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Background: The accumulating evidence suggests that immunogenic cell death (ICD) proves to be an effective therapeutic strat-
egy for various tumors. This study aims to establish a model for the predictive evaluation of melanoma and investigate the
potential clinical applications of ICD.

Methods: The mRNA profile data of melanoma samples, sourced from The Cancer Genome Atlas (TCGA) and Gene Expres-
sion Omnibus (GEO) databases, were employed to examine the expression patterns of genes associated with ICD in melanoma.
Practical enhancement methods were applied to investigate the biological function of differentially expressed ICD-related genes.
Multiple immune estimation approaches were employed to assess the infiltration of the immune landscape of samples in various
clusters, aiming to explore the interaction between ICD and the immune system. Quantitative reverse transcription polymerase
chain reaction (QRT-PCR) was used to validate the expression levels of key genes.

Results: Through unsupervised clustering analysis, melanoma patients were categorized into two distinct clusters based on the
expression patterns of ICD-related genes. The overall survival rate was significantly higher in the group with elevated expression.
The proportion of macrophages in the high-expression group was considerably greater. Additionally, ICD played a positive role
in triggering anti-tumor immunity. Lastly, eight important candidate genes were identified to construct the prognostic model
for melanoma patients. The RT-PCR confirmed the increased level of BAX in melanoma cells, while decreased levels of ATGS5,
CASPS8, CD8A, CXCR3, EIF2AK3, IFNG, and PIK3CA were observed.

Conclusions: This research illustrates the potential role of ICDs in the prognosis and treatment of melanoma. The development
of a prognostic model based on this information could offer a reliable prognostic prediction for melanoma patients, aiding in the
individualization of patient treatment.
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Introduction

Melanoma, a malignant tumor arising from mutations
in melanocytes triggered by ultraviolet radiation, famil-
ial lineage, and other factors [1], predominantly originates
from the skin surface. However, there have been reports of
primary melanoma occurring in the subcutaneous or sacral
regions [2]. Despite the unknown exact pathogenesis, the
incidence and mortality rates of malignant melanocytic tu-
mors have been increasing globally in recent years. Ma-
lignant melanoma alone contributes to 72% of skin cancer
deaths [3,4]. This is mainly due to the metastatic poten-
tial even in relatively small foci, leading to the difficulty of
early diagnosis [5].

While surgical treatment can effectively cure most
early-stage patients, chemotherapy is the chosen option for

progressive cases, though it proves ineffective for the ma-
jority [6]. This underscores the importance of finding new
treatment strategies. Several studies suggest that leverag-
ing immunogenic cell death (ICD) could provide a novel
approach to combatting cancer [7]. However, in recent
years, there have been limited investigations into the poten-
tial clinical applications of ICD in melanoma immunother-
apy [8]. Hence, it is crucial to explore the potential clinical
utility of ICD in the context of melanoma immunotherapy
and establish a predictive model for melanoma in a clinical
setting.

The demise of neoplastic cells can be classified as im-
munogenic or nonimmunogenic, depending on the initiat-
ing stimulus [9]. Under a lethal external stimulus, neoplas-
tic cells transition from a non-immune-stimulating state to
an immunostimulatory state, triggering the immune system
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to generate an anti-tumor response [9]. This process of im-
munogenicity transformation is known as ICD. Apart from
CALR, which is exposed on the cell surface, several other
molecules contribute to ICD, including HMGBI released
into the extracellular microenvironment by tumor cells, as
well as particle aggregates and heat shock proteins (HSP)
released by cells.

The ICD process also involves the generation of vari-
ous signaling molecules termed damage-associated molec-
ular patterns (DAMPs) [10]. DAMPs are particles that
are secreted, released, or exposed on the surface of dy-
ing, stressed, or injured cells. These molecules serve as
adjuvants or danger signals for the immune system. Dur-
ing ICD, DAMPs are produced and can bind to pattern
recognition receptors (PRRs) on dendritic cells (DCs). This
binding initiates a series of cellular chain processes that
ultimately lead to the activation of both innate and adap-
tive immune defenses [10,11]. In the presence of damage-
associated molecular patterns (DAMPs), tumor cells re-
lease numerous intracellular antigens, stimulating the im-
mune system to recognize and eliminate them, effectively
addressing the challenge of tumor immune evasion in im-
munotherapy [12].

In previous studies, ICD-related genes have demon-
strated superior prognostic significance. Zhang et al. [13]
conducted a study utilizing biological data from a public
database on head and neck squamous cell carcinoma (HN-
SCC), revealing an association between immune cell dys-
function and alterations in the neoplasm microenvironment.
Based on these findings, the researchers developed a predic-
tive model specifically focused on ICD for HNSCC [13].

Xu et al. [14] found that tumor immunogenicity in
triple-negative breast cancer (TNBC) patients was deter-
mined by the expression level of DAMPs and proposed a
potential strategy associated with ICD for the treatment of
TNBC. Furthermore, anti-neoplastic agents capable of in-
ducing ICD are demonstrating promising applications in
colon cancer prevention and therapy, as the exploration of
ICD deepens [15].

