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ABSTRACT
Recently, several molecular subtypes with different prognosis have been found in lung adenocarcinoma 
(LUAD). However, the characteristics of the ferroptosis molecular subtypes and the associated tumor 
microenvironment (TME) cell infiltration have not been fully studied in LUAD.
Using 1160 lung adenocarcinoma samples, we explored the molecular subtypes mediated by ferroptosis- 
related genes, along with the associated TME cell infiltration. The ferroptosis score was constructed using 
the least absolute shrinkage and selection operator regression (LASSO) method to quantify the ferroptosis 
characteristics of a single tumor.
Three different molecular subtypes related to ferroptosis, with different prognoses, were identified in LUAD. 
Analysis of TME cell infiltration revealed immune heterogeneity among the three subtypes. Cluster A was 
characterized by immunosuppression and was associated with stromal activation. Cluster C was character
ized by a large number of immune cells infiltrating the TME, promoting tumor immune response, and it was 
significantly enriched in immune activation-related signaling pathways. Relatively less infiltration of immune 
cells was a feature of cluster B. The ferroptosis score can predict tumor subtype, immunity and prognosis. 
A low ferroptosis score was characterized by immune activation and good prognosis, as seen in the cluster 
C subtype. Relative immunosuppression and poor prognosis were the characteristics of a high ferroptosis 
score, as seen in cluster A and B subtypes. At the same time, the anti-PD-1/L1 immunotherapy cohort 
demonstrated that a low ferroptosis score was associated with higher efficacy of immunotherapy.
The ferroptosis score is a promising biomarker that could be of great significance to determine the 
prognosis, molecular subtypes, TME cell infiltration characteristics and immunotherapy effects in patients 
with LUAD.
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Introduction

In China, malignant tumors of the lung are associated with the 
highest incidence and death rates.1 About 85% of lung cancer 
cases are non-small cell lung cancer (NSCLC),2 of which the 
most common is lung adenocarcinoma (LUAD).3 The occur
rence of LUAD is associated with smoking, drinking and 
metabolic disorders, among other factors.4 Although consider
able progress has been made in chemotherapy, radiotherapy, 
and targeted therapy for the treatment of LUAD, the survival 
rate of patients with this disease remains relatively low.5 In 
recent years, studies have shown that the traditional histologi
cal classification of LUAD has limitations for treatment, 
because it is a highly heterogeneous and complex cancer.6 

Therefore, an increasing number of molecular subtypes are 
being studied to guide therapy; for example, Yang et al. divided 
335 lung adenocarcinoma patients into seven subtypes accord
ing to the level of gene methylation. They found significant 
survival differences between the groups.7 Wang et al. divided 
patients with LUAD from The Cancer Genome Atlas (TCGA) 

into two subtypes – high-risk and low-risk subtypes – based on 
immune genes.8 Although these studies have provided more 
insight into the molecular subtypes of LUAD, the prognostic 
prediction of patients with LUAD is less satisfactory. 
Therefore, more prognostically relevant factors need to be 
considered. Dixon et al. found that ferroptosis plays an indis
pensable role in the development of cancer.9 Therefore, this 
process may serve as a novel target in the treatment of LUAD.

Ferroptosis is a novel cell death modality, distinct from 
necrosis and apoptosis.10 It is driven by the iron-dependent 
buildup of lipid peroxidation products.11 Ferroptosis induction 
holds promise as a novel therapeutic approach, especially for 
tumors that are resistant to traditional treatment modalities.12– 

14 Previous studies have identified many genes that are regula
tors of ferroptosis. Some genes positively regulate ferroptosis, 
whereas others regulate negatively.15–17 However, the relation
ship between ferroptosis-related genes and the prognosis of 
patients with LUAD is not clear. Therefore, determining the 
molecular characteristics of ferroptosis-related genes may help 
clarify the cause of heterogeneity in LUAD.
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In the present study, 1160 LUAD samples were divided into 
three ferroptosis-related subtypes on the basis of 14 genes 
related to ferroptosis, and the survival and immune infiltration 
differences among the subtypes were explored. Additionally, 
a ferroptosis score was established to quantify individual fer
roptosis levels. The findings showed that the ferroptosis score 
is a powerful prognostic marker.

Materials and methods

LUAD data sets and preprocessing

Open LUAD gene expression datasets with complete clinical 
information annotation were downloaded from the public 
databases Gene Expression Omnibus (GEO) and TCGA. 
Patients without survival information were excluded. 
A total of six available datasets, including five from GEO 
(GSE30219, GSE37745, GSE50081, GSE68465, GSE72094) 
and TCGA-LUAD dataset, were collected. The raw “cel” 
files of these datasets were first downloaded from GEO 
(https://www.ncbi.nlm.nih.gov/geo/), then use Affy and sim
pleaffy packages to perform background adjustment and 
quantitative normalization. Next, we use the R package of 
SVA to remove the batch effect of the merged dataset.18 

Data from TCGA were downloaded from the TCGA data 
portal (https://portal.gdc.cancer.gov/) in June 2020. 
Transcriptome data (FPKM value), clinical information 
and mutation information of 551 lung adenocarcinoma 
patients were obtained from the TCGA database. The 
R (version 3.6.1) and R Bioconductor packages were used 
for all data analysis.

