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ABSTRACT

Cervical cancer is a prevalent malignancy among women, yet the involvement of neutrophils in its tumor microenvironment
remains insufficiently explored. This study utilized single-cell RNA sequencing (scRNA-seq) to delineate neutrophil subsets and
elucidate their roles in disease progression and prognosis. Analysis of 20 cervical biopsy samples across different disease stages
identified five neutrophil subsets (N0O-N4), among which the N4 subset exhibited a marked increase during disease advance-
ment. Spatial transcriptomics and tissue microarray analyses revealed that N4 neutrophils are enriched in tumor regions and are
associated with genes implicated in proliferation, metastasis, and immune evasion. Functional characterization demonstrated
that N4 promotes tumor progression via activation of the Wnt signaling pathway and extracellular matrix remodeling. A neu-
trophil infiltration-based risk model was established and validated through multi-omics approaches, highlighting its potential
in prognostic prediction. These findings underscore the pivotal role of N4 neutrophils in cervical cancer and provide valuable
insights for the development of targeted immunotherapies and personalized treatment strategies.

Abbreviations: BLCA, bladder cancer; BRCA, breast cancer; CC, cervical cancer; CESC, cervical squamous cell carcinoma; CON, control; CSCCs, cervical squamous
cell carcinomas; DEGs, differentially expressed genes; DFS, disease-free survival; EGF, epidermal growth factor; GO, gene ontology; HGF, hepatocyte growth factor;
HIF-1a, hypoxia-inducible factor 1-a; HSIL, high-grade squamous intraepithelial lesion; HVGs, highly variable genes; IARC, International Agency for Research on
Cancer; ICC, invasive cervical squamous cell carcinoma; KNN, K-nearest neighbor; LSIL, low-grade squamous intraepithelial lesions; MIC, microinvasive carcinomas
of the cervix; MMPs, matrix metalloproteinases; NES, normalized enrichment score; NETs, neutrophil extracellular traps; NO, nitrogen oxides; NSCLC, non-small
lung cell carcinoma; OS, overall survival; PBS, phosphate-buffered saline; PCA, principal component analysis; PDAC, pancreatic ductal adenocarcinoma; PDGF,
platelet-derived growth factor; ROC, receiver operating characteristic; ROS, reactive oxygen species; RPE, random priming and extension; SCRNA-seq, single-cell RNA
sequencing; TAN, tumor-associated neutrophils; TMA, tissue microarray; TME, the tumor microenvironment; UMAP, unified manifold approximation and projection;
uPA, urokinase plasminogen activator; WHO, World Health Organization; WTA, whole transcriptome amplification.
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1 | Introduction

Cervical cancer (CC) is one of the most common malignant
tumors in women worldwide. According to the International
Agency for Research on Cancer (IARC) and the World Health
Organization (WHO), approximately 600,000 new cases were
diagnosed in 2020, accounting for 7.5% of female cancers, mak-
ing it the fourth most common cancer among women globally.
Cervical cancer causes about 340,000 deaths annually, predom-
inantly in developing countries, ranking as the fourth leading
cause of cancer-related death in women worldwide [1]. Despite
active cervical cancer screening programs and HPV vaccina-
tion efforts by WHO and national health agencies, CC remains
a major global health challenge, especially in low- and middle-
income countries [2]. Therefore, high incidence and mortality
rates persist despite prevention advances.

The development of cervical cancer is closely linked to human
papillomavirus (HPV) infection, an oncogenic virus associated
with nearly all CC cases [3]. Following HPV infection, genomic,
transcriptomic, and epigenetic changes accumulate progres-
sively in cervical epithelial cells, leading to cancer through
various stages and pathways. The typical progression involves
persistent HPV infection, low-grade squamous intraepithelial
lesions (LSIL), high-grade squamous intraepithelial lesions
(HSIL), and, if untreated, invasive cervical cancer [4]. This
multi-stage process offers a valuable window to study early
tumor evolution.

The tumor microenvironment (TME) plays a critical role in CC
development. It comprises diverse cell types, cytokines, chemo-
kines, extracellular matrix, and vasculature, which collectively
regulate tumor proliferation, metastasis, and immune evasion
[5]. Among infiltrating immune cells, neutrophils—accounting
for ~70% of peripheral white blood cells—are especially abun-
dant. They participate in innate immunity and influence tumor
progression via various mechanisms.