Despite the ample data available on the subject, there
is a lack of published research exploring the connection be-
tween the prognosis of melanoma and ICD-related genes.
Therefore, based on extensive data from public databases,
our study comprehensively investigated the mechanism and
clinical utility of ICD in melanoma.

We utilized a publicly available dataset to examine 34
genes associated with ICD and conducted an analysis of
their expression patterns, plausible mechanisms, and clini-
cal implications in relation to melanoma. Additionally, we
implemented a range of analyses to validate the prognostic
signature by assessing the relevance between the risk score
and clinical survival.

In summary, inducing an ICD-related prognostic sig-
nature could serve as a potential therapeutic modality
for melanoma, given its significant inhibitory effect on
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melanoma cell growth. The model holds promise for early
detection, as preventing early metastasis is crucial in treat-
ing melanoma. The ICD-related risk model presented
herein, along with further mechanism studies, will con-
tribute to achieving a valid clinical prognosis for melanoma
patients.

Materials and Methods

Patients and Datasets

We incorporated groups of individuals diagnosed
with melanoma from two databases, namely The Can-
cer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/)
and the Gene Expression Omnibus (GEO, https:/www.
ncbi.nlm.nih.gov/geo/).  The training set consisted of
407 melanoma samples taken from the TCGA database,
and the whole-transcriptional expression profiles of these
melanoma samples were acquired. Correspondingly, the
whole-transcriptional dataset GSE65904 from the GEO
database, containing 214 melanoma samples, was used as
the testing set. Both datasets from TCGA and GEO have
a large-scale sample size with abundant clinical data, com-
monly utilized in previous studies. A total of 34 genes re-
lated to ICD were identified in earlier research and used in
the present study [16].

Construction of the Network between ICD-related
Proteins

To extract RNA-seq data for genes associated with
ICD, we utilized the TCGA database. Employing the
“limma” package, we successfully obtained differentially
expressed genes (DEGs) related to ICD, filtering based on
the criteria of p < 0.05 and |log2 fold change (FC)| >1. The
identified DEGs were then subjected to the String database
(https://string-db.org/) to retrieve interactions among the
DEGs. Subsequently, the Cytoscape software (version
3.10.1) was employed to construct a protein-protein interac-
tion (PPI) network that describes the interrelationships be-
tween these proteins.

Grouping ICD-related Genes Using Consensus
Clustering

Through consensus cluster analysis, melanoma tumor
samples were categorized into multiple subgroups. Utiliz-
ing the expression levels of ICD-related DEGs, optimal k-
means clustering was performed, leading to the division of
tumor samples into two clusters. Cluster 1 represents sam-
ples with highly expressed ICD-related DEGs, while Clus-
ter 2 represents samples with low expressed ICD-related
DEGs. The Principal Component Analysis (PCA) was con-
ducted to validate the result of consensus cluster analysis.

A decision was made to assess the overall survival
(OS) rate between the two clusters using the Kaplan-Meier
(K-M) survival method.
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Fig. 1. Construction of the protein-protein interaction (PPI) network between immunogenic cell death (ICD)-related proteins.

(A) The heatmap shows expression levels of 34 ICD-related genes in melanoma and normal samples based on the TCGA dataset. (B)
The PPI network among 33 ICD-related DEGs. TCGA, The Cancer Genome Atlas; DEGs, differentially expressed genes.

Functional Analysis

All genes, whose expression levels reliably distin-
guish between Cluster 1 and Cluster 2 after being screened
by threshold values of false discovery rate (FDR) <0.05
and |log2 fold change (FC)| >1, were selected as DEGs.
Following the analysis of DEGs, we proceeded to conduct
Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGQ) analyses. These analyses were per-
formed to determine the biological functions of DEGs and
identify enriched pathways. Furthermore, Gene Set En-
richment Analysis (GSEA) was carried out based on ICD-
related genes.

Comparison of Tumor-infiltrating Immune Cells
among Different Clusters

Various methods were employed to assess immune in-
filtration patterns in different sample clusters, aiming to ex-
plore the relationship between ICD and the immune system.
To determine the estimation, immune, and stromal scores
for evaluating tumor purity between Cluster 1 and Cluster
2, the ESTIMATE method was utilized. The CIBERSORT
algorithm (http://cibersort.stanford.edu/) was applied to as-
sess the proportion of various immune cell types within
melanoma tumor samples, encompassing a total of 22 dis-
tinct cell types. Differences in abundance between the two
clusters were further examined.

To ascertain the connection between ICD and suscep-
tibility to immunotherapy, immunological checkpoints and
genes from the Human Leukocyte Antigen (HLA) family
were successively evaluated.

Construction of an ICD-related Prognostic Signature

The “survival” package was employed to identify po-
tential prognostic genes associated with OS in melanoma
tumor patients, with a potential connection to ICD. Clinical
survival data from TCGA, including OS and survival sta-
tus, were collected along with ICD-related expression data
for subsequent analysis. Using the Least Absolute Shrink-
age and Selection Operator (LASSO) algorithm and 10-fold
cross-validation, we determined the optimal penalty param-
eter (\) based on the lowest deviation in partial likelihood.
This process primarily screened the prognosis-related genes
from 33 ICD-related DEGs.