Unsupervised clustering for ferroptosis-related genes

Initially, 74 ferroptosis-related genes were identified from pre
vious studies; then, 14 ferroptosis-related genes were selected 
via univariate Cox analysis. On the basis of the expression level 
of these 14 genes, 1160 LUAD cases from GEO were classified 
using the unsupervised clustering analysis, and a follow-up 
analysis was conducted. The consensus clustering algorithm 
was used to determine the number of clusters the samples were 
divided into. To verify the accuracy of the clustering, the 
relatively complete clinical information dataset GSE70249 
was used for unsupervised clustering analysis. Finally, the 
ConsensusClusterPlus R package is to perform cluster analysis 
on the all cohorts and identify three clusters, and further to 
perform cluster analysis on the GSE72094 cohort and also 
identify three clusters. And it was used for 1000 cycles to 
ensure the stability of the classification.19

Functional and pathway enrichment analysis

The “GSVA” R packages were applied for enrichment analysis, 
to ascertain the different pathways for analyzing the differences 
in biological function among the different ferroptosis 
clusters.20 The gene sets of “c2.cp.kegg.v6.2.-symbols” were 
downloaded from the MSigDB database to run GSVA enrich
ment analysis. The R package clusterProfiler was used for 

functional annotation of the ferroptosis-related genes. 
P values less than 0.05 were considered to indicate significant 
differences in gene ontology.21

Evaluation of tumor microenvironment cells in patients 
with LUAD

The scores of tumor microenvironment (TME) cells in each 
LUAD sample were evaluated using the single sample gene set 
enrichment analysis (ssGSEA) algorithm.22 To understand the 
immune characteristics of the 1160 LUAD samples, 
CIBERSORT (https://cibersort.stanford.edu/) was used to eval
uate the relative proportion of 22 immune cells. R software was 
used to run the CIBERSORT algorithm. Based on the 1160 
sample gene expression matrix and the gene expression feature 
set of 22 immune cell subtypes provided by the official website, 
the simulation calculation was performed 1000 times, and the 
relative composition ratio of the 22 immune cells in each 
sample was finally obtained. And we used the R package of 
estimate to evaluate the immune score and ESTIMATE score of 
each patient.23

Differentially expressed genes associated with the 
ferroptosis subtypes

The differentially expressed genes (DEGs) among the ferroptosis 
clusters were identified using the empirical Bayesian approach of 
the limma R package.24 Genes with an adjusted P value < .001 are 
the DEGs of different subtypes of ferroptosis.25

Derivation of the ferroptosis prognostic signature

First, 14 ferroptosis-related genes associated with prognosis were 
identified by univariate Cox analysis (P value < .05). Then, the 
most powerful ferroptosis prognostic genes were identified using 
the penalized Cox regression model with least absolute shrinkage 
and selection operator (LASSO) penalties.26 Finally, 13 hub 
genes and their correlative coefficients were obtained, to con
struct the ferroptosis gene signature, defined as the ferroptosis 
score (e (each gene’s expression × correlative coefficient). And we used the 
surv_cutpoint function in the R package of “Survminer” to 
calculate the optimal cutoff value. On the basis of the best cutoff 
value of the score, the 1160 LUAD samples were divided into 
high and low ferroptosis score groups. Then, survival analysis 
was carried out for the two groups using the survminer 
R package. Finally, receiver operating characteristic (ROC) 
curve analysis was conducted using the survivalROC R package 
to obtain the area under the curve (AUC) value and evaluate the 
predictive power of the signature.

Identification of cohorts with immune-checkpoint 
blockade

Imvigor 210 (http://research-pub.gene.com/IMvigor 
210CoreBiologies) is a cohort of patients with urothelial carci
noma treated with PD-L1.27 It has relatively complete survival 
information, follow-up information and immunotherapy effect 
information. Samples with incomplete clinical information were 
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removed, and 298 samples were finally obtained for follow-up 
analysis. The raw count data was normalized using the DEseq2 
R package.

Statistics

The difference between the groups was analyzed using the 
Wilcoxon test. The Kruskal-Wallis and one-way ANOVA 
tests were used for differential analysis among the three 
groups.28 Correlation tests were performed using Spearman 
analyses. Survival curves were drawn using the log-rank and 
Kaplan-Meier tests. Mutations among different groups were 
analyzed using the maftools R package. The 95% confidence 
interval (CI) and hazards ratios (HR) were computed using the 
univariate Cox regression model. In comparisons between 
groups, P < .05 was considered to be statistically significant. 
The R 3.6.1 software was used for data processing.