Recent studies show neutrophils exert dual roles in tumors.
They can promote tumor growth, angiogenesis, and metastasis
by secreting cytokines, chemokines, reactive oxygen species,
and forming neutrophil extracellular traps (NETs) that facili-
tate circulating tumor cell capture and metastasis (“pro-tumor
effects”) [6]. Conversely, under certain conditions, neutrophils
exhibit anti-tumor activity, including direct tumor cell killing
and inhibition of progression [7]. Thus, neutrophil function
in the TME depends on tumor type, immune complexity, and
treatment context.

Specifically in cervical cancer, our previous study applied
single-cell RNA sequencing (scRNA-seq) to cervical biopsies
from 5 healthy controls, 4 HSIL patients, 5 microinvasive carci-
noma (MIC) patients, and 6 invasive cervical carcinoma (ICC)
patients, analyzing transcriptomes of 120,400 cells [8]. We iden-
tified characteristic neutrophil changes during cervical lesion
progression and their immune infiltration patterns. Notably, a
novel neutrophil subset correlated with cancer progression and
poor prognosis. Based on this, we developed a prognostic model
emphasizing neutrophils’ pivotal role in cervical carcinogenesis

and providing a potential biomarker for early diagnosis, treat-
ment selection, and prognosis.

2 | Methods
2.1 | Patient Information and Sample Collection

Twenty cervical biopsies were collected from Tongji Hospital, in-
cluding 5 healthy controls (HPV™), 4 high-grade intraepithelial
neoplasia (HPV™), 5 microinvasive cervical carcinoma (HPV™*), and
6 invasive cervical squamous cell carcinoma (HPV™). Fresh tissues
were processed for scRNA-seq. Controls had normal cervices and
underwent hysterectomy for uterine fibroids (Table S1) [9].

2.2 | Preparation of Cell Suspension

Tissues were stored in MACS solution, minced (~1 mm?), and
digested with collagenase I and DNase I at 37°C for 45min.
Samples were washed, filtered (70 um), centrifuged, and treated
with erythrocyte lysis buffer. Cells were washed again (PBS
with 0.04% BSA), filtered (40pm), and viability assessed by
Calcein-AM and Draq7 staining.

2.3 | ScRNA-Seq Sequencing

Using the BD Rhapsody system, single cells were captured in
microwells and paired with barcoded microbeads. After cell
lysis, mRNA hybridized to beads, followed by reverse transcrip-
tion, cDNA amplification, and library construction. Libraries
were quantified and sequenced with 150bp paired-end reads on
an Illumina platform.

2.4 | Alignment, Quantification and Quality
Control of scRNA-Seq Data

Reads were aligned to GRCh38 using BD software. Cells with
fewer than 200 or over 6000 detected genes, or > 50% mitochon-
drial gene expression, were excluded. Genes expressed in fewer
than three cells were removed.

2.5 | Data Normalization and Feature Selection

UMI counts were normalized and log-transformed using
Scanpy. The top 2000 highly variable genes were selected for
downstream analysis.

2.6 | Dimensionality Reduction and Cluster
Analysis

Data were scaled and reduced to 50 principal components by
PCA. A neighborhood graph was constructed, and cells were
clustered by the Louvain algorithm (resolution 0.5). UMAP was
used for visualization.
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2.7 | Differential Expression Analysis
and Annotation

Cluster marker genes were identified via Wilcoxon rank-sum
test (adjusted p <0.05, log, fold change > 1).

2.8 | Functional Enrichment Analysis

GSEA was performed with gseapy using hallmark and KEGG
gene sets from MSigDB. Differential gene enrichment used
clusterProfiler, both with default settings. The “AUCell” func-
tion was used to calculate the proportion of cells in each cluster
with enrichment of genes in the input KEGG gene set from the
area under the curve values. The gene expression of cells was
extracted from annotated Harmony objects.

2.9 | Trajectory Analysis

Cell similarity was computed from PCA data to build a KNN
graph. The PageRank algorithm identified key cell states along
trajectories, visualized on UMAP to reveal progression from
normal to cancerous states.