To further identify major prognostic DEGs and ob-
tain the corresponding linear regression model, the selected
DEGs were sequentially subjected to univariate Cox regres-
sion and multivariate Cox regression using the R package
“glmnet” (p-value < 0.05). The risk score for each patient
was calculated using the following equation based on the
linear regression model: Risk score = 1 x expGl + 52 x
expG2 + ... + fn x expGn, where 8 and expGn represent
each core prognosis-related ICD DEGs regression coeffi-
cient and expression value, respectively.

Subsequently, a series of analyses were used to vali-
date the prognostic signature’s effectiveness. The Kaplan-
Meier survival curve was utilized to compare the OS rate of
patients across different groups. Additionally, we analyzed
the expression profile, risk score distribution, and survival
status in different groups.
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Fig. 2. Consensus clustering of ICD-related DEGs. (A) Patients were divided into 2 clusters based on consensus cluster analysis. (B)

The PCA validated and visualized the distinctiveness of expressional pattern between Cluster 1 and Cluster 2. (C) The heatmap showed

the expressional landscape of 33 ICD-related DEGs in 2 clusters. (D) The Kaplan-Meier curve suggests that patients in Cluster 1 have

significantly higher overall survival rates (p-value < 0.001). PCA, Principal Component Analysis.

Validation of the Prognostic Signature

To ensure the accuracy of the predictive characteris-
tics, we verified that the risk score equations used to com-
pute the risk score of each patient were consistent with those
employed in the training dataset.

Independent Prognostic Analysis

A univariate Cox analysis was conducted to assess
the predictive value of each clinical parameter and the risk
model. Subsequently, a multivariate Cox analysis for OS
was employed to establish independent risk factors and de-
termine whether the prognostic signature associated with
ICD served as a predictor independent of other clinico-
pathological parameters.

Analyzing the Correlation between Risk Score and
Immune Cells

The “limma” package was used to further explore
the relationship between the proportion of specific immune
cells and the risk scores of individual patients, with typical
samples being disregarded.

Analysis of Quantitative Reverse Transcription
Polymerase Chain Reaction (qRT-PCR)

HFF-1 cells (catalog number: CL-0352), representing
normal human skin cells, and A-375 cells (catalog num-
ber: CL-0014), representing human melanoma cells, were
obtained from Procell, a cell bank based in China. The
provider of HFF-1 cells and A-375 cells conducted Short
Tandem Repeats (STR) certification and mycoplasma test-
ing. The cell culture medium used was a DMEM mixture
supplemented with 10% fetal bovine serum. Once the cell
confluence rate reached 70% to 80%, they were cultured in
an incubator with a temperature of 37 °C, humidity at sat-
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Fig. 3. Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG), and Gene Set Enrichment Analysis (GSEA).
(A) The enrichment analysis based on GO analysis is comprised of biological process, cellular component, and molecular function. (B)
The enrichment analysis based on KEGG. (C) The GSEA analysis of ICD-related genes in the high ICD score group. (D) The GSEA

analysis of ICD-related genes in the low ICD score group.

uration, and 5% COs. Subsequently, the cells were treated
with trypsin solution for digestion and subcultures. Cells
in the logarithmic growth phase were selected for further
investigation.

The RNA from each group was isolated using the
TRIzol kit reagent (15596026, Invitrogen, Carlsbad, CA,
USA) and subsequently converted into cDNA through re-
verse transcription utilizing the QuantiTect Reverse Tran-
scription Kit (205311, QIAGEN, Hilden, Germany). Poly-
merase chain reaction (PCR) was performed using a real-
time fluorescent signal to measure the amount of DNA in
each PCR cycle. For PCR analysis, SYBR-Green (S7563,
Invitrogen, Carlsbad, CA, USA) was used as a quantifica-
tion tool. The PCR amplification consisted of 40 cycles,
involving denaturation at 95 °C for 15 s, annealing at 60
°C for 30 s, and elongation at 60 °C for 30 s. The expres-

sion levels were then normalized relative to the GAPDH
levels. Primer sequences are listed in Table 1. Data analy-
sis adopted the 2~24Ct method.

Statistics

We employed Strawberry Perl for Windows (version
5.18.2) to process and organize the downloaded data. R ver-
sion 3.6.1 was utilized for all data analysis. A significance
level of p < 0.05 was considered statistically significant un-
less otherwise specified.
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Fig. 4. Immune infiltration landscape analysis of melanoma patients in two clusters. (A) ESTIMATE score. (B) Immune score.

(C) Stromal score. (D) Tumor purity. (E) The fraction of 22 types of immune cells in two clusters.

(F) Histogram displaying the

expression rate of the immune cells in 470 samples. (G) Comparison of the mRNA expression of human leukocyte antigen genes between

two clusters. (H) Comparison of the mRNA expression of immune checkpoints between two clusters. The statistical significance was
visualized by * in figure (p-value < 0.001: *** p-value < 0.01: **, p-value < 0.05: *).

Results

Construction of the PPI Network between
ICD-related Proteins

The differential analysis of RNA-seq data was con-
ducted on TCGA melanoma samples to investigate the ex-
pression patterns of ICD-related genes. Among the 34 ICD-
related genes, 33 genes exhibited differential expression in
the melanoma samples. Notably, 23 of these genes were
found to be upregulated, while 10 genes were downregu-
lated. A heatmap was generated to visually represent the
DEGs (Fig. 1A). Furthermore, the PPI network revealed
a total of 618 interaction relationships among the 33 ICD-
related DEGs (Fig. 1B).

