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Objective(s): Cold atmospheric plasma (CAP) has emerged as a promising non-thermal modality with 
anticancer effects. Combining CAP with immune checkpoint blockade (ICB) may enhance therapeutic 
efficacy, yet the molecular targets underlying this synergy remain incompletely understood.
Materials and Methods: Epithelial–mesenchymal transition (EMT)–associated genes responsive to 
CAP and Anti-PD-1 therapy were identified by integrating bioinformatics analyses of melanoma 
transcriptomic data with in vitro and in vivo experiments. Weighted gene co-expression network 
analysis (WGCNA), GO, and KEGG enrichment identified key modules and candidate genes. The 
effects of CAP, Anti-PD-1, and their combination on cell viability and gene expression were evaluated 
in B16F10 melanoma cells, L929 fibroblasts, and a syngeneic mouse melanoma model.
Results: WGCNA highlighted CCL5 and CXCR4 as hub genes enriched in EMT-related pathways. MTT 
assays showed that CAP reduced B16F10 cell viability, an effect further enhanced by Anti-PD-1, while 
sparing L929 fibroblasts. In tumor-bearing mice, combination therapy produced the most pronounced 
tumor regression and down-regulation of CCL5 and CXCR4 compared with single treatments. Minimal 
viability or expression changes were observed in normal fibroblasts or untreated controls.
Conclusion: CAP and Anti-PD-1 combination therapy effectively suppressed melanoma cell viability 
and modulated EMT-associated gene expression both in vitro and in vivo. We further explored a 
potential molecular mechanism underlying this therapeutic effect, revealing that the EMT-related 
genes CCL5 and CXCR4 play a vital role in this response. These findings highlight the relevance of 
these pathways and support the potential of combining CAP with ICB as a promising approach for 
melanoma treatment.
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Introduction
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Over the past three decades, cutaneous melanoma has 
steadily increased worldwide (1). Melanoma is a highly 
aggressive and resistant type of skin cancer, representing 
only 1% of all skin cancers but accounting for the majority 
of skin cancer-related deaths. The 5-year survival rate for 
primary melanoma is impressive at 99%; however, this 
figure plummets to just 27% for metastatic melanoma, 
underscoring the critical importance of early diagnosis 
and treatment for improving prognosis and survival (2, 3). 
Therapies for melanoma comprise traditional chemotherapy 
(dacarbazine) (4), a combination of chemotherapy with 
interleukin-2 and interferon-α (5), targeted treatments 
using small molecules for mutated BRAF (6), and ICB 

(Anti-CTLA4 and Anti-PD-1) (7). Despite advancements 
in treatment methods, the variability present in tumors 
leads to differing levels of resistance and survival, which 
ultimately limits disease-free survival for patients (8). 

Checkpoint inhibitor molecules have emerged as effective 
therapies for melanoma (9, 10). Among these therapies, 
Anti-PD-1 is commonly used, as it binds to Programmed 
Cell Death Protein 1 (PD-1) receptors on the surfaces of both 
cancer and immune cells, thereby inhibiting tumor growth 
while simultaneously boosting immune cell activity (11, 12). 
However, the potential for serious side effects necessitates 
a cautious application of these therapies, underscoring the 
urgent need for new combination strategies (12).

Recently, CAP devices operating at room temperature 
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and atmospheric pressure have shown significant promise 
for biomedical uses, including cancer therapy (13, 14). 
CAP is a weakly ionized gas (typically <1% ionization). 
Plasma is often referred to as the fourth state of matter and 
consists of a complex mixture of electrons, ions, neutral 
particles, reactive oxygen and nitrogen species (RONS), 
electromagnetic fields, and ultraviolet (UV) radiation, all 
of which may contribute to its biological effects (15). The 
anticancer activity of CAP has been shown to largely depend 
on the combined action of RONS on the target tissue (16). 

The most significant aspect is likely the selective impact 
of CAP on normal and cancer cells, which in turn results 
in a decrease in the side effects of this approach compared 
to traditional methods. Tumor cells often maintain elevated 
basal RONS levels, which makes them more vulnerable to 
additional oxidative stress from CAP compared to many 
normal cells. Nonetheless, the effectiveness of CAP is 
inadequate due to its limited penetration into tumor tissues, 
necessitating multiple and repeated CAP treatments to 
achieve optimal results (13, 15).

CAP has been reported to release tumor-related antigens 
and may enhance the maturation of dendritic cells (DCs) in 
tumor-draining lymph nodes. Mature DCs present tumor-
derived peptides via major histocompatibility complexes 
to T cells, initiating anti-tumor immune responses (17). 
These responses could be further augmented by immune 
checkpoint inhibitors such as Anti-PD-1 antibodies. In 
addition, CAP has been observed to down-regulate PD-1/
PD-L1 expression in tumor cells (18, 19). Supporting this 
notion, Chen et al (2020) demonstrated that combining 
CAP with Anti-PD-L1 therapy in vivo enhanced anti-tumor 
immunity, highlighting the potential of CAP to synergize 
with checkpoint blockade in cancer therapy (20). 

CAP application has been shown to diminish EMT 
in melanoma cells (21). PD-1 proteins present on cancer 
cell surfaces have been suggested to enhance the EMT 

process and tumor advancement, suggesting that using a 
PD-1 antagonist could potentially reduce the EMT process 
in cancer cells (22, 23). EMT is a crucial mechanism in 
tumor invasion and metastasis, and contributes to drug 
resistance (24). During the EMT process, epithelial cells 
shed their distinctive traits and acquire mesenchymal 
cell characteristics, such as invasiveness and the ability to 
migrate (25).

Presently, the tumor-node-metastasis (TNM) staging 
system remains a widely used approach for predicting the 
clinical prognosis of patients with melanoma. However, due 
to the considerable heterogeneity of melanoma, patients 
with the same TNM stage who receive identical treatment 
modalities often experience a range of clinical outcomes 
(26). As a result, developing novel and effective gene 
signatures is essential for more precise patient stratification, 
which can ultimately improve the prognosis for melanoma 
patients. Currently, gene signatures, including long non-
coding RNAs and mRNAs, are gaining importance in 
melanoma prognosis (27, 28). 

This research identified a novel signature based on 
EMT-related gene sets that effectively predict outcomes for 
melanoma cases. To achieve this, original sample data from 
Recount, and Gene Expression Omnibus (GEO) databases 
were downloaded. Bioinformatics methods were used to 
select and evaluate hub genes associated with the EMT 
pathway as significant prognostic markers in melanoma. 
This evaluation was performed both before and after 
treatment of melanoma cells (B16F10), normal fibroblasts 
(L929), and tumor-bearing mice with CAP, Anti-PD-1, 
or their combination. The overall experimental workflow, 
including both in vitro and in vivo phases, is illustrated 
in (Figure 1). The findings have the potential to enhance 
our understanding of these therapeutic approaches and 
represent a significant advancement toward improved 
treatment options for melanoma.