2.10 | Survival Analysis

Kaplan-Meier survival curves and log-rank tests were con-
ducted using the lifelines package.

2.11 | Intercellular Interactions

CellPhoneDB identified ligand-receptor pairs between cell
types, with results visualized by Circos plots.

2.12 | Spatial Transcriptome Analysis

Stereo-seq data were processed with Stereopy using a bin size of
100 spots (~49.72 X 49.72 um) for spatial analysis.

2.13 | Cohort and Immunohistochemistry

Tissue microarrays (85 tumors, 22 adjacent tissues) from
Shanghai Outer Biotechnology were stained via the biotin-
avidin complex method with antibodies against CK5 (1:400;
#71536, Cell signaling), FPR1 (1:400; YT1768, Immunoway),
SH3BP5 (1:200; 11127-2-AP, Proteintech). Imaging and quan-
tification were performed using SVI Huygens Suite and HALO
platforms.

2.14 | Construction and Validation
of the Prognostic Model

LASSO Cox regression established a prognostic model based on
neutrophil infiltration. Validation used TCGA-CESC survival

data and ROC curve analysis via the pROC package. The risk
score and clinicopathological variables were integrated to con-
struct a nomogram.

2.15 | Statistical Analysis

Statistical tests were performed in R using Student's t-test
or Wilcoxon test with Bonferroni correction. Significance
was defined as two-sided p <0.05. Differential expression re-
quired llogFCl>1 and adjusted p <0.05 (*p <0.05, **p <0.01,
#%p < 0.001).

3 | Results

3.1 | Correlation Between the Characteristics
of Neutrophil Subsets and Cervical Lesions

The study workflow is shown in Figure 1A. We performed
single-cell RNA sequencing (scRNA-seq) on 20 cervical biopsy
specimens comprising 5 healthy controls (CON), 4 high-grade
squamous intraepithelial lesions (HSIL), 5 microinvasive cervi-
cal carcinoma (MIC), and 6 invasive cervical squamous cell car-
cinoma (ICC) samples. Based on canonical marker expression,
nine major cell types were identified, including T cells, B cells,
squamous and columnar epithelial cells, macrophages, neutro-
phils, mast cells, fibroblasts, and endothelial cells 9. A total of
2838 neutrophils were isolated for subsequent analysis [8].

Using Uniform Manifold Approximation and Projection (UMAP),
we subclustered neutrophils into five discrete subsets (NO to N4)
with distinct transcriptional profiles (Figure 1B-D). Notably, the
proportions of N2 and N4 subsets increased progressively with
disease severity, from CON to HSIL, MIC, and ICC (Figure 1E),
implicating these subpopulations in cervical lesion progression.

Differential gene expression (DEG) analysis revealed subset-
specific signatures: NO cells overexpressed IL4R, suggesting
involvement in inflammatory regulation; N1 cells upregulated
GLIPR1, possibly linked to proliferation or immune modula-
tion; N2 cells expressed IFITM1, indicative of interferon and
antiviral responses; N3 cells showed high CXCR1/2 expression,
supporting a role in inflammation; while N4 cells were enriched
for genes such as PLAU, CCL4L2, SH3BP5, and LPCAT1, which
are implicated in tumor proliferation, metastasis, and immune
regulation (Figure 1F,G, Figure S1A,B). PLAU was chosen as a
representative marker for the N4 subset to facilitate functional
and clinical investigations.

These data delineate neutrophil heterogeneity within cervical le-
sions and highlight the N4 subset as a potential key driver in the
tumor microenvironment (TME) and malignant transformation.