Results

Identification of ferroptosis subtypes in LUAD

Ferroptosis-related patterns and the ferroptosis signature were 
systematically constructed (Figure S1). An LUAD meta cohort 

(GSE30219, GSE37745, GSE50081, GSE68465, GSE72094) 
including patients’ survival and clinical information was 
included in the study (Table S1). Univariate Cox regression 
identified 14 ferroptosis-related genes associated with prog
nosis in the 1160 patients with LUAD (Figure S2A and Table 
S2), and Spearman’s correlation analysis revealed the correla
tion of these 14 genes (Figure S2B). Next, the 14 ferroptosis 
genes were constructed into a network map, which enabled 
comprehensive analysis of the interaction and interconnection 
of the genes and their impact on the prognosis of patients with 
LUAD (Figure 1a). To explore the classification of ferroptosis 
in LUAD, the 1160 LUAD samples that expressed the 14 
ferroptosis-related genes expression were analyzed using the 
unsupervised clustering analysis. From the results, three sub
types (Figure S2C-F), designated clusters A-C, respectively, 
were identified (Figure S2G). Cluster A included 398 cases, 
cluster B included 412 cases, and cluster C included 350 cases.

Survival analysis revealed that prognosis differed substan
tially among the three ferroptosis subtypes, and cluster C had 
considerable survival advantages (Figure 1b). There were 
obvious differences in the expression of the 14 ferroptosis- 
related genes in the three clusters (Figure S3A). Next, principal 
component analysis (PCA) further confirmed three remarkably 
different subtypes (Figure 1c), as did a thermogram. The 

Figure1. Landscape of the ferroptosis and biological characteristics of ferroptosis subtypes in lung adenocarcinoma. (a) Interaction of ferroptosis related genes in LUSD. 
Blue, red and yellow represent ferroptosis A, B and C, respectively. The size of the circle represents the impact of each ferroptosis gene on the prognosis, the P value 
calculated by log-rank test. Green dots in the circle represent protective factors and black dots represent risk factors. Links between genes represent their interactions, 
blue lines represent positive correlations, red lines represent negative correlations, and the thickness of the lines represents the strength of the correlation between 
them. (b) Survival analysis of three ferroptosis subtypes in all patients, Kaplan-Meier survival curve showed significant differences among the three subtypes (log-rank 
test, P < .001). (c) Principal component analysis of 14 ferroptosis genes in all lung adenocarcinoma cohorts identified three distinct subtypes. (d) Unsupervised clustering 
of 14 ferroptosis genes in all lung adenocarcinoma cohorts. Tumor stage, gender, age, survival status and cluster were used as patient annotations. Yellow and blue 
represent high and low expression of ferroptosis genes respectively. (e) Kaplan–Meier curves for overall survival (OS) of GSE72094 cohort with the ferroptosis classes 
(log-rank test, P = .031).
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relationship between the three subtypes and various clinical 
characters was studied (Figure 1d). Since the GSE72094 dataset 
has relatively complete clinical information and a large sample 
size, it was used to validate the repeatability of the clustering. 
Unsupervised clustering was conducted on this cohort using 
the “Consensus Cluster Plus” R package, and three distinct 
subtypes were again clearly identified (Figure S3B-E). 
Significant differences in survival were noted among these 
three subtypes (Figure 1e), further proving that there are 
three subtypes of LUAD.

Characteristics of TME cell infiltration and biological 
function in the ferroptosis subtypes

To better understand the difference of survival among the three 
clusters. GSVA enrichment analysis was firstly performed on 
the three subtypes to examine their functional and biological 
differences (Figure 2a,b). According to the comparison of 
enrichment analysis between cluster A and cluster C, cluster 
B and cluster C, respectively. The results showed that the 
cluster A was mainly enriched in some carcinogenic pathways, 
such as the P53, WNT, and TGF BET signaling pathways; 
cluster B was mainly related to carcinogenic pathways and 
nucleotide repair and degradation; and cluster C was mainly 
enriched in immune activation-related pathways, such as the 
B cell receptor signaling pathway, T cell receptor signaling 
pathway, and antigen processing and presentation. 
Subsequently, the TME cell infiltration of three ferroptosis 
subtypes was examined by Spearman analysis. As shown in 
Figure S4A, 28 kinds of immune cells were demonstrated 
significantly correlated with the 14 ferroptosis-related genes. 
Next, the enrichment score of the 28 kinds of immune cells was 
evaluated in the three subtypes using ssGSEA analysis 
(Figure 2c). In cluster A, the most significant immunoinfiltrat
ing cells were activated CD4 T cells, activated dendritic cells, 
neutrophils and plasmacytoid dendritic cells. While the macro
phages, central memory CD4T cells, effect memory CD8T cells, 
eosinophils, immature B cells and T-follicular helper cells 
showed the greatest infiltration in cluster C. The level of 
immune cell infiltration in cluster B was between clusters 
A and C. After that, the ESTIMATE score and immune score 
of three ferroptosis clusters were comprehensively analyzed, to 
find cluster C had the highest score (Figure S4B-C).