Figure 1. Flowchart depicting the steps of data preparation, processing, analysis, and validation in this study
The analysis integrates multiple datasets, including Recount and GEO, alongside EMT gene lists. WGCNA module selection was conducted on tumor samples, and module 
preservation was assessed on normal samples. Key steps involved pathway enrichment (GO/KEGG), PPI analysis, and COX regression to identify significant genes (CXCR4 
and CCL5). These genes were further analyzed using primary/metastatic state plots and pathological stage plots. Experimental validation included gene expression evaluation in 
melanoma cell culture under treatment with CAP and Anti-PD-1, followed by RNA extraction, cDNA synthesis, and Real-time PCR, as well as in vivo assessment of tumor tissues 
from treated tumor-bearing mice.
GEO: Gene expression omnibus, EMT: Epithelial-mesenchymal transition, WGCNA: Weighted gene co-expression network analysis, GO: Gene ontology, KEGG: Kyoto 
encyclopedia of genes and genomes, PPI: Protein-protein interaction, CAP: Cold atmospheric plasma
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Materials and Methods
Data retrieval and data preprocessing

An RNA-sequencing dataset comprising 471 tumor 
samples and one normal sample from Skin Cutaneous 
Melanoma (SKCM) was obtained from The Cancer Genome 
Atlas (TCGA). A total of 974 normal skin tissue RNA-seq 
samples were retrieved from the Recount database (https://
jhubiostatistics.shinyapps.io/recount/), which provides 
uniformly processed RNA-seq data from public studies. 
Principal Component Analysis (PCA) was applied to the 
Recount dataset, revealing two distinct clusters. From 
these, a well-separated cluster of 306 samples was selected 
to ensure comparability with the TCGA tumor cohort. The 
single normal sample originally present in the TCGA dataset 
(barcode type “14”) was excluded to maintain consistency 
in the normal group.

Following this selection, the final dataset used for 
downstream analyses included 471 tumor samples from 
TCGA and 306 normal skin samples from Recount (total 
N = 777). Gene expression data were log2-transformed, 
and the samples were merged and processed using 
the TCGAbiolinks R package (Table 1) (29-31). The 
corresponding clinical and prognostic parameters were 
also obtained from TCGA through https://jhubiostatistics.
shinyapps.io/recount/ (32) (Supplementary Table 1). 

Additionally, gene expression profiles from 195 patients 
and 28 normal samples with SKCM were downloaded from 
GEO: GSE15605, GSE46517, and GSE7553 cohort (https://
www.ncbi.nlm.nih.gov/geo/) as a validation cohort (Table 
2) (33). To integrate gene expression data across different 
microarray platforms (GPL570 for GSE15605 and GSE7553; 
GPL96 for GSE46517), Gene-level mapping was performed 
to retain only common genes, followed by batch effect 
correction using the ComBat algorithm (sva package). 

Identification of EMT states and EMT-related DEGs
To effectively manage a large number of genes, Gene 

filtering was conducted using the EMT pathway genes 
obtained from the dbEMT2.0 database (https://dbemt.
bioinfo-minzhao.org/index. html). A total of 1,184 EMT-
related hallmark genes were extracted from this database, 
including 1,011 protein-coding genes and 173 non-coding 
RNAs. These genes were extracted from the expression 
matrix. All gene profiles from different platforms were 

normalized using the R package “sva” to remove batch effects 
identified in previous studies (34, 35).  After preparing the 
data, we used the R package Limma to obtain differential 
gene expression (DGE) between normal and tumor samples 
in the Recount matrix (36, 37). 

Co-expression network construction
WGCNA was employed as a bioinformatics approach 

to construct gene expression patterns from multiple 
samples. This method generated clusters of genes with 
similar expression profiles based on Pearson correlation, 
enabling analysis of the relationships between these clusters 
(modules) and specific traits or phenotypes (38).  First, 
normal data were separated from the 471 tumor samples, 
after which the WGCNA was initiated.

Six co-expressed modules were identified, ranging in 
size from 34 to 241 genes, each assigned a specific color for 
reference. The “grey” module was designated for genes that 
were not co-expressed. The genes in each module were listed 
in (Supplementary Table 2). First, the optimal soft threshold 
was determined based on the mean connectivity and scale 
independence values. Next, the correlation values between 
pairs of genes were calculated exponentially using this soft 
threshold, and the results were organized into clusters. 
Finally, the correlation was calculated between the principal 
components of gene modules and the clinical features.

Module preservation analysis
In this analysis, the normal Recount data were used as 

the test set and the tumor data as the training set. If the 
Z-summary was below 2, it was considered that the module 
was not preserved. A Z-summary between 2 and 10 was 
regarded as moderate preservation, whereas a Z-summary 
above 10 indicated strong preservation. Modules that were 
not preserved were of interest in this study; therefore, those 
with a Z-summary of 2 or lower were selected. Additionally, 
a median rank exceeding the threshold of 5.5 was considered 
indicative of better preservation.

Gene ontology (GO) and pathway enrichment analysis
GO analysis was employed as a valuable method for 

annotating genes and gene sets with their biological 
characteristics, particularly when high-throughput genome 
or transcriptome data were analyzed (39). The Kyoto 

 

Source Sample type Initial count Filtering/Selection Final count used Notes 
TCGA-SKCM Tumor 471 None 471 Labeled as sample type "01" 

Normal 1 Removed 0 Labeled as sample type "14", excluded for 
consistency 

Recount project Normal skin tissue 974  306 Chose cluster most distinct from TCGA tumors 
total used 

   
777 471 tumors + 306 normals 

 

  

Table 1. Summary of the cancer genome atlas (TCGA) RNA-seq datasets used in this study

Note: TCGA and Recount datasets were merged after log-transformation and preprocessed using the TCGAbiolinks R package. PCA was performed on Recount data to reduce 
batch effects and ensure comparability with TCGA tumor samples.

