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(The Second Af liated Hospital of Nanchang Medical College), Nanchang, China, ?2Department of
Thoracic Surgery, Nanfang Hospital, Southern Medical University, Guangzhou, China, *Department of
Thoracic Surgery, the First Af liated Hospital, Jiangxi Medical College, Nanchang University,
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Objective: This study aimed to elucidate the mechanistic role of M2 tumor-
associated macrophages in esophageal cancer (EC) progression and to construct
an M2 macrophage—related gene signature for prognostic prediction.
Methods: Integrated analyses of single-cell RNA sequencing (scRNA-seq) and
bulk RNA-seq data of EC were performed. scRNA-seq data were processed with
Seurat and annotated using SingleR. Immune in lItration was evaluated through
SSGSEA and CIBERSORT. Weighted gene coexpression network analysis
(WGCNA) was used to identify M2 macrophage—associated modules, and
candidate genes were intersected with differentially expressed genes (DEGS).
Functional enrichment analyses were performed, and a prognostic risk model
was established through multivariate Cox regression analysis. The functional
roles of key genes were validated through in vitro and in vivo experiments.
Results: Twelve cell types were identi ed by scRNA-seq, with macrophages
representing the predominant immune population. M2 macrophages formed the
major immunosuppressive subtype and were negatively associated with patient
survival. WGCNA and DEG analysis identi ed 25 M2-related genes, from which a
four-gene prognostic signature (SPINK5, A2ML1, ILIRN, IL36G) was constructed.
The model effectively strati ed EC patients into distinct risk groups with
signi cantly different survival outcomes. Further in vitro experiments
demonstrated that silencing ILLRN and IL36G in macrophages markedly
suppressed the malignant phenotypes of esophageal cancer cells.
Complementary in vivo experiments provided additional evidence, further
indicating that ILIRN and IL36G play important functional roles in overall
tumor progression.
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Conclusion: A four-gene M2 macrophage-related prognostic model provides
reliable prediction of clinical outcomes in EC. Among these genes, ILIRN and
IL36G function as key regulators whose silencing inhibits M2 polarization and
attenuates tumor proliferation, invasion, migration, and epithelial—
mesenchymal transition.
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Introduction

Esophageal cancer (EC), which mainly includes esophageal
squamous cell carcinoma (ESCC) and esophageal
adenocarcinoma (EAC), represents one of the most prevalent
malignancies of the digestive tract. It ranks among the top six
causes of cancer-related mortality worldwide and occurs with
particularly high frequency in Asia and Africa, where overall
prognosis remains poor (1, 2). Major risk factors include tobacco
use, alcohol consumption, metastatic potential, pre-existing
esophageal dysfunction, and genetic susceptibility (3, 4). Current
therapeutic options encompass gene therapy, chemotherapy,
radiotherapy, esophagectomy, and combined chemoradiation
strategies (5). Despite advances in clinical management, the
overall survival of EC remains unsatisfactory, as re ected by
persistently low 5-year survival rates (6).

The tumor microenvironment (TME), composed of diverse
cellular and acellular components, is essential for tumor initiation
and progression. Among these, tumor-associated macrophages
(TAMS) have garnered considerable attention due to their strong
association with poor clinical outcomes in multiple malignancies (7).
Macrophages exhibit remarkable plasticity and can polarize into
distinct phenotypes, including the pro-in ammatory M1 and anti-
in ammatory M2 subtypes, in response to microenvironmental stimuli
(8, 9). M2 TAMs have been shown to induce epithelial-mesenchymal
transition in ESCC cells (10). In addition, serine protease inhibitor
Kazal type-5 (SPINKS5), identi ed as a novel tumor suppressor, is
markedly downregulated during EC progression and correlates with
poor differentiation and lymph node metastasis (11). Previous research
has also identi ed duplicate variants of alpha-2 macroglobulin-like 1
(A2ML1) as important risk factors for otitis media in both the
indigenous Filipino population and children in the United States
(12). The tumor suppressive role of interleukin-1 receptor antagonist
(ILIRN) has been demonstrated in ESCC (13). Evidence regarding the
role of interleukin 36 gamma (IL36G) in EC remains limited. In this

Abbreviations: TME, Tumor microenvironment; PC, Principal component;
ssGSEA, Single-sample gene-set enrichment analysis; FACS, Fluorescence
activated cell sorting; PPI, Protein-protein interaction; CC, Cellular
component; BP, Biological process; MF, Molecular function
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study, single-cell RNA sequencing (scRNA-seq) and bulk RNA-seq
datasets of EC were obtained from public repositories and analyzed
using multiple computational biology approaches. Integrated analyses
of tumor single-cell pro les, transcriptomic data, and clinical
information revealed substantial intratumoral heterogeneity in EC.
After identifying M2 macrophages as strongly associated with patient
prognosis, a four-gene prognostic signature comprising SPINKS5,
A2ML1, ILIRN, and IL36G was established to facilitate survival
prediction and risk strati cation in EC.