To further explore the differences in the composition of 
TME-infiltrating cells among the three clusters. The relative 
percentage of the 22 kinds of immune cells in each patient was 
calculated using the CIBERSORT algorithm (Figure 2d). 
Difference in TME-infiltrating cell composition was found 
among the three ferroptosis clusters (Figure S4D). 
Quantitative analysis of stroma activity in the 1160 patients 
with LUAD, and as expected, EMT2 and Pan−F− TBRS were 
significantly higher in cluster A than in the other two clusters; 
cluster C was found to be related to antigen-processing 
machinery and immune checkpoints (Figure 2e).

Comprehensive analysis of ferroptosis DEGs in LUAD

In order to further explore the potential biological function of 
the ferroptosis subtype in LUAD, the limma R package was 

used to identify the DEGs among the three clusters (log-rank 
test, P < .001), and 470 genes were obtained (Figure S5A). 
Next, gene ontology enrichment analysis showed that the 
DEGs that were considerably enriched were involved in posi
tive regulation of T cell proliferation, natural killer cell acti
vation and natural killer cell activation, all of which are part 
of the immune response (Figure 3a). The results showing that 
these DEGs are closely related to immune-related biological 
processes confirm that ferroptosis is significantly associated 
with immunity. Clustering analysis of the DEGs was carried 
out in the GSE72094 dataset using the “Consensus Cluster 
Plus” R package. The results were similar to phenotypic 
clustering of ferroptosis, that is, three subtypes, designated 
gene cluster AC, were identified (Figures 3b and S5B-E). The 
three subtypes could be significantly separated on the basis of 
the expression levels of the DEGs (Figure 3c). The survival 
rates of gene clusters AC were significantly different in the 
GSE72094 cohort (P < .001; Figure 3d). The alluvial diagram 
was used to better visualize the survival differences among the 
different gene clusters and ferroptosis clusters (Figure 3e). As 
expected, there were significant differences in the expression 
of the 14 ferroptosis-related genes among the three gene 
clusters (Figure 3f). Next, the relationship between the three 
gene clusters and 28 immune cells was explored. The results 
showed that gene cluster A had more infiltrated activated 
B cells, central memory CD4 T cells, effector memory CD8 
T cells, eosinophils, macrophages and natural killer cells than 
the other two gene clusters (Figure S5F). This also explains 
why gene cluster A has the best survival advantage. 
Simultaneously, it proves that ferroptosis plays an important 
role in the TME.

Construction of the ferroptosis signature

In order to further understand the characteristics of ferroptosis 
in each patient with LUAD, LASSO Cox regression was used to 
determine the optimal value of λ, and 13 key genes were 
identified (Figure S6A). A ferroptosis prognostic model was 
then established based on the expression of the 13 key genes, 
and this was defined as the ferroptosis score. The correlation 
coefficients are provided in Table S3. According to a cutoff 
value of 8.97 (Figure S6B), the 1160 patients with LUAD were 
divided into high ferroptosis score (n = 679) and low ferrop
tosis score (n = 481) groups. In all the LUAD cohorts, the 
survival rate was lower among those with a high ferroptosis 
score than among those with a low ferroptosis score, and the 
Kaplan-Meier survival curve showed a significant difference 
between the groups (Figure 4a; P < .001). In the GSE72094 
cohort, obvious differences in survival were found between 
groups with high and low ferroptosis scores (Figure 4b). In 
the GSE30219, GSE50081 and GSE68465 cohorts, the ability of 
the model to predict patient prognosis was further verified 
(Figure S6C-E). However, in the GSE37745 cohort, there was 
no difference in survival between the high and low ferroptosis 
scores (Figure S6F). The ROC curve showed that the ferropto
sis signature was effective in predicting the 5-year survival rate 
in patients with LUAD (Figure 4c). Multivariate Cox regres
sion analysis showed that the ferroptosis score was an inde
pendent prognostic factor for LUAD (Table S4).
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Figure 2. TME cell infiltration and biological characteristics in three subtypes of LUSD. (a-b) GSVA analyzed the biological pathways of three ferroptosis subtypes. Yellow 
represents activation of biological pathways and blue represents inhibition of biological pathways. Cluster, tumor stage, gender, age, survival state were used as sample 
annotations. (a) cluster A vs cluster C; (b) cluster B vs cluster C. (c) 28 TME cells infiltration abundance of three ferroptosis subtypes. The line in the box represents the 
median value and the asterisk represents the P value (*P < .05; **P < .01; ***P < .001). The statistical differences among the three clusters were analyzed by one-way 
ANOVA test. (d) The relative percentage of 22 subpopulations of immune cells in 1160 samples from all LUSD cohort. (e) Differences in interstitial activation pathways of 
three ferroptosis subtypes. The line in the box represents the median value and the asterisk represents the P value (*P < .05; **P < .01; ***P < .001). The statistical 
differences among the three clusters were analyzed by one-way ANOVA test.
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Next, the relationship between the ferroptosis score and 
ferroptosis clusters A-C and ferroptosis gene clusters 
A-C was further explored. Cluster C was significantly corre
lated with a low ferroptosis score, suggesting that a low ferrop
tosis score may be related to immune activation. Clusters 
A and B were significantly correlated with the high ferroptosis 
score (Figure 4d). Gene cluster A was associated with a low 
ferroptosis score, and these patients had a better prognosis. 
Gene clusters B and C were significantly associated with a high 