 

Dataset Platform (GPL) Tumor samples Normal samples Total samples 

GSE15605 GPL570 (Affymetrix Human Genome U133 Plus 2.0) 58 16  74 

GSE46517 GPL96 (Affymetrix Human Genome U133A) 83 8 111 

GSE7553 GPL570 (Affymetrix Human Genome U133A) 54 4 58 

 

 

  

Table 2. Gene expression datasets from gene expression omnibus (GEO) used in this study

https://jhubiostatistics.shinyapps.io/recount/
https://jhubiostatistics.shinyapps.io/recount/
https://jhubiostatistics.shinyapps.io/recount/
https://jhubiostatistics.shinyapps.io/recount/
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Encyclopedia of Genes and Genomes (KEGG) pathway 
serves as a knowledge base for the systematic analysis of 
gene functions (40). In this study, GO and KEGG pathway 
enrichment analyses were performed for the brown and 
turquoise modules using the ClusterProfiler R package, 
which provides a comprehensive set of functions for 
statistical analysis and visualization of functional profiles for 
genes and gene clusters. A false discovery rate (FDR) of less 
than 0.05 was used as the cut-off criterion for significance 
in both analyses.

PPI Network and hub genes selection
Protein-protein interaction (PPI) networks offer insights 

into the molecular mechanisms that underlie cellular 
activities. In this study, a PPI network was constructed 
focusing on the brown and turquoise modules using the 
Search Tool for the Retrieval of Interacting Genes (STRING) 
database. STRING, version 9.0, supports data from 1,133 
organisms and includes information on 5,214,234 proteins 
(41). The Cytoscape program (version 3.10.0) was used to 
visualize the PPI network. A confidence score of 0.4 was 
established as the cutoff criterion, and the top 30 genes in 
the brown and turquoise modules, based on node degrees, 
were selected using CytoHubba. In the following, create 
a Venn diagram using the Venny 2.1 web tool (https://
bioinfogp.cnb.csic.es/tools/venny/index.html, access date: 
16 April 2024) to illustrate the important genes based on the 
degrees of these modules and the DEG. 

Hub gene expression evaluation
To complete the gene analysis and filter for the most 

relevant genes, multiple GSE datasets related to melanoma 
were downloaded. After preprocessing the data and 
conducting a meta-analysis, a new data frame was created 
containing the selected genes. Then, all gene expression 
profiles were normalized from different platforms using 
the R package “sva” to eliminate batch effects identified 
in previous studies (34, 35). The boxplot was generated to 
compare gene expression levels between normal and tumor 
tissues and select the up-regulated genes in tumor samples. 

Survival analysis and final hub gene selection
This study assessed survival data for proportional hazards 

and the linearity of quantitative predictors, focusing on the 
assumptions underpinning Cox regression. Subsequently, 
both univariable and multivariable Cox regression analyses 
were conducted to estimate hazard ratios (HR) and 95% 
confidence intervals (CI) for selected EMT-related genes 
concerning overall survival (OS), utilizing the “survival” and 
“survminer” R packages. To assess the predictive accuracy 
of the prognostic models for patients with melanoma, time-
dependent receiver operating characteristic (ROC) curves 
were generated, and the area under the curve (AUC) was 
calculated and plotted utilizing the R packages “pROC,” 
“survivalROC,” and “ggplot2” (33). Kaplan–Meier survival 
curves were created to compare OS between high and low-
risk groups. The differences in OS between these groups 
were evaluated using the log-rank test, conducted with 
the “survival” and “survminer” R packages. Among the 
identified genes, one was selected for further investigation 
due to its well-documented association with our treatment 
conditions, CAP, and Anti-PD-1 therapy, as highlighted 
in previous studies. Additionally, another gene showed 
significance in the univariabel Cox model but did not 
maintain its significance in the multivariabel model. 
This gene was included in the study because of its strong 

correlation with the expression of the primary selected 
gene and its potential involvement in the same biological 
pathway influenced by CAP and Anti-PD-1 therapy. This 
integrative approach, which combines survival analysis with 
relevance to biological pathways, enabled us to identify the 
most pertinent genes for further experimental validation.

Identification of pathological stages  and primary/
metastatic status

To further explore the relationship between the 
expression of these two genes and the pathological stages 
of patients across melanoma TCGA data, box plots were 
created to visualize complementary gene expression. This 
analysis was performed using the GEPIA 2.0 tool (42). 
The UALCAN web server (https://ualcan.path.uab.edu/) 
was utilized to investigate the correlation between genes 
and the primary and metastatic states in melanoma cancer 
(43). ULCAN serves as a significant online platform that 
analyzes gene expression data from the TCGA across 
various cancer types. In this study, the correlation between 
CCL5 and CXCR4 expression in melanoma metastatic and 
primary samples is calculated using the TCGA expression 
matrix. the correlation of CCL5 and CXCR4 expression 
was evaluated between melanoma metastatic samples and 
primary samples, as well as the Recount in our expression 
matrix in this study.

Cell culture
B16F10 and L929 cell lines (from the Pasteur Institute 

in Tehran, Iran) were used to evaluate cytotoxicity and 
gene expression under treatment conditions. Although the 
initial bioinformatics analyses were conducted using human 
datasets, murine models were employed for experimental 
validation due to the high conservation of key immune and 
EMT-related signaling pathways, including CCL5/CCR5 
and CXCR4/CXCL12, between humans and mice (44). The 
cells were cultured in Roswell Park Memorial Institute 1640 
(RPMI-1640) medium (Attocell, Austria), supplemented 
with 10% (v/v) fetal bovine serum (FBS), 100 U/ml of 
penicillin, and 100 µg/ml of streptomycin, under standard 
culture conditions of 37 °C, CO2 5%, and 95% humidity.

CAP device and treatment protocol
CAP treatment was performed using a device developed 

at the School of Physics, University of Mazandaran, Iran. 
which has been previously described in detail (45-47). 
Briefly, the system consists of copper wire electrodes, a 
grounded copper ring electrode, and a Pyrex tube dielectric, 
with a 7 mm gap between the electrodes. Argon gas with a 
purity of 99.9999% was used as the plasma feed. Treatments 
were conducted at 0–25 kV and 9 kHz, with an argon flow 
rate of 2.5 l/min, and the plasma source was positioned 
4.5 cm above the culture plate. The outlet gas temperature 
during treatments was maintained at 35–40 °C. Direct CAP 
exposure was applied to cells seeded in multi-well plates for 
variable durations (30–120 sec). The hydroxyl radical (OH•) 
was the most abundant ROS generated by this system, 
accompanied by other ROS/RNS such as O, O₂⁺, O₄⁺, O₂⁻, 
O⁻, O₃, NO, O₂, and H₂O₂.