3.2 | Functional Changes and Prognostic Effects
of Neutrophil Subsets in the Progression of Cervical
Lesions

To investigate functional alterations of neutrophil subsets
during cervical lesion progression, we conducted pathway
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FIGURE 1 | Neutrophil heterogeneity during cervical lesion progression. Single-cell transcriptomic analysis revealed five neutrophil subsets
across healthy controls (CON), HSIL, MIC, and ICC stages, with distinct cluster distributions and marker gene expression. (A) Workflow of single-
cell neutrophil analysis. (B) UMAP showing five neutrophil clusters (n =2838). (C) UMAP colored by clinical group. (D) UMAP colored by sample
ID. (E) Proportional changes in neutrophil subsets across lesion stages. (F) Dot plot of canonical neutrophil markers across clusters. (G) UMAP high-
lighting representative markers per cluster. Subset annotation was performed using Seurat; comparisons used Wilcoxon tests (p <0.05).

enrichment analyses using GO, KEGG, and Progeny, ssGSEA
(Figure 2A, Figure S4A-E). Neutrophils in ICC samples
showed pronounced activation of cell cycle-related pathways
(G2/M checkpoint, MYC targets, E2F targets) and interferon
signaling, potentially reflecting HPV infection-associated on-
cogenic processes.

Among neutrophil subsets, only N4 showed significant enrich-
ment of immune-related pathways, indicating an immune-
active phenotype within the TME (Figure 2C,D, Figure S2A-H).
Progeny analysis also associated N4 with hypoxia signaling,
suggesting adaptation to the tumor's hypoxic microenvironment
(Figure 2B).
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FIGURE 3 | Intercellular communication between neutrophils and other cell types. N4 subset showed distinct ligand-receptor interactions with
epithelial and immune cells in cervical lesions. (A) Circos plots of ligand-receptor interactions in CON, HSIL, MIC, and ICC. (B) Heatmap showing
correlations between neutrophils and T cell subsets. (C) Heatmap of correlations between neutrophils and epithelial subsets. (D) Dot plot of interac-

tions with fibroblasts, macrophages, ECs, and T cells. (E) Neutrophil-T cell ligand-receptor interaction profiles. (F) Neutrophil-epithelial interaction

profiles. Interactions were inferred using CellPhoneDB with p.adjust <0.05.

Transcription factor inference revealed elevated ETS2 [9] and
BHLHE40 [10] (inflammatory activation), SOX6 [11] (hypoxia
adaptation), and WNT-related NKX3-1 [12], indicating coordi-
nated transcriptional reprogramming (Figure S3F). Consistently,
AUCell scoring showed N4 had the highest TNFa, T-cell receptor,
hypoxia, and oxidative phosphorylation activity (Figure 2E-G).

Pseudotime trajectory analysis via Monocle2 identified two
major differentiation branches with N4 and N2 subsets posi-
tioned at terminal, mature differentiation states (Figure 2H,I),
implicating these as effector neutrophils during tumor
progression.

Survival analysis using TCGA cervical cancer data demon-
strated that higher N4 gene signature expression was sig-
nificantly correlated with worse overall survival (Figure 2J),
underscoring the prognostic relevance of this subpopulation.
Additionally, preliminary stratification by HPV16/18 revealed
distinct functional enrichment (Figure S3A-E).

Overall, these analyses suggest high N4 expression may promote
tumor progression via inflammatory, hypoxic, and WNT signal-
ing pathways during cervical lesion development.

3.3 | Intercellular Interactions of Neutrophils
in the Microenvironment of Cervical Lesions
and Their Effects on Tumor Progression

To understand neutrophil crosstalk with other cell types,
we analyzed ligand-receptor interactions among neutro-
phils, endothelial cells, fibroblasts, macrophages, and T
cells at different disease stages (Figure 3A). With lesion
progression, interaction frequency and strength increased,
notably endothelial-neutrophil pairs (e.g., CD93_IFNGRI,
CXCL1_CXCR1/2) facilitating neutrophil transendothelial
migration; fibroblast-neutrophil interactions (APP_CD74,
CXCL8_CXCR1/2) promoting chemotaxis; and macrophage-
neutrophil signaling (CCL5/8_CCR1) enhancing inflamma-
tion (Figure 3D).

Correlation analyses revealed strong associations between
the N4 neutrophil subset and tumor epithelial cells, as well as
exhausted/activated T cell subsets T2 and T3 (Figure 3B,C).
Functionally, N4 cells interact with tumor cells through
HBEGF_EGFR and HBEGF_ERBB?2 signaling, which promote
tumor proliferation and with T cell subsets via CCL3/4_CCR1/5
chemokine axes, potentially driving T cell dysfunction and im-
munosuppression (Figure 3E,F).