ferroptosis score (Figure 4e). These results suggest that the 
ferroptosis score may be associated with immunity and may 
be helpful in predicting the ferroptosis subtype in LUAD. Next, 
the infiltration of 28 kinds of immune cells into the TME were 
further studied in the high and low ferroptosis score groups. 
There was a significant difference in the infiltration of immune 
cells between the groups. In the low ferroptosis score group, the 
infiltration of most immune cells involved in tumor immune 
activation was higher (Figure 4f). This finding confirmed the 

Figure 3. Landscape of biological characteristics of Ferroptosis gene cluster. (a) GO enrichment analysis of DEGs. The size of bubbles represents the amount of gene 
enrichment, and the depth of color represents the FDR value. DEGs, differentially expressed protein-coding genes; GO, Gene Ontology; FDR, False Discovery Rate. (b) 
Unsupervised clustering of 470 DEGs in the GSE72094 LUSD cohort. Ferroptosis Cluster, tumor stage, gender, age, survival status and cluster were used as patient 
annotations. Yellow and blue represent high and low expression of ferroptosis genes respectively. (c) Principal component analysis of 470 DEGs in the GSE72094 LUSD 
cohort identified three distinct Gene clusters. (d) Survival analysis of three Gene clusters in the GSE72094 LUSD cohort, Kaplan-Meier survival curve showed significant 
differences among the three gene clusters (log-rank test, P < .001). (e) Alluvial diagram showing the changes of Ferroptosis cluster, gene cluster and status. (f) 
Expression of 14 ferroptosis genes in three Gene clusters. The line in the box represents the median value and the asterisk represents the P value (*P < .05; **P < .01; 
***P < .001). The statistical differences among the three clusters were analyzed by one-way ANOVA test.
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hypothesis that the low ferroptosis score is associated with 
immune activation, and patients with this score has a better 
survival rate. At the same time, we have also established a table 
to illustrate the characteristics of each cluster, ferroptosis score 
and immune cell infiltration (Table S5).

Characteristics of ferroptosis signature in the TCGA cohort

First, multivariate Cox regression was used to explore the 
relationship between the ferroptosis score and clinical charac
teristics, and the results showed that stage and ferroptosis score 
could be used as independent prognostic factors (HR = 1.638, 
95% CI = 1.0112.653, P = .045; HR = 1.030, 95% 

CI = 1.0131.048, P < .001, respectively) (Figure 5a). In the 
TCGA cohort, the differences in survival rate between patients 
with high and low ferroptosis scores was statistically significant 
(Figure 5b; log-rank tests, P < .001). Again, this validates the 
use of the ferroptosis score to predict the prognosis of patients 
in LUAD. The predictive advantage evaluated using the ROC 
curve was especially reflected in older patients (Figure 5c).

Next, the relationship between the ferroptosis score and 
immunity was examined in the TCGA cohort. First, somatic 
mutations were compared in those with high and low ferrop
tosis scores, and the top 20 genes with the highest mutation 
frequency were visualized (Figure 5d,e). No significant differ
ences in tumor mutation burden were seen between the high 