Metabolic activity and cell viability
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay was employed to assess 
the cytotoxic effects of various agents on cells by examining 
their metabolic activity. For this study, a total of 7 × 10^3 
B16F10 and L929 cells were cultured per well in a 96-well 
plate, with three technical replicates for each group, and 

https://bioinfogp.cnb.csic.es/tools/venny/index.html
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allowed to grow for 24 hr before treatment. Each cell line 
was divided into four groups: group 1 served as the negative 
control with untreated cells; group 2 was CAP treatment 
(30 to 120 sec); and group 3 received Anti-PD-1(Zakaria, 
Sinagene, Iran) (10–250 µg/ml), which was directly added 
to the cell culture medium. Following the determination 
of the appropriate treatment doses, combination treatment 
was administered in which the Anti-PD-1 antibody was 
first added to the cells, followed by CAP exposure, for 
comparison against the selected single treatments. Cells 
were incubated for 48 hr after treatment, the culture medium 
was discarded, and the cells were washed with Phosphate-
Buffered Saline (PBS). Subsequently, 50 µl of MTT solution 
(5 mg/ml in PBS, Sigma, USA) was added to each well. 
After a 4-hr incubation period under standard conditions, 
the formazan crystals were dissolved by adding 150 µl of 
dimethylsulfoxide (Merck, Darmstadt, Germany) to each 
well. Absorbance was then measured at 570 nm using a 
BioTek microplate reader (BioTek, Winooski, VT, USA). 
All experiments were performed in three independent 
biological replicates, and each replicate was measured in 
technical triplicates to ensure reproducibility.

Animal experiment
Four to six-week-old female C57BL6 mice were housed 

under standard conditions at the Institute of Laboratory 
Animals of Mazandaran University of Medical Sciences. 
To grow melanoma tumors, 106 B16F10 cells in 100 µl PBS 
were injected subcutaneously into the right flank of mice. 
Ten to 15 days after B16F10 tumor cell inoculation, the 
tumor diameter reached 5 mm. Tumor-bearing mice were 
randomly divided into four groups, including (a) untreated 
controls, (b) CAP, (c) Anti-PD-1, and (d) CAP+Anti-PD-1. 
Anti-PD-1 was injected intravenously at a dose of 15 mg/
kg for 3 injections every three days (48). CAP treatment 
was performed for 5 minutes, three times, with a 5-day 
interval. The plasma jet nozzle was positioned on top of the 
tumor mass at a distance of 15 mm from the skin surface 
and was continuously moved across the tumor surface 
during treatment (46). For tumor tissue analysis, mice 
were sacrificed using carbon dioxide (CO₂) inhalation, in 
accordance with institutional guidelines (49), and the tissue 
was stored at −70 ◦C until RNA extraction. This was a 
preliminary pilot study designed to generate proof-of-concept 
data. A total of three mice per group were used, consistent 
with common practices in exploratory pilot experiments 
aimed at reducing animal use while assessing feasibility (50). 
Animal health and behavior were monitored daily throughout 
the study for signs of distress, weight loss (>20%), ulceration, 
or impaired mobility. Any animal meeting humane endpoints 
was to be excluded and euthanized according to institutional 
guidelines. Female C57BL/6 mice were used in this pilot 
study to minimize biological variability and stress-related 
confounding factors, consistent with commonly used B16F10 
melanoma models (51).

RNA quantification
Total RNA was extracted from 1 × 10^6 B16F10 or L929 

cells treated in vitro and from 50 mg of tumor tissue samples 
from each mouse group utilizing an RNA extraction kit 
(Favorgen  Biotech Corp, South Korea), according to the 
manufacturer’s instructions. The quantity and quality of 
the extracted RNA were assessed based on the absorbance 
ratio (A260/A280) and through agarose gel electrophoresis, 
respectively. The total RNA was stored at −70 °C until 
further assays were conducted. Subsequently, RNA was 
transcribed into cDNA using a cDNA synthesis kit (Parstus, 
Iran). The expression levels of CXCR4 and CCR5 mRNA 
were quantified using a SYBR Green real-time PCR assay. 
β-ACTIN mRNA served as an endogenous housekeeping 
control for all genes analyzed. All experiments were 
performed in triplicate, and the primers were designed 
using AlleleID 6.0 software (Table 3).

Statistical analysis
Data analyses were performed using R programming 

environment (version 4.4.1), key functions included 
WGCNA for co-expression networks, survminer/pROC 
for survival analyses, and Bioconductor (version 17). 
Statistical evaluations were performed with GraphPad 
Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, 
USA). Comparisons between the two groups were assessed 
using the Student’s t-test, with p-values <0.05 considered 
indicative of statistically significant differences. Univariate 
Cox proportional hazards regression was performed for 
each gene to identify prognostic hub genes. Multiple testing 
correction was applied using the Benjamini-Hochberg 
method to control the FDR. Genes with adjusted p-value 
(FDR) < 0.05 were considered statistically significant and 
were used for further multivariate analysis.

Clinical characteristics of patients included in the TCGA-
SKCM cohort are summarized in (Supplementary Table 1). 
For variables such as age, gender, race, and TNM stage, 
missing or unannotated values were retained in descriptive 
summaries but were excluded from downstream modeling 
where appropriate. Specifically, patients with unknown age 
or missing clinical annotations were excluded from any 
statistical model involving those variables. For instance, age 
was reported for most patients (mean: 59 ± 16 years), but it 
was not used as a covariate in Cox regression analyses. TNM 
staging information was incomplete for 38 patients and thus 
not included in stage-specific survival modeling.

Results
Data preprocessing

The Recount dataset included mRNA sequencing data 
from 471 melanoma samples, of which 447 contained 
complete clinical information. Within this dataset, 106 
samples were annotated as primary tumors and 368 as 
metastatic tumors. Due to the significantly higher number 

 

Accession number Gene name Primers 5' 3' 

NM_007393.5 -ACTIN Specific forward primer: TGTTACCAACTGGGACGACA 

Specific reverse primer: GGGGTGTTGAAGGTCTCAAA 

NM_009911.5 CXCR4 Specific forward primer: CGGTAACCACCACGGCTGTAGAG 

Specific reverse primer: AGCAGGGTTCCTTGTTGGAGTCATAG 

NM_013653.3 CCL5 Specific forward primer: GCTGCTTTGCCTACCTCTCC 

Specific reverse primer: TCGAGTGACAAACACGACTGC 

 

 

Table 3. Primer sequences used for RT PCR to investigate the selected genes expresion
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of normal samples compared to tumor samples, PCA was 
performed specifically on the normal data. The dataset was 
divided into two subsets, from which one group was selected 
for analysis. Ultimately, after merging these two subsets, an 
expression matrix was generated that included 306 normal 
samples and 471 tumor samples (Figure 2A, B).