Consensus Clustering of ICD-related Genes in Two
Clusters with Different Prognosis

Through consensus cluster analysis, melanoma tumor
samples were categorized into two clusters (K = 2), corre-
sponding to highly expressed ICD-related genes and low-
expressed ICD-related genes, based on the expression lev-
els of 33 ICD-related DEGs (Fig. 2A). Patients with highly
expressed ICD-related genes were assigned to Cluster 1,
while others with low expressed ICD-related genes were
classified into Cluster 2. Subsequent PCA demonstrated
that the consensus cluster analysis effectively distinguished
Cluster 1 and Cluster 2, indicating significant differences in
expression patterns between the two clusters (Fig. 2B). The
expression levels of ICD-related DEGs were illustrated in a
heatmap (Fig. 2C), revealing that Cluster 1 exhibited higher
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Table 1. Forward and reverse sequences of primers.

Forward Sequence (5’ to 3)

Reverse Sequence (5’ to 3)

AATCAAGTGGGGCGATGCTG
CGAACTGGACAGTAACATGGAG
GGACAGTTGCACACACTAGGAGATC
TGCCTACAGGGTCATGCTCTATCAG
GGTCCTTCTCCTGTCACTGGTTATC
GCGGATGTGGATGCTGCTCTTG
ATGGATGATGTGGTCAAGGTTGGAG
GAGTGTGGAGACCATCAAGGAAGAC
TTAGTTGAGCAAATGAGGCGACCAG

GCAAATGAGCCCCAGCCTTC
CAGTTTGCTGGCAAAGTAGAAA
CTCAGATGTTCACTCAGCCACTGC
CCAGCAGGTTCATGTCATCATCCAG
CCGAAAGGCTGGGCTTGTCTC
AGACGATGGCTGCCTCTGGAG
TGTCTGGCATAAGCTGGCATTGG
GCGTTGGACATTCAAGTCAGTTACC
GCAGGGTTTAGAGGAGACAGAAAGC

Primer
GAPDH
BAX
ATGS
CASP8
CDSA
CXCR3
EIF2AK3
IFNG
PIK3CA
l \ pvalue
ATG5 0.010
BAX 0.032
CASP8 <0.001
CD4 <0.001
CD8A <0.001
CD8B <0.001
CXCR3 <0.001
EIF2AK3 0.014
FOXP3 0.022
IFNG <0.001
IFNGR1 0.013
IL10 0.003
LY96 0.041
NLRP3 0.030
PIK3CA 0.043
PRF1 <0.001
TLR4 <0.001
TNF 0.001

Hazard ratio |
0.579(0.382-0.877) !
1.450(1.033-2.036) 1
0.466(0.316-0.687) '
0.739(0.636-0.859) sl
0.755(0.674-0.845) W
0.705(0.608-0.817)
0.719(0.622-0.832)
0.595(0.394-0.899)
0.759(0.599-0.961)
0.637(0.532-0.764) R
0.727(0.565-0.936)
0.665(0.508-0.872)
0.868(0.757-0.994) [
0.704(0.513-0.966)
0.653(0.432-0.986)
0.743(0.654-0.845)
0.682(0.553-0.840)
0.661(0.512-0.852)

Partial Likelihood Deviance

T
1.5 2.0

Coefficients

-5 -4 -3 -2

Log Lambda

12.2

121

12.0

11.9

17 17 17 17 16 14 14 13 12 10 8 7 5 4 3 2 1

4 5 = 4 -3 -2
Log(2)

Gene Coef

ATG5 -0.028
BAX 0.146

CASP8 -0.265
CD8A -0.075
CXCR3 -0.012
EIF2AK3 -0.239
IFNG -0.224
PIK3CA -0.068
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Fig. 5. Construction of the ICD-related prognostic signature based on the TCGA dataset. (A) The forest plot of 33 ICD-related
DEGs relate to the overall survival (OS) rate of melanoma patients. (B) The optimal value of penalty lambda () is selected in the Least
Absolute Shrinkage and Selection Operator (LASSO) analysis. (C) LASSO coefficient profiles of 8 ICD-related DEGs. (D) The symbol
names of 8 ICD-related DEGs and corresponding coefficients.

expression levels of ICD-related genes. According to the

K-M survival analysis, Cluster 1 showed a higher OS rate

(Fig. 2D).