Materials and methods
Data acquisition

scRNA-seq data (GSE145370), comprising seven EC tumor
samples, and microarray data (GSE77861), including paired
normal and tumor tissues from seven patients with ESCC, were
obtained from the Gene Expression Omnibus (GEO) database
(http://www.ncbi.nlm.nih.gov/geo/). Bulk RNA-seq data and
corresponding clinical information for EC (TCGA-ESCA, normal,
n = 11; tumor, n = 162) and esophageal adenocarcinoma (TCGA-
ESAD; normal, n = 10; tumor, n = 80) cohorts were retrieved from
the UCSC Xena platform (https://xenabrowser.net/). As all datasets
were derived from publicly available sources, no additional ethical
approval or informed consent was required.

SscRNA-seq analysis

scRNA-seq data were processed using the Seurat package (14).
Quality control procedures retained high-quality cells based on the
following thresholds: nFeature_ RNA greater than 200 to remove
empty droplets and low-content cells, nCount_RNA between 1000
and 20000 to exclude low-expression cells and potential doublets,
and percent.mt less than 20% to eliminate cells showing excessive
mitochondrial gene expression indicative of cellular stress or
apoptosis (15, 16). Correlations among nCount_RNA, percent.mt,
and nFeature_RNA were assessed to evaluate data quality.
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Gene expression matrices were normalized using the
LogNormalize function. Principal component analysis (PCA) was
applied for dimensionality reduction, and signi cant principal
components (PCs) were identi ed using the JackStraw method,
which iteratively resampled 1% of the expression matrix to generate
a null distribution. JackStrawPlot was used to visualize the P-value
distribution of the top 40 PCs, while ElbowPlot analysis was used to
determine the optimal in ection point. Based on both approaches, the
top 20 PCs were selected for downstream t-distributed stochastic
neighbor embedding (tSNE) analysis, performed with a perplexity of
30 and a seed value of 100 to ensure reproducibility (17).

Single-sample gene-set enrichment
analysis

sSGSEA was performed using the “GSVA” package to quantify
enrichment scores for functional marker genes associated with 22
immune cell types (18). The hallmark gene set used for analysis was
obtained from Supplementary Materials of previously published
studies (19, 20).

Identi cation of key modules for M2
macrophage in Itration

The CIBERSORT algorithm was applied to estimate M2
macrophage in ltration in the TCGA-ESCA dataset with 1,000
permutations, retaining only samples with p < 0.05 (21).
CIBERSORT, a deconvolution method based on normalized gene
expression pro les, quanti es immune cell composition and has
been validated by uorescence-activated cell sorting (FACS). Gene
expression matrices with standard annotations were uploaded to
the CIBERSORT web portal (http://cibersort.stanford.edu/) using
the LM22 signature matrix and 1,000 simulations (22). Weighted
gene coexpression network analysis (WGCNA) was performed
using the WGCNA package in R (23). The top 25% of genes
ranked by standard deviation were selected to ensure an optimal
balance between biological relevance and computational ef ciency,
following WGCNA recommendations and previous studies (24).
The module preservation function was applied to evaluate the
robustness of identi ed modules (25). A signed scale-free
coexpression network was constructed using a soft threshold b of
4, which achieved a scale-free topology t index (R?) of 0.90. The
module exhibiting the strongest correlation with M2 macrophage
in Itration was designated as the key M2-associated module, and its
member genes were extracted for downstream analyses.

Analysis of differential gene expression on
microarray GSE77861

Differentially expressed genes (DEGs) in the GSE77861

microarray dataset were identi ed using the “limma” and
“impute” packages in R. P-values were adjusted by the false
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discovery rate (FDR) method, with screening thresholds set at
[logFC| > 1 and adjusted p < 0.05. The overlap between DEGs
and WGCNA-derived module genes was visualized via an online
Venn diagram tool (http://bioinformatics.psh.ugent.be/webtools/
Venn/).