Figure 4. Construction of ferroptosis signature. (a) Kaplan-Meier curves were used to analyze the survival of patients with high (679 cases) and low (481 cases) 
ferroptosis score in all LUSD cohorts (P < .0001, Log-rank test). (b) Kaplan-Meier curves were used to analyze the survival of patients with high (141 cases) and low (257 
cases) ferroptosis score in the GSE72094 cohort (P < .0001, Log-rank test). (c) The predictive value of ferroptosis score in 5-year survival of patients with LUSD. AUC 0.75. 
(d) Difference of ferroptosis score among three clusters in all LUSD cohorts (P < .001, Kruskal-Wallis test). (e) Difference of ferroptosis score among three gene clusters in 
all LUSD cohorts (P < .001, Kruskal-Wallis test). (f) 28 TME cells infiltration abundance of high and low ferroptosis score groups. P values were showed as: *, P < .05; **, 
P < .01; ***, P < .001.
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and low ferroptosis score groups. Then, the relationship 
between the groups and immune checkpoint-related molecules 
was examined. PD1, PD-L1, PD-L2 and CTLA-4 had signifi
cantly higher expression in the low ferroptosis score group 
(Figure 5f). This led us to speculate that there may be 
a correlation between the ferroptosis score and the effect of 
immunotherapy.

Relationship between the ferroptosis score and the effect 
of immunotherapy

At present, anti-PD1/PD-L1 therapy plays an important role in 
tumor immunotherapy. To further illustrate the relationship 
between the ferroptosis score and the efficacy of immunother
apy, an anti-PD1/PD-L1 treatment cohort (imvigor210) with 
relatively complete clinical data and a large sample size was 
investigated. Samples that had no information about the effect 
of immunotherapy were omitted, and 298 samples were finally 
included in the study. Then, using the correlation coefficient in 
Table S3 to construct the ferroptosis signature, the imvigor210 
cohort was divided into high and low ferroptosis score groups; 
the prognosis of the groups differed significantly (Figure 6a). 
Patients with a low ferroptosis score had a better prognosis, 
which also provided preliminary evidence that patients with 
a low ferroptosis score had a better outcome with immunother
apy than those with a high ferroptosis score.

It is well known that there is a strong relationship between 
the expression level of PD-L1 and the efficacy of anti-PD-L1 
therapy. The relationship between the ferroptosis score and the 
IC and TC immune types was analyzed (Figure 6b,c,d), and the 
ferroptosis score of IC2 was lower than that of IC0 and IC1; 

TC2 had a lower ferroptosis score than the other two groups; 
the ferroptosis score of the immune-inflamed type was lower 
than that of the immune-desert and immune-excluded types. 
These results showed that the ferroptosis score was negatively 
correlated with the expression level of PD-L1, and the low 
ferroptosis score was significantly associated with the immune- 
inflamed type. Further, a low ferroptosis score had a better CR/ 
PR rate and a lower SD/PD rate (Figure 6e,f). These findings 
indicated that the ferroptosis score can be used to predict the 
efficacy of immunotherapy.

Discussion

Due to the strong heterogeneity of LUAD,29 the overall survival 
rate of patients with LUAD is relatively low. In recent years, 
progress has been made in chemotherapy for LUAD, but, when 
the traditional histological classification is used to guide anti- 
tumor treatment, tumor drug resistance is frequent.30 

Therefore, accurate identification of the molecular subtypes 
of LUAD is vital to guide personalized therapy. Although 
previous studies have also identified several molecular subtypes 
of LUAD, there is still considerable heterogeneity among the 
subtypes.7,8 Therefore, more accurate classification of LUAD is 
urgently needed to improve patient survival. Ferroptosis, 
a recently proposed form of iron-dependent oxidative cell 
death mainly characterized by the lethal accumulation of 
lipid peroxides, has been strongly implicated in cancer.31 

Many studies have shown that ferroptosis plays an important 
role in regulating cancer growth, immunotherapy and the 
TME.14,32–35 Extensive studies have implicated ferroptosis in 
silencing and downregulating genes that are initiators of tumor 

Figure 5. Characteristics of ferroptosis score in TCGA cohort and tumor somatic mutation. (a) Forest map of ferroptosis score and other clinicopathological parameters. 
(b) Kaplan–Meier plot of overall survival by ferroptosis score groups for patients in the TCGA cohort (P < .001, Log-rank test). (c) The predictive value of ferroptosis score 
in older patients with LUSD. AUC 0.714. (d-e) The waterfall plot showing the differences of tumor somatic mutation landscape between low and high ferroptosis score 
groups. (d) High ferroptosis score group. (e) Low ferroptosis score group. (f) Differential expression of immune checkpoint related molecules in high and low ferroptosis 
score groups. P values were showed as: ***, P < .001.
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necroptosis.36 Further, the RAS–RAF–MEK pathway has been 
found to be critical to ferroptosis sensitivity.11 Cancer cell have 
a much higher demand for iron than normal cells, as they need 
it to promote their rapid proliferation. Because tumor cells are 
more iron dependent, this makes them more vulnerable to iron 
overload and reactive oxygen species accumulation, which can 
be useful in cancer therapies that target ferroptosis.37 