Functional Enrichment Analysis

To identify genes exhibiting differential expression
between Cluster 1 and Cluster 2, we employed the approach


https://www.biolifesas.org/

Journal of

3890 and Homeostatic Agents
Training set Testing set
A Risk == High risk == Low risk B Risk == High risk == Low risk
1.00 1.00
T 075 T 075
g g
3 =1
2 o050 2 o0s0
o o
g 0.25 g 0.25
’ p<0.001 ’ p<0.001
0.00 0.00
0 3 6 9 12 15 18 21 24 27 30 0 3 6 9 12 15 18
Time(years) Time(years)
$ High nsk1 229 87 46 31 17 7 6 2 1 1 0 % High "“1 138 29 10 6 5 3 0
i Low risk 229 145 78 50 34 17 13 5 5 3 2 i Lowrisk 35 16 6 3 2 0
3 6 9 12 15 18 21 24 27 30 3 6 9 12 15 18
Time(years) Time(years)

D

@)

® High risk
o | ® High risk 2 | o Lowrisk
< - ® Low risk o !
! ]
o e —— T
8 ¢ 5 9
x 4
s, w
R GE
$ - ,, : T T T T T
T T T T T 0 50 100 150 200
0 100 200 300 400
Patients (increasing risk socre)
Patients (increasing risk socre)
8 1 ¢ o o Dead |
. ® Dead e 7 2, Ali ©
2 Q- e Alve e : £ ive
g o ¢ . 2
E : T oo..o . e . . ."g' 2 .
£ @4 e* - - [ . b=t D ° %l Lo
s D -‘ .’ . s
$ ® o’ 5 “ee °° z .
g i Je .-,.. '.'... 3 ,.o. (X4 q Ao apde o
(7] w - &
- /(m& S o et -../. *.f-w.t a..xf uvm-.'r
T
J 100 200 w0 400 0 0 0 0 2°°

Patients (increasing risk socre)

Patients (increasing risk socre)

G H

gt

‘ cosA
‘ CXCR3
IF:

PIKICA

S
l il ‘HH WW“

\HI (RN

i

1" T - 1™
| V ) ”‘" A“ m -

i

|
I TR
Fig. 6. Analysis and validation of ICD-related prognostic model in melanoma patients. (A) Kaplan-Meier (K-M) survival curves

analysis of risk score in the training set. (B) K-M survival curves analysis of risk score in the testing set. (C) Distribution of risk score
of melanoma patients in the training set. (D) Distribution of risk score of melanoma patients in the testing set. (E) Survival status of
each patient in the training set. (F) Survival status of each patient in the testing set. (G) Heatmap showing the expression of ICD-related

prognostic genes in the training set. (H) Heatmap showing the expression of ICD-related prognostic genes in the test cohort.
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Table 2. Top 5 significant GO terms enriched in different ICD score groups, p < 0.05.

Group GO terms ES NES p-value
Activation of immune response 0.841 2.754 0.00
Adaptive immune response based on somatic recombination of immune 0.852 2787 0.00

High receptors built from immunoglobulin superfamily domains
Alpha-beta T cell activation 0.813 2.552 0.00
Alpha-beta T cell differentiation 0.796 2.437 0.00
Antigen processing and presentation 0.832 2.544 0.00
Epidermis development -0.398 -1.893 0.00
Keratinization -0.747 -3.393 0.00

Low Regulation of water loss via skin -0.763 2313 0.00
Skin development -0.440 -2.012 0.00
Cornified envelope -0.809 -2.589 0.00

GO, Gene Ontology; ES, enrichment score; NES, normalized enrichment score.

detailed in the methods section and obtained the DEGs. GO
and KEGG analyses were employed to elucidate the biolog-
ical processes underlying the 33 ICD-related DEGs. Addi-
tionally, all 34 ICD-related genes were subjected to GSEA
to further analyze functional enrichment.

The findings suggest that DEGs are notably linked to
biological processes (BP) related to immune response me-
diated by leukocytes and the positive regulation of cell ac-
tivation through the immunoglobulin superfamily domains.
The DEGs were associated with various molecular func-
tions, including antigen binding, binding to immunoglob-
ulin receptors, and immune receptor activity, indicating a
potential role in immune system function and response. In
terms of Cellular Component (CC), DEGs were primarily
enriched in the outer region of the plasma membrane, com-
plexes involved in signaling on the plasma membrane, and
complexes containing immunoglobulins (Fig. 3A).

The identified common DEGs in the MF item were
predominantly associated with various biological pro-
cesses, including Cytokine-cytokine receptor interaction,
Tuberculosis, Th17 cell differentiation, and Chemokine sig-
naling pathway, as revealed through KEGG pathway en-
richment analysis (Fig. 3B).

To elucidate the differences in potential signaling
pathways between the two clusters, the characterized
GO pathways in different clusters were obtained through
GSEA. The analysis of Fig. 3C,D revealed that the group
with high ICD scores exhibited enrichment in alpha-beta
T cell activation, alpha-beta T cell differentiation, antigen
processing, and presentation. In contrast, the group with
low ICD scores showed enrichment in epidermis develop-
ment, keratinization, regulation of water loss through the
skin, skin development, and cornified envelope.

The annotation analysis of these genes suggests that
the expression patterns of ICD-related genes in melanoma
are associated with immune disorder. Table 2 provides spe-
cific parameters of the significantly enriched GO terms.

Difference between Tumor-infiltrating Immune Cells
and Immune Status between Different Clusters

Based on the ESTIMATE methodology, the ESTI-
MATE, immune, and matrix scores of Group 1 samples
significantly exceeded those of Group 2 samples. Addi-
tionally, compared to Cluster 1, Cluster 2 demonstrated
higher tumor purity (Fig. 4A-D). Two-cluster immune cell
counts and displays were performed. According to the find-
ings, Cluster 1 exhibited a higher proportion of plasma
cells, CD8+ T cells, activated memory CD4+ T cells, fol-
licular helper T cells, T regulatory cells (Tregs), and M1
macrophages compared to Cluster 2.