Protein-protein interaction analysis

STRING database (https://string-db.org/) was used to construct
a PPl network based on the intersecting genes, with the species
parameter set to human. The resulting interaction data were
imported into Cytoscape 3.6.0 for visualization. Degree value and
Combined score were used to evaluate node importance, and the
top 15 nodes were ranked according to Degree value (26).

Gene function enrichment analysis

Functional enrichment analyses of candidate genes or module
genes were conducted using the SangerBox online platform (http://
sangerbox.com/Tool). Gene Ontology (GO) enrichment results
were visualized using bubble plots for biological process (BP),
cellular component (CC), and molecular function (MF)
categories. Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway enrichment was presented using bar plots, bubble charts,
and circular diagrams to illustrate signi cantly enriched
signaling pathways.

Survival analysis and receiver operating
characteristic curve construction

Survival analysis was performed using the “survival” package in
R (https://CRAN.R-project.org/package=survival). Hazard ratios
(HRs) for patients with EC were estimated using the Cox
proportional hazards regression model. Predictive performance of
the prognostic model was evaluated using Receiver operating
characteristic (ROC) curves generated with the “pROC” package
(https://cran.r-project.org/web/packages/pROC/index.html).

Immuno uorescence staining

Tumor and matched adjacent tissues from patients with EC (n =
5 per group) were xed in 4% paraformaldehyde (Sigma-Aldrich,
USA) for 4 h, embedded in OCT (Tissue-Tek, Sakura Finetek,
USA), and sectioned at 7 mm. Sections were permeabilized with
0.3% Triton X-100 and blocked with 5% BSA (Sigma-Aldrich, USA)
for 1 h. Primary antibodies against ILIRN (ab303490, 1:200,
Abcam, UK), I1L36G (ab239526, 1:200, Abcam, UK), and CD163
(sc-20066, 1:200, Santa Cruz, USA) were incubated overnight at
4°C. After washing, Alexa Fluor 488— or 594—conjugated secondary
antibodies (1:500, Invitrogen, USA) were applied for 1 h, followed
by DAPI staining (1 mg/mL, Thermo Fisher Scienti c, USA). Images
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were obtained with a Leica TCS SP8 confocal microscope
(Germany), and uorescence intensity was analyzed using ImageJ.
Co-localization of IL1IRN, IL36G, and CD163 was assessed to verify
their association with M2 macrophages.

Cell culture

The human monocyte cell line THP-1 (ATCC TIB-202) was
cultured in 6-well plates and treated with 100 ng/mL phorbol 12-
myristate 13-acetate (PMA) (Sigma-Aldrich, USA) for 24 h to
induce differentiation into MO macrophages. After replacing the
PMA-containing medium with fresh complete medium, cells were
incubated for another 24 h.

Human EC cell line EC109 (CBP60496) and TE-1 (CBP60655)
(Nanjing COBIOER Biosciences, China), and the normal
esophageal epithelial cell line ET-1A (CRL-2692, ATCC), were
maintained in RPMI-1640 medium enriched with 10% fetal
bovine serum (FBS, Gibco) and 1% penicillin—streptomycin
(Gibco) in a humid incubator containing 5%CO, at 37°C.

MO macrophages were divided into three groups: sh-NC (negative
control), sh-ILIRN, and sh-1L36G. For lentiviral transfection, 5 x 10°
cells/well were seeded and cultured to 70-90% con uence, then
infected with lentivirus (MOI = 10, ~5 x 10° TU/mL) and 5 ny/mL
polybrene (Merck, USA) for 4 h. After dilution with fresh medium
and a further 24 h incubation, cells were replaced with complete
medium. Transfection ef ciency was veri ed at 48 h by uorescence
observation, and stable lines were selected using 60 ng/mL puromycin
(Gibco, USA). Lentivirus packaging was performed by Sangon Biotech
(Shanghai, China). The shRNA sequences used for gene silencing were
as follows: sh-ILIRN: 5 -CGAGAACAGAAAGCAGGACAA-3 ; sh-
IL36G: 5 -CCCATCATTCTGACTTCAGAA-3; and sh-NC: 5 -
CCTAAGGTTAAGTCGCCCTCG-3.