Identification of DEGs
After downloading the data from the recount, convert 

the gene symbols to the protein-coding of EMT. This 
matrix yielded a total of 996 EMT genes and 777 samples. 
A differential expression analysis was conducted after 
removing the batch effect to compare gene expression 
(Figure 2A, B). Limma was used to obtain DEGs, A total of 
629 DEGs were identified, including 83 up-regulated genes 
and 546 down-regulated genes compared to the normal 

sample group. The DEGs were visualized in a volcano plot 
and a heat map (Figures 2C, D).

Relationships between co‑expression modules and clinical trait
The relevant clinical trait information was obtained from 

TCGA datasets, and any unnecessary data was removed 
before conducting the analysis. At first, sample clustering 
was conducted to detect outliers (all samples were well 
clustered) (Figure 3A). The connectivity between genes 
in the gene network achieved a scale-free distribution 
when the soft threshold power beta was set to 3 (Figure 3 
B, C). Then, Hierarchical cluster analysis was conducted 
to detect co-expression clusters with corresponding color 
assignments (Figure 3D). The heat map depicts the EMT-
related selected genes from the Recount tumor sample 
WGCNA (Figure 4A). Furthermore, the eigengene 

Figure 2. Data preprocessing and identification of DEGs
(A) PCA was performed on the Recount dataset using two models, and the labeled subgroup was selected for inclusion in the study. (B) Volcano plot of DEGs. (C) Hierarchical 
clustering heat map of expression values, with samples displayed as rows and genes as columns. The color gradient ranges from red to black to green, indicating a change in gene 
expression from low to high.
DEGs: Differentially expressed genes, PCA: Principal component analysis

Figure 3. WGCNA analysis of EMT in TCGA tumor data
(A) Sample clustering was performed to detect outliers; all samples were well clustered. (B) The histogram of the given k and its log-log plot are presented. (C) A soft-thresholding 
power analysis was conducted to obtain the scale-free fit index for network topology. (D) Hierarchical cluster analysis was performed to identify co-expression clusters with 
corresponding color assignments. Each color represents a module in the constructed gene co-expression network created using WGCNA.
WGCNA: Weighted gene co-expression network analysis, EMT: Epithelial-mesenchymal transition, TCGA: The cancer genome atlas
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dendrogram and heatmap were used to demonstrate groups 
of correlated eigengenes (Figure 4 B, C). The relationships 
between the co-expression modules and the clinical traits 
were assessed by calculating the correlations between the 
module eigengenes and the clinical traits (Figure 4D). The 
gene list of the brown and turquoise co-expression modules 
was shown in (Supplementary Table 2).

Module preservation and finding the best module
Preservation analysis using WGCNA was conducted on 

996 EMT genes from 306 normal samples obtained from the 
recount. This analysis identified five co-expressed modules, 
while the “grey” module was reserved for genes that were 
found not to be co-expressed (Figure 5A). A list of genes 
in each module was provided in (Supplementary Table 2).  
The brown and turquoise modules were determined to be 
non-preserved, as indicated by their Z-summary statistics 
being below 2. The analysis revealed these non-preserved 
brown and turquoise modules. As a result, these modules 
were selected for further investigation as modules of interest 

Figure 4. WGCNA analysis using TCGA clinical data
(A) The heatmap illustrates TOM among 500 randomly selected genes from the TCGA tumor sample weighted co-expression network. Lighter colors indicate lower overlap, 
while red indicates higher overlap. (B) This shows the clustering dendrogram of genes. The gene clustering tree (dendrogram) is generated through hierarchical clustering based 
on adjacency-based dissimilarity. The colored row below the dendrogram indicates module membership, as identified by the dynamic tree cut method, along with the assigned 
merged module colors and the original module colors. (C) This dendrogram displays the clustering of 471 SKCM samples alongside their associated clinical traits. (D) Module 
feature associations are shown here. Each row corresponds to a module eigengene, and each column corresponds to a clinical feature. Each cell contains the correlation in the first 
line and the P-value in the second line. The table is color-coded according to the correlation, as indicated by the color legend.
WGCNA: Weighted gene co-expression network analysis, TCGA: The cancer genome atlas, TOM: Topological overlap matrix, SKCM: Skin cutaneous melanoma

Figure 5. Module preservation and module enrichment
(A) The median rank graph on the left shows that a median rank close to zero indicates a high degree of module preservation. In the preservation Z-summary graph on the right, the 
dashed blue and green lines represent the thresholds at Z = 2 and Z = 10, respectively. The horizontal lines indicate the Z-summary thresholds for strong evidence of preservation 
(above 10) and low to moderate evidence of preservation (above 2). (B) The dot plot for the GO associated with the brown module includes BP, CC, and MF. (C) The dot plot for the 
GO associated with the turquoise module also includes BP, CC, and MF. (D) The top 10 enriched KEGG pathway terms for the brown module (left) and the turquoise module (right)
GO: Gene ontology, BP: Biological processes, CC: Cellular components, MF: Molecular functions, KEGG: Kyoto encyclopedia of genes and genomes
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in subsequent analyses related to clinical features.

Over-representation analysis
A total of 217 genes from the brown module and 245 

genes from the turquoise module were mapped using the 
ClusterProfiler R package and underwent GO functional 
and KEGG pathway enrichment analyses (41). The GO 
enrichment analysis for biological process (BP) terms in 
the brown module revealed that these genes were primarily 
involved in the regulation of cell-cell adhesion, leukocyte 
cell-cell adhesion, and the positive regulation of cell 
adhesion. In terms of cellular component (CC) analysis, 
the genes in the brown module were mainly enriched in the 
external side of the plasma membrane, the RNA polymerase 
II transcription regulator complex, and processes related 
to collagen-containing extracellular matrices. The GO 
enrichment analysis for molecular function (MF) terms 
indicated that the genes in the brown module were enriched 
in processes such as cytokine receptor binding, cytokine 
activity, and DNA-binding transcription factor binding 
(Figure 5B). The KEGG pathway enrichment analysis 
showed that genes in the brown module were significantly 
enriched in the cytokine-cytokine interaction, chemokine 
signaling pathway, and pathway in cancer. Among them, 27 
genes in the brown module were significantly enriched in 
the pathway of cancer (Figure 5D). 

GO enrichment analysis of biological process (BP) 
terms for the Turquoise module revealed that these genes 
were primarily enriched in the regulation of epithelial 
cell proliferation, embryonic organ development, and 
mesenchyme development. The analysis of cellular 

component (CC) terms indicated that the genes in the 
Turquoise module were mainly enriched in the collagen-
containing extracellular matrix, focal adhesion, and cell-
substrate junction processes. Additionally, the analysis 
of molecular function (MF) terms showed that the genes 
in the Turquoise module were enriched in DNA-binding 
transcription activator activity, RNA polymerase II-specific 
functions, and growth factor activity (Figure 5C). The 
KEGG pathway enrichment analysis showed that genes 
in the Turquoise module were significantly enriched in 
the Pathways in cancer, Proteoglycans in cancer, PI3K-
Akt signaling pathway, Focal adhesion, and Ras signaling 
pathway. Among them, 24 genes of the Turquoise module 
were significantly enriched in the metabolic pathways 
(Figure 5D). DEG genes enrichment data were presented in 
(supplementary Figure 1).