Therefore, induced ferroptosis may be a new direction for 
cancer treatment.38 According to recent literature, ferroptosis 
dysfunction plays a dual role in the progression of cancer. It 
inhibits the growth of tumors by inducing ferroptosis, and it 
promotes the occurrence of cancer by altering immune sup
pression of tumor microenvironment.39 Ferroptosis has been 
investigated in a variety of cancers. For example, an LncRNA 
prognosis model, which was related to ferroptosis, was devel
oped in colon cancer;40 The genes related to ferroptosis were 
potentially prognostic molecular markers for patients with 
colorectal cancer;41 Moreover, ferroptotic damage promotes 
tumorigenesis in pancreatic cancer patients;42 A model of 
liver cancer patients was constructed, and it was based on 
four ferroptosis-related genes. This model predicted the prog
nosis of patients with liver cancer;43 Studies have also been 
conducted to understand the correlation between ferroptosis 
and breast cancer patients, head and neck squamous cell carci
noma, and renal cell carcinoma.44–46 However, the relationship 

between LUAD and ferroptosis is not well defined. Therefore, 
the comprehensive role of genes associated with ferroptosis in 
LUAD phenotyping and TME was examined in the present 
study. Additionally, a signature related to ferroptosis was con
structed to predict the ferroptosis subtype, prognosis and effect 
of immunotherapy in LUAD.

In the present research, it was found that LUAD can be 
divided into three subtypes on the basis of the expression of 
14 ferroptosis-related genes, and the testing set proved the 
repeatability of the classification. Significant differences in 
prognosis were found among the three subtypes. In order 
to explore the causes of these differences, GSVA enrichment 
analysis was used, and it was apparent from the findings that 
cluster C was prominently enriched in pathways related to 
tumor immune activation, cluster A was more enriched in 
signaling pathways that promote cancer, and cluster B was 
mainly associated with cancer-promoting and nucleotide 
repair and degradation pathways. Since previous studies 
have shown that ferroptosis is closely related to tumor 
immunity.47–49 For example, cancer cells transfer tumor 
infiltrating immune cells that meet their demand for ferrop
tosis, thereby affecting the immune monitoring of tumors;50 

Wang et al. explored the relationship between ferroptosis 
and CD8 + T cells, and they found that by activating 
CD8 + T cells, lipid peroxidation could be increased in 

Figure 6. The role of ferroptosis score in anti-PD-1/L1 immunotherapy. (a) Kaplan–Meier plot of overall survival by ferroptosis score groups for patients in the 
IMvigor210 cohort (P < .01, Log-rank test). (b-c) The difference of ferroptosis score among PD-L1 expression of different IC (b) and TC (c) in the IMvigor210 cohort. Tumor 
tissue samples were scored through immunohistochemistry (IHC) for PDL1 expression on tumor-infiltrating immune cells (IC), which included macrophages, dendritic 
cells and lymphocytes. Specimens were scored as IHC IC0, IC1, IC2, or IC3 if <1%, ≥1% but <5%, ≥5% but <10%, or ≥10% of IC were PD-L1 positive, respectively. An 
exploratory analysis of PD-L1 expression on tumor cells (TC) was conducted. Specimens were scored as IHC TC0, TC1, TC2, or TC3 if <1%, ≥1% but <5%, ≥5% but <50%, 
or ≥50% of TC were PD-L1 positive, respectively. (d) Difference of ferroptosis score among three immune subtypes in IMvigor210 cohort (P < .001, Kruskal-Wallis test). 
(e) Proportions of anti-PD-L1 immunotherapy response in high and low ferroptosis score groups. PR, Partial Response, PD, Progressive Disease; SD, Stable Disease, and 
CR, Complete Response. (f) Proportion of patients with high and low ferroptosis score in different anti-PD-L1 immunotherapy responses.
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tumor cells. Moreover, with an increase in ferroptosis, the 
anti-tumor immune effect was promoted.47 Meanwhile, can
cer cells that underwent ferroptosis released a protein of 
HMGB1 into the TME around cancer, and they interacted 
with pattern- recognition receptor (PRR) that stimulated the 
activation of innate immune system, thereby promoting anti- 
tumor immunity.51,52 Therefore, we investigated the relation
ship between three ferroptosis subtypes and TME cell infil
tration. However, the relationship between immune cells and 
tumors is extremely complex, and different immune cells 
have different roles. It is reported that CD4 T cells play 
a negative role in tumor immunity,53 macrophages play 
a complex role in tumor immunotherapy,54 and M1 macro
phages exert antitumor immunity by secreting reactive oxy
gen species and proinflammatory cytokines. M2 
macrophages promote tumor growth, invasion, and migra
tion and inhibit tumor immunity by secreting anti- 
inflammatory cytokines such as interleukin-10, interleukin- 
13, and transforming growth factor-β.55–57 Eosinophil infil
tration in the TME is generally considered to be related with 
better outcomes.58 Neutrophils play an important role in the 
occurrence and progression of many diseases. Tumor-related 
neutrophils are an important part of the TME and can 
secrete some factors to promote cancer.59–61 Plasmacytoid 
dendritic cells can produce a large amount of IFN-α to 
promote the immune response, but the damage to TLR7/9 
activation in cancer leads to a decrease in IFN-α, which 
inhibits the tumor immune response.62 T-follicular helper 
cells are significantly correlated with the high expression of 
PD-L1, which promotes the tumor immune response.63 In 
the present study, activated CD4 T cells, activated dendritic 
cells, neutrophils and plasmacytoid dendritic cells, which can 
promote tumor immunosuppression, infiltrated cluster 
A more than they did the other two clusters. Additionally, 
macrophages, central memory CD4 T cells, effector memory 
CD8 T cells, eosinophils, image B cells and T-follicular 
helper cells, which promote cancer immunity, infiltrated 
cluster C more than they did the other two clusters. Thus, 
cluster A is associated with immunosuppression, and the 
patients with this cluster have the worst LUAD prognosis; 
on the other hand, cluster C is significantly associated with 
immune activation, and patients with this cluster have the 
best prognosis. In the meantime, ferroptosis cluster 
B showed moderate immune activity. And the latest litera
ture shows that cancer cells with ferroptosis can be immu
nogenic and contribute to tumor immune activation, which 
means that inducing ferroptosis may lead to favorable clin
ical outcomes for patients.64 So, one possible mechanism for 
the significant differences in immune cell infiltration among 
the three ferroptosis clusters is that ferroptotic cancer cells 
have immunogenicity, which can attract immune cells to 
their location. This is because ferroptotic cancer cells release 
HMGB1, which is a key factor in cancer cell 
immunogenicity.52,65,66 Another possibility is that ferroptotic 
cancer cells can release a potential signal–amino acid oxida
tion products–to attract immune cells to their location to 
participate in immune regulation.67 However, the specific 
mechanism between ferroptosis and immunity is not clear. 
The analysis of clinical characteristics also showed that there 