For co-culture experiments, MO macrophages from each group
were placed in the upper chamber of a Transwell insert (Corning,
USA: 0.4 nm pore size), while TE-1 or EC109 cells (1 x 10° cells/
well) were seeded in the lower chamber. The system was maintained
at 37°C with 5% CO, for 48 h, after which tumor cells were
harvested for subsequent analyses.

Enzyme-linked immunosorbent assay

After 48 h of co-culture between macrophages and EC cells,
supernatants were collected and centrifuged at 300 x g for 10 min,
then stored at -80°C. IL-10 levels were measured using a human IL-
10 ELISA kit (Invitrogen, 88-7106). A standard curve was generated
through serial dilutions, and both standards and samples were
added to 96-well plates pre-coated with capture antibodies. After
sequential incubation with detection antibodies, HRP—streptavidin,
and TMB substrate, absorbance was recorded at 450 nm. IL-10
concentrations (pg/mL) were calculated based on the standard
curve and reported as mean + SEM.
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Real-time quantitative polymerase chain
reaction

Total RNA was extracted from cells using Trizol (16096020,
Thermo Fisher Scienti ¢, New York, USA). mRNA was reverse
transcribed with the PrimeScript RT kit (Takara, Japan), and
miRNA cDNA was synthesized using the PolyA tail assay kit
(Sangon Biotech, China). gPCR reactions were performed with
the SYBR Premix Ex Tagq Il kit (Takara, Japan) on an ABI 7500
Real-Time PCR System (Applied Biosystems, USA). GAPDH acted
as an internal reference to the gene. Gene expression levels were
quanti ed using the 2 ™" method. Primer sequences are listed in
Supplementary Table S1.

Western blot analysis

Total proteins were extracted, separated by SDS-PAGE, and
transferred onto PVDF membranes (1620177, BIO-RAD, USA).
Membranes were blocked with 5% skim milk or 5% BSA for 1 h at
ambient temperature and incubated overnight at 4 °C with primary
antibodies against ILIRN (IL-1RA, ab303490, 1:1000), IL36G
(ab239526, 1:1000), E-cadherin (ab231303, 1:1000), N-cadherin
(ab76011, 1:1000), and Vimentin (ab8978, 1:1000) (all from Abcam,
UK), as well as GAPDH (2118, 1:5000, Cell Signaling Technology,
USA). After washing, membranes were incubated with HRP-
conjugated goat anti-rabbit 1gG (ab6721, 1:5000, Abcam, UK) for 1
h at ambient temperature. Protein bands were visualized using ECL
substrate (1705062, Bio-Rad, USA) and imaged with the ImageQuant
LAS 4000C system (GE, USA). GAPDH served as the loading control,
and protein expression levels were quanti ed by the ratio of target to
GAPDH band intensity.

CCK-8 assay

Cell proliferation was assessed using the CCK-8 kit (K1018,
Apexbio, USA). Cells (1 x 104/well) were seeded into 96-well plates
(100 ni/well) and incubated with 10 L CCK-8 solution for 2 h at
37°C at each time point (days 1, 2, 3, and 4). Absorbance was
measured at 450 nm using a microplate reader, and proliferation
curves were generated based on absorbance values.

Cell scratch assay

Cells (5 x 10%well) were seeded into 6-well plates and cultured
for 48 h. Linear scratches were created using a 200 L sterile pipette
tip, and the medium was replaced with serum-free medium. Images
were captured at 0 h and 48 h using an optical microscope (Leica
DM500). Scratch width was quanti ed using ImageJ software, and
cell migration ability was evaluated by comparing the relative
reduction in scratch width between groups.
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Transwell assay

Cell migration and invasion were evaluated using Transwell
chambers (354480, Shanghai Yanhui Biotechnology Co., Ltd.,
China). For invasion assays, ECM Matrigel (EHS matrix, E1270-
1ML, Sigma, USA) was diluted to 1 mg/mL in serum-free medium
(1:9) and coated (40 ni/chamber) onto the upper surface of the
polycarbonate membrane, followed by incubation at 37°C, 5% CO,
for 5 h to allow gel polymerization. The gel was then rehydrated
with 70 nL serum-free DMEM for 30 min. After 24 h of serum
starvation, cells were digested, centrifuged, and resuspended in
serum-free DMEM at 2.5 x 10° cells/mL. A total of 200 ni cell
suspension was added to the upper chamber, while 700 nL. DMEM
containing 10% FBS was placed in the lower chamber as a
chemoattractant. Following 24 h incubation at 37°C, non-
invading cells were removed from the upper surface using a
cotton swab, and the membranes were xed with methanol for
30 min and stained with crystal violet for 20 min. Cells that had
migrated or invaded to the lower surface were imaged and
quanti ed in ve randomly selected elds under an inverted
microscope. For migration assays, the same procedure was
followed except that the Matrigel coating step was omitted.