PPI network and selected hub gene
The PPI network was constructed for the brown and 

turquoise modules, which included 217 and 245 genes. 
The top 30 genes were selected based on their degree by 
CytoHubba (Figure 6A, B). Subsequently, a Venn diagram 
was created using the Venny 2.1 web tool to compare the 
selected genes from the brown and turquoise modules with 
the DEG identified between normal and tumor data. Out of 
the 30 important genes from each module, 24 were found 
to overlap with the DEG. A total of 48 unique genes were 
obtained from this analysis (Figure 6C).

Validation of hub genes by expression level in GEO
The mRNA expression levels of the 48 hub genes were 

Figure 6. Hub gene selection was performed as follows:
(A) A PPI network was constructed for the genes in the turquoise module. We selected 30 genes based on their degree within this network. (B) Similarly, a 
PPI network was created for the genes in the brown module, and again, 30 genes were selected according to their degree. (C) A Venn diagram illustrated that 
the 30 selected genes from the turquoise and brown modules had 24 overlapping genes that were differentially expressed between normal samples from the 
GTEx database and melanoma samples from TCGA. (D) A box plot displayed the gene expression levels of the 24 selected genes from the brown module 
using GEO data. (E) Another box plot represented the gene expression levels of the same 24 selected genes from the brown module, with red indicating the 
tumor group and blue indicating the normal group
The X-axis represented the related genes from 24 EMT, while the Y-axis showed the expression levels of those genes. The Wilcoxon test was utilized to assess the differences in gene 
expression between the tumor and normal groups, with P<0.05 indicating statistical significance; *P<0.05, **P<0.01, and ***P<0.001. The data came from the TCGA and GTEx Project.
PPI: Protein-protein interaction, GTEx: Genotype-tissue expression, TCGA: The cancer genome atlas, GEO: Gene expression omnibus, EMT: Epithelial-mesenchymal transition
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analyzed using the GEO validation dataset. Ultimately, 13 
hub genes were selected that showed a significant increase in 
expression in tumor samples compared to normal samples 
(Figure 6D, E). 

Survival analysis
Development of a prognostic classifier by performing 

univariabel Cox regression analysis (adjusted q-values 
<0.05) in the 13 genes, found that 9 genes were survival-
associated (Figure 7A). Multivariabel cox regression analysis 
was employed to identify a total of 3 prognostic hub genes 
including CCL5, IL18, TLR4 (Figure 7B). Subsequently, the 
coefficient was extracted from the results of multivariabel 
Cox regression and calculated individualized risk scores 
with coefficient-weighted expression levels of 3 prognostic 
genes. Based on the median risk score, melanoma samples 
were divided into low-risk (n = 224) and high-risk groups 
(n = 224). The distribution of risk score, survival status, and 
expression of the three hub genes was exhibited in (Figure 
7C). Besides, the survival analysis showed that the survival 
rate in the low-risk group was remarkably prolonged than 
those in the high-risk group (Figure 7D). ROC curve analyses 
showed that these genes exhibited diagnostic efficiency for 
melanoma patients (Figure 7E). ROC curve analysis showed 
that the risk score had a moderate discriminative ability, 
with an AUC of 0.65 at 1 year, 0.65 at 3 years, and 0.64 at 
5 years. Based on the literature review and bioinformatics 
findings, CCL5 and CXCR4 were selected for experimental 
validation in melanoma cell treatments in this study.

Correlation between the expression hub genes and 
pathological stages and primary/metastatic stat in melanoma

Using the GEPIA 2.0 web server, the correlation between 
the expression of the two selected hub genes and different 

pathological stages of melanoma was analyzed. CXCR4 
and CCL5 were found to be significantly up-regulated 
in melanoma samples compared to normal controls, 
and significant differences in their expression were also 
observed across different tumor stages (Figure 8A). Four 
stages were represented in this plot: stage 1, stage 2, stage 
3, and stage 4. The UALCAN web server was utilized to 
analyze the correlation between gene expression and both 
primary and metastatic states of melanoma, using TCGA 
data (Figure 8B). Then, the correlation of CCL5 and CXCR4 
expression was evaluated between melanoma metastatic 
and primary samples in the Recount expression matrix in 
this study. These boxplots show the relationship between the 
expression level of CCL5, CXCR4, and metastatic melanoma 
(Figure 8C). Consequently, these two genes were nominated 
for further investigation in the laboratory phase.

Combination treatment selectively induced cellular 
damage in B16F10 cells

Metabolic activity was assessed using the MTT assay 
after cell treatment with CAP (40 sec) and Anti-PD-1 (100 
µg/ml). These treatment conditions were selected based 
on preliminary dose- and time-response experiments 
(CAP: 30–120 s; Anti-PD-1: 10–250 µg/mL), which were 
conducted to identify biologically effective conditions and 
are presented in the (Supplementary Figure 2-4).

The treatments with CAP and the combination therapy 
resulted in a significant reduction in metabolically active 
B16F10 cells when compared to the untreated group. 
In contrast, treatment with Anti-PD-1 showed a lesser 
reduction in metabolically active B16F10 cells compared 
to the untreated controls. Notably, all treatment groups 
suggested no significant effect on the L929 cells (Figure 9A).

Figure 7. Survival analysis by Cox risk score analysis, Kaplan–Meier analysis, and time-dependent ROC analysis for the validation of the prognostic model
(A) Forest plot for the results of univariate Cox regression analysis in 13 significant genes. (B) Forest plot for the result of multivariate Cox regression analysis. (C) The rank of risk 
score and distribution of groups. Melanoma patients were divided into low- and high-risk subgroups based on the median value of the risk score calculated. (D) Kaplan–Meier 
curve of melanoma patients by risk score, and (E) time-dependent ROC analysis.
ROC analysis: Receiver operating characteristic analysis
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Figure 8. There is a significant correlation between the expression of hub genes and both the pathological stage and primary metastatic state of melanoma
(A) The expression levels of CCL5 and CXCR4 show a significant correlation with the pathological stage of melanoma, as analyzed using GEPIA2. (B, C) There is also a significant 
correlation in the expression of CCL5 and CXCR4 between metastatic and primary melanoma samples. The boxplots illustrate the relationship between the expression levels of 
CCL5 and CXCR4 in metastatic melanoma from human tumors, utilizing data obtained from ULCAN. (D) Furthermore, the boxplots demonstrate a significant correlation in the 
expression of CCL5 and CXCR4 between metastatic and primary melanoma samples based on our expression matrix from this study. 
GEPIA2: Gene expression profiling interactive analysis 2; ULCAN: University of lisbon cancer network