Mechanistically, activation of EGFR and ERBB2 by N4-derived
HB-EGF is known to initiate canonical oncogenic cascades,

including the MAPK/ERK and PI3K/AKT pathways, which
drive proliferation, survival, and immune evasion in epithelial
cancers [13, 14]. HB-EGF has also been reported to enhance
EGFR signaling and reinforce mitogenic responses in the tumor
microenvironment [15].

Collectively, these findings identify the N4 subset as a key im-
munoregulatory population promoting tumor growth and im-
mune escape in cervical cancer.

3.4 | Spatial Distribution and Role of N4
Subpopulation in Tumor Cell Function

To spatially characterize N4 neutrophils and their interaction
with tumor cells, we integrated scRNA-seq data with spatial
transcriptomics from 15 cervical squamous cell carcinoma sam-
ples (Stereo-seq) (Figure 4A, Figure S5A) [16]. This enabled spa-
tial mapping of neutrophil subsets, tumor cells, and fibroblasts
(Figure 4B, Figure S5B-C).

Comparing tumor regions enriched or deficient in N4 cells,
tumor cells in N4-rich areas exhibited upregulated expression of
inflammation-related genes (IGF2R, SLC26A3, S100A6), prolif-
eration markers (RPLP1, RPS8, RPLP2), and Wnt pathway com-
ponents (IGFBP7) (Figure 4C,D).

GO and KEGG analyses implicated viral response, extracellular
matrix remodeling, hypoxia, and immune signaling pathways
in these regions (Figure 4F,G). Progeny pathway scoring further
identified elevated Wnt, TGF-@, and hypoxia signaling—path-
ways crucial for epithelial-mesenchymal transition (EMT) and
metastasis—in tumor cells co-localized with N4 neutrophils
(Figure 4E).

These data highlight the spatial and functional role of N4 neu-
trophils in fostering a pro-tumor microenvironment, thereby
contributing to cervical cancer progression.

3.5 | Tissue Microarray-Based Analysis of N4
Subgroup Infiltration and Its Association With
Clinical Characteristics and Prognosis in
Cervical Cancer

To validate the clinical relevance of the N4 neutrophil sub-
set, we conducted multiplex immunofluorescence staining on
a cervical cancer tissue microarray (TMA) cohort compris-
ing 83 tumor samples and 10 paired adjacent normal tissues
(Table S2). The N4 subset was identified by co-expression
of the neutrophil marker FPR1 and the N4-specific marker
SH3BPS5 (Figure 5A,B).
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FIGURE4 | Spatial transcriptomics of N4-enriched tumor regions. Integration of single-cell and spatial data identified gene expression patterns in N4-
rich tumor niches. (A) Spatial clustering of cell populations. (B) Spatial expression of key marker genes. (C) Definition of N4-enriched and N4-deficient
tumor regions. (D) Volcano plot of DEGs between regions. (E) Progeny pathway scores in tumor cells from each region. (F) GO enrichment in N4-enriched

region. (G) KEGG enrichment in N4-enriched region. Spatial data analyzed using Seurat and clusterProfiler; DEG cutoff [log,FCI> 1, adj.p <0.05.

Survival analyses demonstrated that higher infiltration levels
of the N4 subset significantly correlated with poorer overall
survival (OS) and disease-free survival (DFS) among cervical
cancer patients (Figure 5C,D), corroborating findings from the
TCGA cohort. Moreover, patients with tumor recurrence or
lymph node metastasis exhibited significantly elevated N4 in-
filtration compared to their counterparts without these clinical
events (Figure 5E,F).

Further stratification by clinical stage revealed that the infiltra-
tion ratio of the N4 subset increased progressively from stage I
to stage III (Figure 5G), implicating this subpopulation in tumor
progression. Additionally, cervical squamous cell carcinoma
samples showed higher N4 infiltration compared to other histo-
logical subtypes (Figure 5H).

Collectively, these data confirm the presence and clinical impact
of the N4 neutrophil subset in cervical cancer, suggesting its po-
tential as a prognostic biomarker and therapeutic target.