Animal experiment

Thirty-six 6-week-old BALB/c nude mice (20 + 2 g; Beijing Vital
River Experimental Animal Technology Co., Ltd., China) were
maintained under standard conditions (23 + 1°C, 12 h light/dark
cycle) with free access to food and water. All animals were
acclimated for one week prior to experimentation. All procedures
were approved by the Animal Ethics Committee of the Second
Af liated Hospital of Nanchang Medical College.

A total of 1 x 10° EC109 cells (100 i) were subcutaneously
injected into nude mice. Once tumors had formed, mice were
randomly divided into three groups (n = 6 per group): sh-NC,
sh-IL1RN, and sh-IL36G groups. Each group received multiple
intra-tumoral injections of the corresponding lentiviral solution
(titer 5 10" TU/mL, 100 ni per injection) once per week for four
consecutive weeks. The sh-NC group received control lentivirus.
Tumor dimensions were measured weekly using a Vernier caliper,
including the short diameter (a) and long diameter (b). Tumor
volume was calculated using the formula p(a®b)/6. After 28 days,
mice were anesthetized with pentobarbital sodium (100 mg/kg,
P3761, Sigma). Tumors were excised and weighed using an
analytical balance.

For the lung metastasis model, luciferase-labeled EC109 cells (1
x 10°%) were injected via the caudal vein. Grouping and treatment
followed the same protocol as above. Bioluminescence imaging
(BLI) was performed using an 1VIS Spectrum system (PerkinElmer,
USA) after intraperitoneal injection of D-luciferin (150 mg/kg). BLI
data were analyzed using Living Image software v2.50, and

metastatic burden was quanti ed based on photon ux within
manually de ned lung regions of interest.
Frontiers in Immunology
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Hematoxylin and eosin staining

Tumor tissues from nude mice were xed in 10% neutral
formalin, embedded in paraf n, and sectioned. Sections were
deparaf nized in xylene, rehydrated through a graded ethanol
series, and stained sequentially with H&E. After dehydration with
xylene and xation with neutral resin, the stained sections were
examined under an optical microscope.

Immunohistochemistry

Paraf n-embedded tumor and lung sections were
immunostained with Ki-67 (ab15580, 1:200), E-cadherin
(ab231303, 1:250), N-cadherin (ab76011, 1:200), and Vimentin
(ab8978, 1:200), all from Abcam (Cambridge, UK). Secondary
antibodies, including goat anti-rabbit 1gG (ab6721, 1:5000) and
goat anti-mouse 1gG (ab205719, 1:5000), were also obtained from
Abcam. Color development was performed using a DAB kit (P0203,
Beyotime, Shanghai, China), and samples were visualized under an
upright microscope (BX63, Olympus, Japan).

Statistics

All statistical analyses were performed using R software (version
4.2.1; https://www.r-project.org/) with RStudio serving as the
integrated development environment. Perl (version 5.30.0; https://
www.perl.org/) was used for data preprocessing, and Cytoscape
(version 3.7.2; https://cytoscape.org/) was used for network
visualization. Quantitative data are presented as mean * standard
deviation (SD). Comparisons between two groups were conducted
using independent-sample t-tests, whereas comparisons among
multiple groups were analyzed by one-way analysis of variance
(ANOVA) followed by Tukey’s post hoc test. For longitudinal
measurements, repeated-measures ANOVA with Tukey’s
correction was applied. Statistical signi cance was de ned as p
< 0.05.