On the other hand, Cluster 2 is characterized by a
greater proportion of mast cells in an active state, dendritic
cells, naive B cells, memory B cells, memory resting CD4+
T cells, gamma delta T cells, MO macrophages, and M2
macrophages (Fig. 4E,F).

A boxplot was created to display and compare the
levels of Human Leukocyte Antigens (HLAs) between
the two clusters. As shown in Fig. 4G, all HLA-related
genes listed in the figure were expressed higher in Clus-
ter 1. Specifically, Cluster 1 exhibited higher expres-
sion of mRNA for common immune checkpoints, includ-
ing LAG3, SIGLECI15, CTLA4, HAVCR2, PDCDILG?2,
PDCDI, TIGIT, and CD274 (Fig. 4H).

Construction of the ICD-related Prognostic
Signature in Melanoma

The information from the TCGA database was uti-
lized to create the prognostic signature as a training set,
while the GSE65904 dataset was employed to confirm the
model’s accuracy. A total of 470 patients were included
in the model generation process due to their integrated and
important clinical parameters. Among the 33 ICD-related
DEGs, 18 exhibited a significant correlation with the OS of
patients with melanoma tumors, as visually represented in
a forest plot (Fig. 5A). After LASSO-Cox regression analy-
sis, eight of the 18 prognostic ICD-related DEGs were iden-
tified as the best candidates for creating a prognostic sig-
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Fig. 7. Forest plot of Cox regression analysis. (A) Univariate Cox regression analysis showed the correlation between the OS rate

and clinical characteristics. (B) Multivariate Cox regression analysis showed that the prognostic signature of ICD-related genes was an

independent prognostic indicator for the OS of melanoma patients.

nature with the most potent prognostic value (Fig. SB-D).
Among these genes, BAX was designated as a risk gene,
whereas ATGS5, CASPS, CD8A, CXCR3, EIF24K3, IFNG,
and PIK3CA were considered protective genes.

Subsequently, an individualized risk score was calcu-
lated using the formula: Risk Score = (-0.028 x ATGS5) +
(0.146 x BAX) + (-0.265 x CASP8) + (-0.075 x CD8A)
+(=0.012 x CXCR3) +(-0.239 x EIF2AK3) + (-0.224 x
IFNG) + (-0.068 x PIK3CA). These risk scores were as-
signed to each melanoma patient. The results showed that
high-risk melanoma patients had significantly worse OS
(Fig. 6A). Cumulative distribution curve inflection points
based on risk scores were used to divide melanoma patients
into two cohorts of high and low-risk groups (Fig. 6C).
Fig. 6E depicts the trend of patient survival status with in-
creasing risk scores, where red dots represent deceased pa-
tients and green dots represent patients who are still alive.
It appeared that low-risk patients had a higher survival rate.

The expression profile heatmap (Fig. 6G) indicated a
significant increase in the expression of BAX in melanoma
samples, while the expressions of 4TG5, CASPS, CD8A,
CXCR3, EIF2AK3, IFNG, and PIK3CA were significantly
decreased.

Validation of the Prognostic Signature in Melanoma

The formulas used to generate risk scores in the train-
ing set were also applied to evaluate the predictive ability
and consistency of the ICD-related DEGs-based prognostic
models. The K-M survival curve indicated that the group
with a lower risk exhibited a significantly better progno-
sis (Fig. 6B). Similar outcomes to the training set were ob-
served in the distribution of risk scores (Fig. 6D), survival
status (Fig. 6F), and expression profile heatmap (Fig. 6H).

In summary, these results suggested that the gene sig-
nature provided a reliable prediction of OS and held signifi-
cant prognostic significance for individuals diagnosed with
melanoma.

Independence Testing of the Constructed Prognostic
Signature

The age, gender, and stage of melanoma tumor pa-
tients were then retrieved as critical clinical variables. Uni-
variate and multivariate Cox regression analyses between
these variables and risk scores derived from the prognos-
tic signature were conducted to ascertain if ICD-related
prognostic signatures are independent prognostic variables
in melanoma patients. In addition to gender, univariate
analyses showed strong associations between other clini-
cal characteristics such as age, staging, prognostic features,
and time to surgery (Fig. 7A). After additional confounding
variables were eliminated, the risk score was identified as
an independent predictive determinant of OS in melanoma
patients (Fig. 7B).