were more advanced LUAD cases in ferroptosis cluster A, 
which explains the poor survival rate in this cluster. Further 
investigation of ferroptosis-related DEGs showed that they 
could also be divided into three subtypes in LUAD. 
Moreover, these three subtypes were found to be related to 
tumor immune. These findings may advance our under
standing of the relationship between ferroptosis, TME cell 
infiltration, and LUAD.

Considering the impact of ferroptosis on the heterogeneity 
of LUAD and the corresponding clinical outcomes,68,69 

a ferroptosis signature based on 13 key genes associated with 
ferroptosis was constructed to quantify ferroptosis scores. As 
predicted, cluster A had the highest ferroptosis score, cluster 
C had the lowest ferroptosis score, and cluster B had 
a moderate ferroptosis score. Additionally, patients with 
a low ferroptosis score had a better survival rate than those 
with a high ferroptosis score. Again, the TCGA cohort vali
dated this outcome. This study also showed that the ferroptosis 
score can be an independent prognostic biomarker in patients 
with LUAD.

Next, it was found that the ferroptosis score was nega
tively correlated with immune cell infiltration and expres
sion of immune checkpoint molecules, which indirectly 
indicated that the ferroptosis score may play an important 
role in predicting the effects of immunotherapy. Then, the 
relationship of the ferroptosis score and immunotherapy 
efficacy was further analyzed in the imvigor210 cohort of 
metastatic urothelial cancer treated with anti-PD-L1. The 
higher PD-L1 expression in IC and TC, the lower was the 
ferroptosis score. Comparison of the immune-inflamed 
subtype with the immune-desert and immune-exclusion 
subtypes showed that the former had the lowest ferropto
sis score. These analyses indirectly illustrate that the fer
roptosis score is inversely associated with the 
immunotherapy effect. The CR/PR rate was 11.2% higher 
in those with the low ferroptosis score than in the high 
ferroptosis score. This is a direct demonstration of a better 
immunotherapeutic effect in those with a low ferroptosis 
score.

This study has some limitations. First, a large number of 
LUAD samples were needed to verify the stability of the typing, 
and the relationship between ferroptosis and immunity 
requires further experimental verification.

Conclusion

In conclusion, this study found three subtypes of ferroptosis- 
related molecules in LUAD, all indicating a different prognosis. 
Ferroptosis-related genes are important contributors to the 
heterogeneity of the TME in LUAD. The ferroptosis score is 
a promising biomarker that could be of great significance to 
distinguish the prognosis, molecular subtypes, TME cell infil
tration characteristics and immunotherapy effects of patients 
with LUAD.
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