Results

scRNA-seq analysis reveals extensive
transcriptional heterogeneity in EC tissues

scRNA-seq data from seven EC samples in the GSE145370
dataset were processed with the Seurat package in R. Following
quality control and normalization, low-quality cells were excluded
using the thresholds nFeature_ RNA > 200, nCount_RNA > 1000,
nCount_RNA < 20000, and percent.mt < 20 (Supplementary Figure
S1A). Correlation analysis showed r = $0.03 between nCount_RNA
and percent.mt, and r = 0.85 between nCount_RNA and
nFeature_RNA, con rming high data quality after Itration
(Supplementary Figure S1B). Highly variable genes (HVGs),
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de ned as genes whose expression variation substantially exceeds
technical noise and captures key differences in cell types and cellular
states, were subsequently identi ed. A total of 21,240 genes were
included in the variance analysis, and the top 2,000 HVGs ranked
by variance were selected for downstream analyses (Supplementary
Figure S1C).

PC analysis of scRNA-seq from EC samples

PCA of the top 2,000 HVGs was conducted using the RunPCA
function in the Seurat package, revealing no evident batch effects
across the seven EC samples (Figure 1A). Signi cant PCs were
identi ed using the JackStraw resampling approach, in which 1% of
the data were randomly permuted and PCA was repeated iteratively
to generate a null distribution of feature scores. PCs showing a high
proportion of low p-values were considered informative, as
illustrated by the JackStrawPlot (Figure 1B). Further combined
with the ElbowPlot function, the rst 20 PCs were selected for
subsequent t-SNE analysis (Figure 1C). The main contributing
genes for the rst six PCs were identi ed (Figure 1D), and their
expression patterns were visualized using DimHeatmap (Figure 1E).
Furthermore, the PCA principal components derived from these
HVGs showed strong statistical relevance, collectively highlighting
the marked transcriptional heterogeneity present within EC tissues.

Immune cells exhibit distinct malignant
states across EC samples

T-SNE was applied following PCA to visualize the high-
dimensional single-cell data in two-dimensional space while
preserving local cellular relationships. A total of 25 distinct
clusters were identi ed (Supplementary Figure S2A). After
correction of batch effects, cells originating from different samples
showed no marked distributional differences within clusters, aside
from varying cluster proportions (Supplementary Figure S2B). The
cellular compositions across individual EC samples demonstrated
both shared and sample-speci c cell-type patterns (Figure 2A).

Cell-type annotation using the SingleR package identi ed 12
major cell populations (Figure 2B). The expression pro les of the top

ve marker genes for each annotated cell type were visualized
(Figure 2C). Tumor cells from the same EC sample appeared in
multiple clusters, and immune cells from different samples displayed
substantial heterogeneity in malignant potential (Figure 2D).

Cell clusters were further validated using canonical cell-type
marker genes. TPSB2, CPA3, and TPSD1 were identi ed as mast
cell markers; 1L1B, CXCL2, CXCL8, and GOS2 as macrophage
markers; TNFRSF4 and FOXP3 as Treg markers; STMNL1 as an
exhaustion CD4" T cell marker; GZMK as a cytotoxic T cell marker;
IGH2, IGHGI, IGKC, IGHG3, JCHAIN, MS4A1, BANKI, and
CD79A as B cell markers, which were further subdivided into B cell
type 1 and type 2 based on clustering; and KLRC1 as an natural
killer (NK) cell marker (Figure 3).
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M2 TAMs dominate the immune
microenvironment of EC

Quantitative analysis of scRNA-seq data revealed that
macrophages represented the most abundant immune cell
population, followed by regulatory T (Treg) cells and NK cells
(Supplementary Table S2). To further evaluate immune activity,
bulk RNA-seq data of EC samples from the TCGA database were
analyzed using the GSVA package to perform ssGSEA on 22
immune cell-related functional signatures. Samples were strati ed
into high-, medium-, and low-immunity clusters, and their
enrichment patterns were visualized in a heatmap (Figure 4A).

Comparison of ssGSEA scores for macrophages, Treg cells, and
NK cells indicated that macrophages exhibited the highest immune
in Itration across EC samples (Figures 4B, C). The CIBERSORT
algorithm was applied to quantify the relative proportions of 22
immune cell subsets in TCGA-ESCA samples, using 1,000
permutations and retaining only results with p < 0.05. Correlation
heatmaps and bar plots demonstrated that neutrophils, eosinophils,
mast cells, dendritic cells, and macrophages were the most enriched
immune components within EC tissues (Figures 4D, E). Further
comparison of macrophage subset in Itration demonstrated that
M2 macrophages constituted the predominant TAM phenotype
within the TME (Figure 4F). Therefore, subsequent analyses
focused on elucidating the biological functions of M2
macrophages in EC.

