 0.67 for 5-year survival in 
NSCLC patients (Fig. 3E). To provide further validation of the predictive performance of the ICD model, we applied it to a cohort of 715 
NSCLC patients from the GEO database. Fig. 3F presents the risk scores, survival status, as well as the expression levels of the same 17 

Fig. 4. Correlations and nomograms of ICD-Related Prognostic Models with Clinical Traits. A. Correlation of ICD-related prognostic models with 
clinical traits. B. Construct an ICD-related prognostic model and a nomogram for M staging. C. Nomogram consistency curve. D. Analysis of the ROC 
curve of the nomogram.
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ICD-related genes in the GEO NSCLC patients. Consistent with our expectations, individuals in the low-risk group demonstrated better 
outcomes than those classified as high-risk (P < 0.01, Fig. 3G). The ROC curve analysis revealed AUC values of 0.55 for one-year 
survival, and both 0.56 for three- and five-year survivals among NSCLC patients (Fig. 3H). These findings suggest that the ICD- 
related scheme holds promise as a prognostic tool for predicting outcomes in NSCLC patients.

3.3. ICD-based models may be independently predictive of prognosis in NSCLC patients and have correlation with clinical features

Every day, approximately 200–300 billion cells undergo death and apoptosis in the human body. This process primarily occurs 
through Caspase-dependent apoptosis under homeostasis conditions. Despite the large quantities of apoptotic cells produced, they are 
difficult to observe in vivo tissues due to the efficient engulfment and removal of these cells by phagocytes through a process called 
efferocytosis [18]. Exocytosis, such as ICD, is essential for maintaining normal homeostasis.

To assess the impact of the ICD model as prognostic indicator for NSCLC patients, In addition to the ICD model, clinical factors 
including TNM stage, T stage, N stage, M stage and patient sex from the TCGA database were included. The findings indicated that both 
the ICD model and M stage functioned as independent prognostic markers for NSCLC patients (Table 1). Moreover, we noted that risk 
scores were elevated in patients with advanced T, N, and TNM stages, and male patients exhibited higher risk scores compared to their 
female counterparts (Fig. 4A).

3.4. Construction of line diagram

Since both the M staging and ICD models were identified as independent prognostic markers, we incorporated the risk scores and M 
stage into a nomogram to evaluate its potential utility (Fig. 4B). Good agreement between observed and predicted values was observed 

Fig. 5. ICD-associated Prognostic Models in relation to immune cell burden and immune status scores. A. The scores for immune cells infiltration 
were between the high and low risk groups. B. Differences in the immune system scores between the high and low risk groups.

J. Zhang et al.                                                                                                                                                                                                          Heliyon 11 (2025) e40869 

9 



in the reference curve of the nomogram (Fig. 4C). Furthermore, the ROC curves indicated that the nomogram had a predictive accuracy 
of 0.56 for 1-year survival rate, 0.71 for the 3-year survival rate, and 0.71 for the 5-year survival rate of NSCLC patients (Fig. 4D).

3.5. Association between ICD-related patterns and immunological characteristics

Assessing immune cell infiltration showed that the high-risk cohort exhibited higher levels of B cells, T cells, CD8+ T cells, neu-
trophils, natural killer (NK) cells, plasmacytoid dendritic cells (pDC) cells, helper T cells, helper follicular T cells, Th1 cells, and tumor- 
infiltrating lymphocytes (TILs) compared to low-risk group (Fig. 5A). Furthermore, the evaluation of immunological status demon-
strated that the high-risk group had elevated levels of cytotoxic activity, HLA expression, pro-inflammatory activity, and T-cell co- 
stimulatory activity compared to the low-risk group (Fig. 5B). These findings suggest that the relationship interplay among ICD, 
immune microenvironment and immunostatus may play important roles in the risk stratification of NSCLC patients.