3.6 | Evaluation of Prognostic Features Based on
Neutrophil Infiltration

To systematically evaluate the prognostic value of neutrophil
infiltration, we employed a deconvolution approach to infer
neutrophil subset proportions in TCGA cervical cancer bulk
RNA-seq data. Utilizing LASSO Cox regression, we developed a
risk score model based on neutrophil infiltration levels.

Patients were stratified into high-risk (n=126) and low-risk
(n=126) groups according to the median risk score (cut-
off=0.5174). Kaplan-Meier analysis revealed significantly re-
duced overall survival in the high-risk group (Figure 6A,C,
Table S3). Time-dependent ROC curves demonstrated moder-
ate predictive performance for 1-, 2-, and 3-year OS with AUCs
ranging from 0.63 to 0.67 (Figure 6D-F), supported by high
precision-recall (PR) curve AP values (Figure S5E).

To enhance clinical applicability, we further constructed a prog-
nostic nomogram integrating the risk score with age (>60 vs.
<60years). The nomogram allowed individualized prediction
of 1-, 3-, and 5-year overall survival by mapping total points
derived from each variable (Figure 6B). Calibration analysis
demonstrated favorable agreement between predicted and ob-
served outcomes, supporting the robustness of the model in clin-
ical risk stratification.

Consistent with prior findings, the high-risk group showed in-
creased infiltration of the N4 subset (Figure 6H). Immune cell
infiltration analysis using CIBERSORT revealed enhanced in-
filtration of plasma cells and mast cells in the low-risk group
(Figure 6G), potentially reflecting stronger antiviral immune
responses.

Functional enrichment of DEGs between risk groups high-
lighted upregulation of cell cycle (G2M checkpoint, E2F
targets), interferon response (IFN-o/y), and inflammatory
pathways (IL-6/JAK/STAT3 signaling) in the high-risk co-
hort (Figure 6I). Progeny pathway analysis further identified
activation of MAPK, NF-xB, and hypoxia pathways linked
to tumor aggressiveness in the high-risk group (Figure 67,
Figure S5F).

These results indicate that neutrophil infiltration patterns, es-
pecially N4 dominance, are associated with adverse prognosis
and distinct tumor-immune microenvironment characteristics
in cervical cancer.

3.7 | Analysis of Immune Activity and Invasion
Characteristics of the Tumor Microenvironment in
High-Risk Group Cervical Cancer: A Study Based on
Multi-Omics Data

To further dissect molecular differences underlying risk strati-
fication, we integrated our single-cell data with bulk transcrip-
tome and proteome datasets (n=96) (Table S4) [17]. Gene set
variation analysis (GSVA) revealed enrichment of immune and
inflammatory hallmark pathways—including interferon re-
sponse, IL-6/JAK/STAT3 signaling, and allograft rejection—in
the high-risk group at both RNA and protein levels (Figure 7A,
Figure S5G).

GO analysis of transcriptomic data emphasized chemok-
ine receptor binding and lymphocyte chemotaxis pathways
(Figure 7B), reflecting enhanced immune cell recruitment
to the tumor microenvironment. Proteomic data similarly
showed enrichment of innate immune activation pathways
(Figure 7C).

Notably, GSEA identified chemokine-related pathways as top
enriched in the high-risk group, supporting increased cell mi-
gration and tumor dissemination potential (Figure 7D). Progeny
pathway activity further confirmed upregulation of MAPK, NF-
xB, and hypoxia signaling, consistent with aggressive tumor bi-
ology (Figure 7E,F).

Differential expression analyses highlighted immune response
genes, extracellular matrix remodeling factors, and invasion-
associated molecules as significantly upregulated in the high-
risk group at RNA (e.g., IGKV1D-13, CCL18, MMP1, RHOXF?2,
PVRIG2P) and protein levels (e.g., TIPRL, CDK6, ANXAS)
(Figure 7G-I). These findings underscore enhanced immune
activity, tumor invasiveness, and proliferation as hallmarks of
the high-risk cervical cancer microenvironment.