Figure 9. Effect of CAP and Anti-PD-1 monotherapy and combination therapy on melanoma in vitro and in vivo
B16F10 melanoma cells and L929 fibroblasts were left untreated or treated with CAP, Anti-PD-1, or the CAP + Anti-PD-1 combination. (A) Metabolic activity of B16F10 and L929 
cells assessed by MTT assay following CAP exposure (45 s) and/or Anti-PD-1 treatment (100 µg/ml). (B, C) Relative mRNA expression levels of CXCR4 and CCL5 measured by 
real-time PCR in B16F10 cells, L929 fibroblasts, and excised tumor tissues. (D) Representative images showing CAP application to melanoma-bearing mice. (E) Photographs of 
tumor-bearing mice and excised tumors from each treatment group (Untreated, CAP, Anti-PD-1, CAP + anti-PD-1). (F) Tumor growth curves illustrating tumor volume changes 
on days 1, 5, 10, and 15 post-treatment, showing the most pronounced tumor regression in the combination-therapy group. 
Data represent mean ± SD (n = 3 independent experiments for in vitro assays; n = 3 mice per group for in vivo assays). Statistical significance was defined as P<0.05; * P<0.05, ** 
P<0.01, *** P<0.001; ns, not significant.
CAP: Cold atmospheric plasma
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Combination treatment reduces the CXCR4 and CCL5 as 
an EMT marker in B16F10 and melanoma tumor tissue

Real-time PCR assay was performed to assess gene 
expression levels across different treatment conditions, 
including CAP, Anti-PD-1, and their combination 
(CAP+Anti-PD-1). CAP treatment significantly reduced 
CCL5 expression levels of B16F10 and melanoma tumor 
tissue. Anti-PD-1 treatment caused a smaller reduction, 
while the combination therapy (CAP+Anti-PD-1) 
exhibited the strongest effect. In L929 cells, gene expression 
remained largely unaffected across treatments (Figure 9B). 
In untreated B16F10 cells and in the untreated group of 
the mouse model, baseline CXCR4 expression was high. 
CAP treatment reduced CXCR4 expression, Anti-PD-1 
treatment led to a further reduction, and the combination 
resulted in the strongest down-regulation in both B16F10 
melanoma cells and melanoma tumor tissues. In contrast, 
L929 normal fibroblasts exhibited only minimal changes in 
CXCR4 expression across treatment conditions (Figure 9C).

Combination treatment induced tumor regression in 
B16F10 melanoma-bearing mice

To evaluate the in vivo efficacy of the combination therapy 
on tumor regression, tumor progression was monitored 
by measuring tumor size and performing gene expression 
analysis. No significant differences in tumor size were 
observed among the groups at the start of the intervention. 
However, following the initiation of CAP, Anti-PD-1, or 
combination therapy on days 5, 10, and 15, tumor sizes were 
significantly reduced compared with the untreated group 
from day 5 onward. Among the treatment modalities, the 
combination therapy suggested the most pronounced effect 
on suppressing tumor progression (Figure 9D-F).

Discussion
The global incidence of melanoma has steadily increased 

over the past three decades. Melanoma is a highly aggressive 
and treatment-resistant form of skin cancer, underscoring 
the critical importance of early diagnosis and timely 
intervention to improve prognosis and survival rates (2, 
3). Among the therapeutic approaches for melanoma, 
Anti-PD-1 therapy is commonly employed, as it binds to 
PD-1 receptors on both cancer and immune cells, thereby 
inhibiting tumor growth while simultaneously enhancing 
immune cell activity (11, 12). As a complementary 
treatment with fewer side effects, CAP devices have shown 
considerable promise in cancer therapy. CAP can generate 
ROS and RNS that have been shown to selectively affect 
cancer cells (16). The application of CAP has been reported 
to induce cancer cell death and could augment immune 
response to cancer cells (13, 14). This immune response can 
be further enhanced through the use of Anti-PD-1 therapy. 
Moreover, findings from previous research suggest that the 
application of CAP and Anti-PD-1 alone can reduce EMT in 
cancer cells (22, 23). EMT is widely recognized as a critical 
mechanism contributing to tumor invasion, and metastasis, 
and contributing to drug resistance (24). 

In this research, a novel EMT-related gene signature 
associated with melanoma prognosis was identified through 
an integrative bioinformatics approach. Transcriptomic 
data from Recount, and GEO were analyzed to identify 
differentially expressed EMT-related genes, followed by 
WGCNA to determine the most relevant gene modules. 
Further survival analysis and validation steps led to 

the identification of key prognostic genes, which were 
experimentally assessed. These genes were evaluated as 
significant prognostic markers in melanoma before and 
after treatment with CAP and Anti-PD-1, highlighting 
their potential role in predicting therapeutic outcomes in 
melanoma.

Bioinformatics analysis suggested that CCL5 was 
significantly up-regulated in melanoma samples when 
compared to normal tissues, showing a strong correlation 
with metastatic progression. Both univariable and 
multivariable Cox regression models further validated their 
prognostic significance, emphasizing their potential role in 
patient stratification. Supporting this finding, a 2018 study 
reported that elevated CCL5 expression was associated 
with promotion of the EMT process in cancer cells, thereby 
contributing to metastasis and resistance to therapy (52).

Experimental results from this study suggested that CAP 
treatment significantly reduced CCL5 expression in B16F10 
melanoma cells, and this effect was further enhanced when 
combined with Anti-PD-1 therapy. A similar pattern was 
observed in melanoma tumor tissues, where the combination 
therapy resulted in the most pronounced down-regulation 
of CCL5 compared with either treatment alone. In contrast, 
normal fibroblasts showed only minimal changes in CCL5 
expression across treatment conditions, suggesting that 
CAP and Anti-PD-1 specifically targeted tumor cells while 
sparing normal tissues. This finding aligns with a previous 
study by Saadati and her colleagues, which indicated that 
CAP treatment might exert immunomodulatory effects 
by decreasing CCL5 expression, a marker linked to poor 
prognosis in cancers (53). Additionally, research conducted 
by Exposito et al. demonstrated that combining CCR5 
antagonists, such as maraviroc, with immune checkpoint 
inhibitors like Anti-PD-1 has the potential to enhance the 
efficacy of immunotherapy by disrupting tumor-promoting 
pathways (54).