3.6. ICD model and sensitivity to drug therapy

In recent years, immuno checkpoint inhibitor (ICB) therapy has emerged as a groundbreaking treatment option for lung cancer. 
Nevertheless, only a subset of patients derives benefit from immune checkpoint blockade (ICB) therapy, while a substantial proportion 
remains unresponsive to this treatment. We therefore sought to determine whether the Risk Scores correlated with sensitivity to ICB 
therapy. Our findings indicate that the high-risk cohort had increased expression of several immune checkpoints including LAG3, 
CTLA-4, PD-1 and TIGIT compared to the low-risk group (Fig. 6A). Additionally, We investigated the relationship between risk scores 

Fig. 6. Association between ICD-Related prognostic models and sensitivity to drug therapy. A. Disparities in immune checkpoint expression be-
tween the high and low risk groups. B. Differences in TIDE scores observed between the high-risk and low-risk cohorts. C. The TIDE algorithm’s 
prediction of immunotherapy responses for high and low risk groups. D. The relationship between the expression of 17 genes and the IC50 values of 
chemotherapy agents as predicted by the GSCA database within the context of an ICD-related predictive model.
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and response to immune checkpoint blockade (ICB) therapy using the Tumour Immune Dysfunction and Exclusion (TIDE) algorithm. 
Importantly, higher TIDE score correlates with reduced sensitivity to immune checkpoint blockade (ICB) therapy. Our analysis showed 
that the high-risk group had a higher TIDE score compared to the low-risk group, with the following results (Fig. 6B). Furthermore, 
when utilizing TIDE scores to help predict how patients respond to immunotherapy, we observed that a greater proportion of patients 
in the high-risk cohort responded favorably to treatment than those in the low-risk cohort (Fig. 6C).This observation implies that the 
low-risk cohort demonstrates enhanced sensitivity to immune-checkpoint blockade.(ICB) therapy in contrast to the high-risk cohort. In 
addition, we looked at the relationship between the levels of expression of the 17 genes that were included in our model and their 
sensitivity to chemotherapy drugs, which further suggested that these genes might have a crucial role in influencing responses to 
chemotherapy (Fig. 6D).

3.7. Potential biological functions of ICD-related models

We looked at the differences in the low risk and high risk groups and found 595 mRNAs were upregulated in the high risk cohort in 
comparison with the low-risk cohort (Fig. 7A). These variations in mRNA expression were predominantly associated with G-protein- 
coupled receptor signalling pathways and other biological processes, as revealed by functional enrichment analysis. Their localization 

Fig. 7. Analysis of functional enrichment in prognostic models in the context of the ICD. A. A heat map showing genes differentially expressed 
between the high and low risk groups. B. GO-BP analysisfor the genes that show a difference in expression when the high risk cohort is compared 
with the low risk cohort. E. GO-CC analysisfocusing on the differential expression of genes in both high and low risk categories. F. GO-MF analysis 
regarding the differentially expressed genes found in both risk classifications. G. KEGG analysis highlighting the expression differences between the 
high-risk and low-risk groups.
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was associated with the Golgi apparatus and plasma membrane, as well as G protein-coupled receptor activity (Fig. 7B–D). Addito-
nally, KEGG analysis indicated that these genes are linked to the involvement of mRNAs in cancer (Fig. 7E).

3.8. Hub gene screening and single cell analysis in ICD-related models

Fig. 8A shows the PPI networks of the 17 model genes, and 8B displays the top 5 core genes. Among these top genes, FGFR3B, 
CEACAM4, and PGLYRP1 were down-regulated in NSCLC, while CDKN2A and MMP1 were up-regulated (Fig. 8C). Then we employed 
the TIGER database (see Method) to identify the specific cell types expressing these model genes. Fig. 8D shows the cluster analysis of 

Fig. 8. Hub Gene Screening and single-cell Analysis in an ICD-Related Prognostic Model. A. PPI network of 17 genes in an ICD-related prognostic 
model. B. TOP5 Hub genes in the PI network. C.Differential TOP 5 hub gene expression between cancer and healthy tissue in the TCGA cohorts. D. 
Cluster analysis and cell type identification of SCLC single-cell dataset. Expression of E-h ub in NSCLC cell subtypes in the single cell dataset.
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cell subtypes in the single-cell dataset, including B cells, endothelial cells, fibroblasts, T cells, malignant cells, mast cells, and myeloid 
cells. CDKN2A and MMP1 were highly expressed in malignant cells (Fig. 8E and F), while FGFR3B and CEACAM4 were highly 
expressed in myeloid cells (Fig. 8G and H). These results highlight that the model genes are expressed in different cell type in tumor 
microenvironment, and suggest that cells expressing these genes may be the potential targets for improving outcomes of NSCLC 
patients.