Correlation Analysis of Risk Score and the
Abundance of Immune Cells

The composition of specific immune cells in relation
to risk scores is depicted in Fig. 8A—L There is an increase
in the abundance of naive B cells, activated dendritic cells,
MO and M2 macrophages, and resting mast cells. The
percentages of memory B cells, M1 macrophages, plasma
cells, memory-activated CD4+ T cells, CD8+ T cells, follic-
ular helper T cells, and Tregs decreased significantly with
increasing risk scores, whereas the percentages of the other
cell types did not show this correlation. These findings
highlight the various immune infiltration patterns across
melanoma patients in different risk groupings, suggesting
a new avenue for further investigation into the underlying
causes of ICD in melanoma patients.
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qRT-PCR, quantitative reverse transcription polymerase chain reaction.
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Validation of the Expressions of Key ICD-related
Prognostic Genes by gRT-PCR

Contrasted to normal skin cells, melanoma cells ex-
hibited a substantial increase in the expression of BAX,
whereas the expressions of ATGS5, CASPS, CD84, CXCR3,
EIF2A4K3, IFNG, and PIK3CA were markedly decreased

(Fig. 9).
Discussion

Early detection and targeted treatments have signifi-
cantly improved the 5-year survival rate of melanoma pa-
tients, but the prognosis still remains poor [17]. Further-
more, the utilization of genetic characterization for progno-
sis remains limited despite significant innovations in under-
standing the genetic mechanisms of melanoma [18]. These
deficiencies limit the treatment options for melanoma. Con-
sequently, it is significant to explore new therapeutic targets
and valid prognostic biomarkers for melanoma.

This study has identified two clusters by analyzing 33
ICD-related DEGs that are differentially expressed and re-
lated to ICD. These clusters presented distinct survival out-
comes, with Cluster 1 displaying a notably elevated overall
survival rate compared to Cluster 2. This provides clues for
further research on melanoma.

After conducting functional enrichment analysis on
the DEGs, the findings suggest that they have the po-
tential to modulate signal recognition of the immune re-
sponse, thereby boosting the immune system, particularly
in terms of enhancing antibody-mediated immunity. The
human immune system is responsible for distinguishing
self-components and non-self-components to protect the
organism from exogenous and endogenous antigens [19].
The immune system actively monitors tumor cells as poten-
tial targets, specifically identifying and mounting an attack
against those that exhibit substantial antigenicity [20].

However, endogenous tumor-reactive immune cells
are generally hyporesponsive or unresponsive to tumor cells
in their natural status, mainly because tumor cells hide their
antigens and develop immune tolerance [21]. Thus, during
the process of ICD, antigens are submitted on the surface
or secreted out of the tumor cells, activating endogenous
tumor-reactive immune cells that recognize and lyse the tu-
mor cells. This aligns with previous studies on ICD.

Subsequently, GSEA was performed. It was exhibited
that the enriched GO pathways in Cluster 1 were tightly as-
sociated with the immune response against antigens, which
is congruent with the better prediction of Cluster 1 in our
study, as the human immune system can destroy tumor
cells. GSEA analysis in Cluster 2 manifested that the char-
acterized GO pathways were largely enriched in epider-
mal development, keratinization, skin water loss regulation,
skin development, and keratinized envelope.

It was revealed that keratinocytes could secrete a
melanocyte-stimulating hormone (MSH) which will bind to
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the melanocortin receptor 1 (MC1R) on melanocytes. This
biological process induces their proliferation and promotes
the release of melanin [22], forming the basis of melanoma
generation. It is evident that active metabolic pathways in
Cluster 2 are mainly correlated with melanoma develop-
ment and progression, explaining the lower survival proba-
bility compared to Cluster 1. This provides research clues to
the molecular mechanisms of melanoma development and
progression.

As shown above, DEGs significantly correlate with
the immune response to melanoma, and ICD significantly
enhances anti-tumor immunity and melanoma eradication.

In comparison to Cluster 2, Cluster 1 exhibited an
elevated immune score, matrix score, and ESTIMATE
score, suggesting that patients with elevated expression of
ICD-related genes may receive better outcomes from im-
munotherapy [23], consistent with previous consensus on
melanoma treatment. Additionally, Cluster 1 displayed
lower tumor purity, further supporting the notion of im-
proved OS in these patients. It is proposed that these im-
mune cells make a difference in the mechanism of ICD,
making them potential targets for immunotherapies.

Previous studies have demonstrated that macrophage
migration inhibitory factor (MIF) can facilitate the M2 po-
larization of macrophages associated with tumors and pro-
vide protection to tumor cells against ICD [24,25]. These
findings suggest a potential detrimental impact of M2
macrophages on ICD, indicating that M2 macrophages may
serve as an unfavorable prognostic indicator.

CD8+ T cells attack tumor cells, prompting the cells to
release antigens, and may result in ICD [23,24]. Therefore,
our findings are in line with the outcomes suggesting that
patients with a high expression of ICD-related genes may
exhibit an increased level of CD8+ T cells, which can have
a positive impact on their prognosis.

Induced by DAMPs, dendritic cells (DCs) present
antigens on the surface of dying cells. DCs encounter
and turn naive CD4+ T cells into activated cells, including
CD4+ memory-activated T cells [25-27]. It indicates that
CD4+ memory-activated T cells are noteworthy to ICD and
represent a good prognosis, consistent with our research.

The regulatory T cells (Tregs) are proven to antago-
nize ICD directly by expressing high levels of CD39 and
CD73, two enzymes that can degrade ATP and prevent it
from triggering ICD [28,29]. However, it is different from
our results. The reason for the discrepancy will be eluci-
dated by further research.