Together, multi-omics evidence reinforces the critical role
of neutrophil-mediated immune modulation in cervical
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FIGURE 6 | Prognostic model based on neutrophil infiltration in TCGA-CESC. A risk score model based on neutrophil features stratifies patients
for survival prediction. (A) Distribution of risk scores and survival status. (B) Risk model and clinical information column chart. (C) Kaplan-Meier
survival by risk group. (D-F) ROC curves for 1-, 2-, and 3-year mortality prediction. (G) Immune cell infiltration between high- and low-risk groups
(CIBERSORT). (H) Distribution of NO-N4 subsets by risk group. (I) GSVA analysis of DEGs. (J) Progeny pathway activity scores. Model constructed

using LASSO Cox regression; p.adjust <0.05 considered significant.

cancer progression and provides molecular targets for therapeu-
tic intervention.

4 | Discussion

Neutrophils are the most abundant circulating leukocytes in
human blood, playing a critical role in defending against mi-
crobial infections and rapidly responding to tissue damage.
Despite their prominence, the functional diversity of neutro-
phils has been less explored compared to other myeloid cells.
Recent advances in technologies such as in vivo imaging,
high-dimensional transcriptomics, and epigenomics have re-
vealed significant heterogeneity of neutrophils in healthy tis-
sues [18, 19].

Neutrophils contribute to collateral tissue damage during
inflammation, yet they also play vital roles in tissue regener-
ation [20, 21]. This duality is evident in tumor-associated neu-
trophils (TANs), which can exhibit pro-tumor or anti-tumor
functions [22]. Classically, N1 neutrophils mediate anti-tumor
effects via cytotoxic molecules such as reactive oxygen spe-
cies (ROS) and nitrogen oxides (NO) [23], and recruit effector
immune cells through cytokines including TNF-a and IL-12,
enhancing anti-tumor immunity [24, 25]. However, within
the evolving tumor microenvironment (TME), N1 neutrophils
can convert to the pro-tumor N2 phenotype, losing their anti-
tumor function [26].

Conversely, N2 neutrophils promote tumor progression by se-
creting vascular endothelial growth factor (VEGF) to stimulate
angiogenesis, providing nutrients and oxygen to tumor cells
[27]. They also facilitate tumor invasion and metastasis through
matrix metalloproteinases (MMPs) secretion [6]and suppress
anti-tumor immune responses by releasing immunosuppressive
factors like IL-10, impairing T cell and dendritic cell function
[28]. These mechanisms underline the critical role of N2 neutro-
phils at various tumor progression stages [29].

In this study, we applied single-cell RNA sequencing to analyze
neutrophils in cervical cancer tissues, aiming to elucidate their
role in disease progression. We examined 20 biopsy samples
spanning healthy controls (CON), high-grade cervical intraep-
ithelial neoplasia (HSIL), microinvasive cervical cancer (MIC),
and invasive cervical squamous cell carcinoma (ICC). Single-
cell transcriptomics identified nine major cell types, with a
focus on neutrophil subpopulations revealing their significant
involvement in the immune response and tumor microenviron-
ment of cervical cancer.

A novel neutrophil subset, N4, was identified, characterized by
high expression of PLAU, CCL4L2, SH3BP5,and LPCAT1. PLAU
encodes urokinase plasminogen activator (uPA), which cata-
lyzes plasminogen to plasmin, facilitating tumor cell migration,

proliferation, and drug resistance [30]. Overexpression of PLAU
correlates with poor prognosis in multiple cancers includ-
ing bladder, head and neck, lung, breast, and cervical cancers
[31-37]. Notably, PLAU also relates to neutrophil infiltration,
especially in bladder cancer, providing insights into neutrophil
subsets in cervical cancer [31].

Our findings showed N4's specific PLAU upregulation in cer-
vical lesions, potentially linking this subpopulation to tumor
infiltration and progression. Functionally, N4 was enriched in
immune response pathways such as immune receptor activity,
immunoglobulin production, and molecular mediator synthe-
sis, indicating a highly inflammatory state. This may enhance
N4's infiltration into the tumor microenvironment and promote
tumor proliferation through interaction with tumor cells.