4. Discussion

Lung cancer is recognized as the leading cause of cancer-related deaths worldwide. While new technologies and therapies have 
resulted in increased survival rates for many patients, some still succumb to relapsed metastases [19]. Over the course of the last two 
decades, there have been significant advances in the management of NSCLC using molecularly targeted therapies [20] and immu-
notherapies [21], leading to positive outcomes for patients. These novel technologies include the detection of tumor markers [22], 
immunomodulatory drugs [23], and innovative chemotherapy regimens [24]. However, a majority of patients with advanced NSCLC 
exhibit resistance to current therapies and continue to progress in the final stage of the disease. Consequently, researchers are actively 
seeking new approaches to improve treatment outcomes and minimize side effects. In this context, we have explored a range of 
recently developed breakthrough therapies for NSCLC, with a particular focus on immunotherapy and targeted therapies.

In recent years, Immune checkpoint inhibitors have proven to be pivotal agents in cancer management due to their high selectivity, 
low toxicity, and minimal adverse effects on the body. They have become a focal point of research within clinical antitumor immu-
noregulatory therapy. However, therapeutic efficacy is frequently constrained in various immunologically ’cold’ tumor types, such as 
non-small cell lung cancer (NSCLC), owing to challenges including tumor antigen deficiency and complications related to T cell 
activation and infiltration. Consequently, enhancing immunity in patients with ’cold’ tumors has surfaced as a significant challenge for 
healthcare professionals [25]. The emergence of immunogenic cell death (ICD) presents new avenues for the diagnosis and treatment 
of NSCLC, offering unprecedented opportunities within the medical field. Research suggests that ICD-based cancer preventive vaccines 
can boost immune responses against cancerous "cold” tumors, while improving responsiveness to immunotherapeutic treatment. 
Therefore, exploring the robust association between NSCLC and genes differentially expressed during ICD may help unlock the po-
tential of ICD-targeted therapies for more effective treatment strategies. Furthermore, tumor cells can use different mechanisms to 
evade immune system attacks by inhibiting or modifying immune cell functions and evading recognition by these cells [26]. These 
strategies enable tumors to escape immune surveillance while continuing their proliferation and metastasis. Thus, understanding how 
tumors interact with the immune system—and elucidating these underlying mechanisms—is crucial for developing effective tumor 
immunotherapy approaches. For instance, immune checkpoint inhibitors can enhance anti-tumor efficacy by relieving inhibition on 
immune cells [27], while CAR-T cell therapy augments T cell cytotoxicity against malignant cells [28]. These innovative therapies 
have demonstrated substantial progress in clinical practice and offer novel insights into future cancer management.

In this review, we have extensively identified and analysed the prognostic features associated with immunogenic cell death (ICD) in 
non-small cell lung cancer (NSCLC). We have examined the expressed profiles, functional roles, and methylation alterations of 235 
ICD-related genes. By leveraging 17 ICD-associated genes, We developed and calibrated a risk label for ICDs. Our validation 
demonstrated that this model could serve as an innovative prognostic biomarker for NSCLC patients and may facilitate predictions 
regarding responses to immune checkpoint inhibitors (ICBs). Furthermore, we examined the relationships between risk scores and 
various clinico-pathological characteristics, immune profiles, and drug sensitivity independently. KEGG pathway enrichment analysis 
revealed that ICD-associated genes were involved in both the PI3K-AKT signal transduction cascade and natural killer cell-mediated 
epithelial cell death. Earlier studies have shown that ICD-relevant genes can elicit diverse cellular phenotypes through activation of the 
PI3K-AKT signal transduction cascade, which is in agreement with the results of our enrichment analysis [29]. The identified risk 
characteristics hold significant prognostic value and can effectively estimate individual mortality risks based on patient stratification. 
When integrated with other clinical factors, the nomogram demonstrates enhanced predictive accuracy. Survival curve analyses 
showed that people categorised as low risk were more likely to survive than those categorised as high risk.