Cluster 1 demonstrated higher expression levels of all
HLAs compared to Cluster 2. It has been found that HLA
tightly corresponds with the prognosis and response to im-
munotherapy, with higher HLAs associated with longer sur-
vival in melanoma [30], which is consistent with our results.
This finding has positive implications for research related to
new therapeutic targets and effective prognostic biomark-
ers for melanoma. Thus, it was reconfirmed that increased
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ICD-related gene expression is connected with better prog-
nosis and therapeutic effects of immunotherapy.

The expression of LAG3, SIGLECIS5, CTLA4,
HAVCR2, PDCDILG2, PDCDI, TIGIT, and CD274 was
remarkably higher in Cluster 1, suggesting that these genes
could be explored as new targets for immunotherapy. It in-
dicates that patients with higher expression of ICD-related
genes tend to benefit from immunotherapy. T cells often
co-express LAG3 and PD-1, and the simultaneous use of
anti-LAG3 and anti-PD-1 antibodies produces a syner-
gistic effect [4]. The phase 3 study, RELATIVITY-047,
has demonstrated a correlation between the concurrent
administration of anti-LAG3 and anti-PD-1 antibodies
and enhancements in progression-free survival, compared
to the use of anti-PD-1 antibodies alone. SIGLECI15
mediated inflammatory responses in tumor growth and
was confirmed to be an attractive cell surface target for
cancer immunotherapy [31]. The introduction of CTLA4
checkpoint inhibitors, including ipilimumab, nivolumab,
and pembrolizumab, has significantly transformed the
treatment of melanoma. Patients with advanced melanoma
have greatly improved their OS with these inhibitors
[32-36]. PDCDI, TIGIT, and CD274 checkpoints were
also discovered to play a role in the development of cancer
and may be promising targets for immunotherapy for
melanoma in the future [37-39]. All of these studies
strongly support our findings. The mentioned checkpoints
hold great potential for clinical applications and have
shown promise in enhancing the prognosis of melanoma,
particularly when considering the genes connected to ICD
that are highly expressed.

Our prognostic model, consisting of eight ICD-related
DEGs, demonstrated significant effectiveness in prognostic
evaluation. BAX is considered a risk gene, while the other
seven DEGs (ATGS5, CASPS, CD84, CXCR3, EIF2AK3,
IFNG, and PIK3CA) are considered protective genes. BAX,
classified as a member of the BCL2 protein family, has
the capability to bind with BCL2 protein, forming a het-
erodimer and serving as a stimulator of apoptosis. Patients
with chemotherapy-treated metastatic melanoma with low
levels of BAX experience improve progression-free sur-
vival (PFS) and can serve as a marker of improved PFS [40].
CASPS produces a caspase protein that belongs to a family
of proteins responsible for triggering cell apoptosis through
a series of sequential activations. The higher expression
level of CASPS has been proven to have a more positive
prognosis in cutaneous melanoma patients [41]. IFNG is a
soluble cytokine belonging to the type II interferon family,
inducing the expression of MHC-I and thus enhancing im-
munity. All eight DEGs have been shown to be involved in
ICD through the same or different mechanisms. A prognos-
tic model based on eight ICD-related DEGs shows remark-
able consistency with survival rates, confirming its role in
predicting the survival of melanoma patients.
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The relevance analysis between specific immune cell
abundance and risk scores revealed that distinct kinds of
macrophages correlated differently with the risk scores de-
pending on their differentiation direction. This informa-
tion can contribute to providing more precise treatment
for melanoma patients. The risk scores descend when the
amount of M1 macrophages increases, while the results are
the opposite when it comes to MO and M2 macrophages.
It has been demonstrated that M1 macrophages ex-
hibit anti-cancer properties, whereas M2 tumor-associated
macrophages (TAM) promote tumor growth [42]. Patients
with primary melanoma were also verified to exhibit worse
OS when more M0 macrophages were enriched in the tumor
tissue [43]. These findings are consistent with our results,
suggesting that the immune cell type and abundance have
the potential to be indicators of personalized treatment for
melanoma patients, providing strong support for the treat-
ment of melanoma patients.

The present study acknowledges certain limitations.
The sample size used was limited due to constraints, and
the samples were not sourced from the GEO or TCGA
databases, limiting their generalizability. Additionally, the
non-standardized nature of the samples and variations in
sample sizes across datasets may impact the accuracy of sta-
tistical analyses. To comprehensively evaluate the model’s
effectiveness and understand underlying mechanisms, fur-
ther studies with a larger number of standardized sam-
ples are necessary. Furthermore, the assessment of ICD
in this study is solely based on mRNA levels, and consid-
ering posttranscriptional modifications and protein regula-
tion could provide a more nuanced understanding of ICD
mechanisms [44]. Multi-omics studies would contribute to
a deeper comprehension. Discrepancies in the impact of
Tregs on ICD and the study’s findings warrant further inves-
tigation, and future research should explore specific reasons
for these differences.

Conclusions

In this study, we explored the immunological and
prognostic functions of ICD-related DEGs in melanoma.
The correlation between ICD and the immune infiltra-
tion landscape provides new insights for targeted therapy
in melanoma. Additionally, we developed a risk-scoring
model, leveraging eight DEGs associated with ICD, which
demonstrated significant potential for prognostic prediction
in melanoma. However, further research is necessary in the
future to validate the role of ICD in melanoma.
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