In this study, bioinformatic analysis indicated that, 
similar to CCL5, CXCR4 was significantly up-regulated in 
melanoma samples, particularly in metastatic cases. Survival 
analyses showed that CXCR4 expression was correlated 
with OS in melanoma patients, underscoring its potential 
as a prognostic marker. These findings were consistent with 
previous studies demonstrating the critical role of CXCR4 in 
cancer, where its binding to CXCL12 activated downstream 
signaling pathways that promoted cancer cell proliferation 
and metastasis (55, 56). Additionally, research conducted by 
Longo‐Imedio et al. has shown that CXCR4 expression in 
malignant melanoma predicts poor survival rates and higher 
metastatic potential (57). Given the vital role of the CXCR4/
CXCL12 axis in various cancers, including melanoma (58), 
there has been considerable interest in discovering and 
developing therapies that target and inhibit this axis (59).

Experimental results from this study indicated that 
CAP treatment led to a significant reduction in CXCR4 
expression in B16F10 melanoma cells, an effect that was 
further enhanced when combined with Anti-PD-1 therapy. 
A similar trend was observed in tumor tissues, where the 
combination therapy resulted in the most pronounced 
suppression of CXCR4. Notably, in L929 cells, the treatment 
had minimal impact on CXCR4 expression, further 
supporting the tumor-specific effects of CAP and Anti-
PD-1 therapy. These findings were consistent with previous 
studies; for instance, a 2015 investigation on CXCR4 
reported that RNA interference–mediated knockdown of 
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the CXCR4 gene significantly reduced tumor growth and 
metastasis both in vitro and in vivo (60). CAP, recognized 
as a promising therapeutic approach, has suggested its 
potential to induce apoptosis, inhibit cell proliferation, and 
alter gene expression profiles critical for metastasis and 
EMT in cancer cells, underscoring its value in targeting 
EMT-associated genes (21). 

Moreover, research indicates that Anti-PD-1 therapy 
may also indirectly affect CXCR4 expression on tumor cells 
by modifying the tumor microenvironment. Enhanced 
T-cell activity resulting from Anti-PD-1 therapy can 
lead to increased production of cytokines like interferon-
gamma (IFN-γ) (61). Katayama and colleagues noted that 
IFN-γ can, in turn, modulate the expression of various 
genes, potentially including those related to CXCR4 (62). 
Furthermore, a 2019 study by D’Alterio et al. suggested that 
PD-1 blockade might reduce CXCR4 expression, which 
could, in turn, diminish tumor cell migration and metastasis 
(61).

The MTT assay results supported these observations 
by demonstrating a marked reduction in the viability of 
B16F10 melanoma cells following CAP exposure, with an 
even greater decrease observed under combined CAP and 
Anti-PD-1 treatment. Importantly, viability changes in L929 
fibroblasts were minimal, reinforcing the tumor-selective 
nature of CAP-based therapy. CAP is thought to exert its 
cytotoxic effects primarily through the generation of RONS, 
which induce oxidative stress, DNA damage, mitochondrial 
dysfunction, and caspase-dependent apoptosis in cancer 
cells while sparing normal cells with stronger antioxidant 
defenses (16, 63). In addition to its well-established role in 
immune evasion, recent evidence indicates that melanoma 
cells themselves can express PD-1, where its engagement 
activates pro-survival and pro-metastatic signaling 
pathways such as PI3K/AKT and MAPK. The possibility 
that PD-1 expressed directly on melanoma cells contributes 
to tumor growth and metastasis has been reported in prior 
studies (11). Thus, the synergy observed in our MTT assays 
may reflect the combined actions of CAP-induced oxidative 
damage and the direct inhibition of tumor-intrinsic PD-1 
signaling, providing complementary mechanisms through 
which Anti-PD-1 therapy augments CAP’s anti-tumor 
effects. suggesting complementary mechanisms at play. To 
further evaluate this synergistic effect in vivo in the presence 
of an intact immune system, we assessed the expression 
of the selected candidate genes in tumor tissues from the 
mouse model, which confirmed our in vitro findings.

A strong concordance was observed between our in 
vitro and in vivo findings regarding CCL5 and CXCR4 
expression. In B16F10 melanoma cells, CAP treatment led 
to a significant down-regulation of both CCL5 and CXCR4, 
an effect that was further enhanced when combined with 
Anti-PD-1 therapy. Similarly, in the mouse melanoma 
model, tumor tissues treated with the combination therapy 
exhibited the most pronounced suppression of these 
genes compared with either monotherapy, confirming 
the synergistic effect under physiological conditions. 
Notably, although the magnitude of down-regulation was 
slightly greater in vitro likely due to the absence of stromal 
interactions and immune components the overall pattern 
of combined CAP and Anti-PD-1 producing the strongest 
inhibitory effect was consistent across experimental 
contexts. This alignment between cellular and animal data 
strengthens the evidence that targeting EMT-associated 

genes such as CCL5 and CXCR4 through CAP and PD-1 
blockade may effectively limit melanoma progression and 
metastasis in a tumor-selective manner.

In general, the results of this study indicated that 
bioinformatics analyses provided valuable insights into the 
molecular mechanisms underlying the observed effects. 
WGCNA identified CCL5 and CXCR4 as key genes within 
distinct co-expression modules that were enriched in 
EMT-related pathways, including cytokine signaling and 
focal adhesion networks. GO and KEGG pathway analyses 
further emphasized their roles in tumor-promoting 
processes. Experimental validation confirmed that these 
genes were not only differentially expressed in melanoma 
but also responded to a combination of CAP and Anti-PD-1 
therapy in both in vitro and in vivo models. The selective 
down-regulation of CCL5 and CXCR4 in tumor cells and 
tissues, while sparing normal fibroblasts, underscored the 
potential of combination therapy as a targeted approach for 
melanoma treatment.

Conclusion
This study demonstrated that combining CAP with 

Anti-PD-1 therapy was more effective against melanoma 
than either treatment alone. The combination reduced the 
viability of B16F10 melanoma cells in vitro and suppressed 
tumor growth in melanoma-bearing mice in vivo, while 
sparing normal fibroblasts, indicating a tumor-selective 
action. It also markedly down-regulated the EMT-associated 
biomarkers CCL5 and CXCR4, which are closely linked to 
metastatic potential and poor prognosis, suggesting that 
modulation of these genes may represent one mechanism 
underlying the observed therapeutic effect. Together, these 
findings support the potential of CAP to enhance the 
effectiveness of ICB and highlight the relevance of CCL5 
and CXCR4 pathways as promising targets for melanoma 
therapy.
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