The prognostic risk model we established consists of 17 genes identified through univariate and multi-covariate Cox regression 
analyses, as well as LASSO regression. These genes include AIRE, APOH, CDKN2A, CEACAM4, COL4A3, CPA, DBH, F10, FCGRB, 
FGFR4, MMP1, PGLYRP1, SCGB2A2, SLC9A3, UGT2B17, and VIP. APECED is an autoimmune condition associated with mutations in 
the AIRE gene. Research suggests that this gene is instrumental in establishing thymic T-cell tolerance [30]. In molecular proteomics 
studies involving NSCLC patients, APOH has been recognized as a potentially significant biomarker [31]. Although CDKN2A is 
commonly altered across various human cancers, its association with responsiveness to immune checkpoint inhibition (ICIs) remains 
ambiguous [32]. Decreased expression of COL4A3 has been linked to improved survival outcomes among NSCLC patients; however the 
underlying mechanisms are not yet fully elucidated [33]. The long non-coding RNA DBH-AS1 plays a critical role in the progression of 
multiple malignant tumors and exhibits downregulation in both NSCLC cell lines and tissue samples [34]. Studies have indicated that 
the presence levels of FCGRs on immune cells can trigger an antibody-mediated anti-tumor response. Polymorphisms within FCGRs 
may influence anti-tumor efficacy against specific immunotherapies [35]. While the precise function of PGLYRP1 in NSCLC remains 
unclear it has been observed that prolonged administration of recombinant PGLYRP1 could result in cardiovascular complications 
[36]. UGT2B17 has been implicated in promoting castration-resistant prostate cancer progression; however its involvement in NSCLC 
is still unknown [37]. Mammaglobin-1 (SCGB2A2) serves as a breast tumour-specific marker but its correlation with NSCLC lacks 
clarity [38]. SLC9A3-AS1 is expressed in NSCLC patient serum and tissues and cell lines, cancer cell growth and migration have been 
shown to be effectively inhibited by low levels of this gene [39].

Our researchers discovered that certain genes can promote or hinder the development of cancer cells by suppressing the tumor’s 
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immune system, However, their role in influencing the ICD and the prognosis of individuals with NSCLC is still uncertain. In this study, 
we have divided the data collected into two groups based on the classification criteria used in the study: the high risk group and the low 
risk group. The predictive value of the model was then assessed using ROC curves. The predicament of the higher-risk group was 
significantly poorer than that of the lower-risk group, and our risk model had good predictive value for patient survival at both three 
and five years. We also performed external validations using two GEO birth cohorts, which further demonstrates the performance of 
our predictive model. Additionally, we verified the utility of our prognostic features in multiple cancers using lung cancer data from 
the TCGA database, and our results show that our constructed prognostic features have some generality.

To help predict patients survival, We created a nomogram containing the various clinical factors that can affect a patient’s 
prognosis. Our researchers then performed a genome-wide association study (GSEA) to analyze the genes that are expressed in 
different groups of patients. We found a large number of pathways associated with cancer in high-risk populations, which further 
explains the poorer prognosis in the high risk subgroup of patients. Most T-cell and B-lymphocyte markers, including CD8+ T-cells, 
neutrophils, NK-cells, pDC-cells, helper T-cells, follicular helper T (Th1) cells and T (Tem) cells, were strongly correlated with a better 
prognosis. To determine the reasons for the variations in the number of immune infiltrating cells, our researchers analysed the data 
collected from the two groups of patients. We found that the lower-risk subgroup had more immune-infiltrating cells than the high-risk 
group. This suggests that, based on the presence of immune cells, the model was able to predict the progression of the disease. A poor 
prognosis and a negative correlation with CD8+ T cells was observed in the high-risk group. It suggests that the presence of immune 
cells could be a potential factor that could affect the outcome of patients with this type of cancer. We concluded that the findings could 
help develop new targeted treatment methods for this disease.

In summary, ICD-related genes play a critical path function in shaping the immunological microenvironment. The ICD-related risk 
profile identified and validated in NSCLC patients in this study is linked to alterations in the immune microenvironment of NSCLC 
tumors and may be predictive of response to immunotherapy. This study provides a comprehensive and personalised approach to guide 
future tumour immunotherapy strategies and sheds new light on the underlying mechanisms of NSCLC prognosis.

5. Conclusion

Our researchers have analysed immune infiltration and prognosis in NSCLC patients with the help of a gene model. Our findings 
were that the model was predictive of disease outcome on the basis of the presence of immune cells. New targeted treatments for this 
disease could be developed from the discovery of novel ICD-related genes.
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