Correlation between M2 macrophage
in Itration and patient prognosis in EC

To evaluate the prognostic signi cance of M2 macrophages in
EC, Cox proportional hazards regression was used to evaluate the
relationship between M2 macrophage abundance and overall
survival (0OS). Kaplan—Meier survival analysis revealed that
patients with elevated M2 macrophage in lItration had
signi cantly worse outcomes(Figure 5A).

To further explore the molecular characteristics of M2
macrophages, a WGCNA was conducted using the TCGA-ESCA
transcriptomic dataset comprising 13,461 genes. The top 25% of
genes ranked by expression standard deviation were selected for
network construction. Sample clustering con rmed that all samples
met quality criteria and showed minimal evidence of outliers
(Figure 5B). A soft-threshold power (b) of 4 was determined to
ensure scale-free topology (Figure 5C). Network parameters were
set as follows: minimum module size = 30, deepSplit = 2, and cut
height = 0.25, resulting in the identi cation of 33 co-expression
modules, each assigned a distinct color (Figure 5D). Correlation
analysis among the identi ed modules revealed largely independent
gene expression patterns (Figure 5E). The eigengene values of the 33
modules were calculated, and clustering analysis based on eigengene
correlations was performed to determine expression similarity
among modules (Figures 5F, G). To assess module robustness,
random resampling was applied to a subset of the dataset. All
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modules exhibited Z-scores greater than 2, indicating strong
preservation and stability within the network(Figure 5H). Among
the identi ed modules, only the brown module demonstrated a
signi cant and strongest positive correlation with the M2

Frontiers in Immunology

macrophage ssGSEA score (P < 0.05; Figure 5I). GO and KEGG
pathway enrichment analyses revealed that genes within the brown
module were predominantly associated with in ammatory
responses and cytokine-mediated signaling pathways, supporting

07 frontiersin.org


https://doi.org/10.3389/fimmu.2025.1659048
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Wei et al.

10.3389/fimmu.2025.1659048

FIGURE 2

their functional relevance to M2 macrophage in ltration
(Figure 5J). Therefore, genes from the brown module were
selected for subsequent analyses.

KEGG and GO function enrichment
analysis of M2 macrophage marker genes

WGCNA analysis showed that the Brown module gene had the
highest correlation with M2 macrophage in lItration in EC, which
contained 1304 genes. To further identify functionally relevant
genes, DEGs from the GEO dataset (GSE77861) were intersected
with these M2 macrophage—associated genes, yielding 111
overlapping candidates (Figures 6A, B). GO and KEGG analyses
revealed that these overlapping genes were mainly enriched in BP,
such as corni cation, epidermal development, and signal
transduction, as well as pathways including cytokine—cytokine
receptor interaction, retinol metabolism, estrogen signaling, and
steroid hormone biosynthesis (Figures 6C-E).

Frontiers in Immunology

The tSNE clustering analysis of single-cell RNA-seq data from esophageal cancer tissue samples was performed, along with cell annotation.
(A) Separate display of sample source of each cell cluster of tSNE cluster. (B) The 25 cell clusters were annotated as 12 cell types. (C) The heat map
of the top5 expression of the cell cluster marker gene. (D) The proportion of each cell type in 7 cancer samples.

A PPl network was constructed using STRING and
subsequently visualized in Cytoscape (Figure 6F). Based on node
degree ranking, the top 15 hub genes were identi ed: DSG1, KRT14,
DSC1, EVPL, KLK7, PPL, SCEL, SPINK5, CNFN, SPRR2G, SBSN,
A2ML1, CRCT1, KLKS5, and KRT15 (Figure 6G). By integrating
these hub genes with key pathway-enriched genes (RDH12, ADH?7,
SDR16C5, KRT13, KRT14, KRT15, SRD5A1, SULT2B1, CXCL14,
IL20RB, IL1RN, and IL36G), a total of 25 candidate genes were
obtained for subsequent analysis (Figure 6E).

Four M2 macrophage—associated genes
serve as prognostic biomarkers in EC

To identify M2 macrophage—associated genes with prognostic
relevance in EC, a multivariate Cox regression model was constructed
and optimized using bidirectional stepwise regression. Finally, 4 genes
(SPINK5, A2ML1, IL1RN, and IL36G) were obtained (Figure 7A). A
four-gene prognostic risk model was subsequently developed. The risk
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