Neutrophils are known to secrete growth factors like EGF,
HGF, and PDGF related to tumor progression [38, 39]. In our
study, N4 interacted with tumor cells via HBEGF_EGFR and
HBEGF_ERBB2 signaling, promoting tumor cell proliferation.
Importantly, engagement of EGFR and ERBB2 by N4-derived
HBEGEF is likely to trigger canonical oncogenic cascades, in-
cluding MAPK/ERK and PI3K/AKT signaling, which are
well-established drivers of tumor proliferation, survival, and
resistance in epithelial malignancies [14, 25]. This suggests that
N4-tumor cell interactions reinforce proliferative signaling
beyond ligand-receptor binding, directly integrating into key
cancer-associated pathways. The interaction between HBEGF
and EGFR/ERBB2 has been implicated in tumor proliferation
and metastasis across cancers, including pancreatic ductal ad-
enocarcinoma [40]. Thus, N4 may drive tumor malignancy
through these pathways.

Spatial transcriptomics revealed that N4 cells predominantly
localized near tumor cells. Within these infiltration zones,
tumor cells exhibited upregulated WNT, hypoxia, and viral
infection signaling. The WNT pathway, closely linked to HPV
infection, is crucial in cervical cancer development, driving
tumor proliferation and metastasis [41-43]. Additionally,
TMA analysis demonstrated that higher N4 infiltration cor-
related with adverse clinical outcomes, such as recurrence,
lymph node metastasis, and advanced tumor stage. This sug-
gests that N4 may exacerbate tumor malignancy via WNT
pathway activation.

Tumor cells in N4 infiltration areas also showed elevated
hypoxia-inducible factor 1-a (HIF-1a) signaling. Hypoxia favors
neutrophils due to their glycolytic metabolism [44]. HIF-1a pro-
motes PD-L1 expression and inhibits cytotoxic T cell activity,
while TANs contribute to hypoxic niches by damaging vascula-
ture, thus facilitating tumor metastasis [45]. These data suggest
N4 infiltration not only modulates tumor metabolism but also
enhances invasiveness and metastasis through HIF pathway
regulation.
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Single-cell ligand-receptor analysis uncovered dynamic interac-
tions between N4 neutrophils and other cell types—including
tumor cells, fibroblasts, endothelial cells, T cells, and macro-
phages—during disease progression. These interactions likely
promote neutrophil migration, activation, and immune suppres-
sion. Keymediatorsincluded CD93_IFNGR1,CXCL1_CXCR1/2,
ICAM1_integrin complexes, APP_CD74, CXCL8_CXCR1/2,
THY1_ADGRES, and CCL5/8_CCR1, CXCL12_CXCR4 path-
ways, consistent with prior findings highlighting cytokines and
chemokines involved in TAN epigenetic regulation and tumor
immune microenvironment modulation [46, 47].

Overall, the N4 subpopulation aligns more closely with N2-type
neutrophils, yet it uniquely expresses TNF-related pathways,
differing from classical N2 profiles. Our pseudotime analysis
indicated that N4, like N2, resides at terminal differentiation
stages. We conducted an in-depth investigation into the mo-
lecular mechanisms underlying the N4 phenotype. Through
transcription factor network analysis, we identified ETS2 [9]
and BHLHE40 [10] (inflammation-related), SOX6 [11] (hypoxia-
related), and NKX3-1 [12] (WNT signaling pathway-related)
as potential regulatory factors. Furthermore, pathway scoring
based on cell culture experiments revealed that the tumor mi-
croenvironment (TME) exhibited the highest levels of TNFx
signaling, TCR signaling, hypoxia, and oxidative phosphory-
lation. Spatial transcriptomics analysis confirmed that N4 reg-
ulates TNF and WNT-related signaling pathways in the TME.
Collectively, these findings demonstrate that inflammation,
hypoxia, and WNT-related signaling collectively drive N4's
functional differentiation and tumor-promoting effects. We
also speculate that N4 likely maintains tumor inflammation
via secretion of IL-8, TNF-o, and modulates the microenvi-
ronment through CXCR2, CCL3, and ICAM-1, fostering tumor
progression.

Our neutrophil infiltration-based risk scoring model provides a
novel prognostic tool for cervical cancer. Evaluating neutrophil
subsets enables more precise survival predictions, critical for
personalized therapy. The low-risk group exhibited higher im-
mune infiltration, especially plasma cells and mast cells, poten-
tially reflecting immune responses to HPV infection—the main
etiological factor in cervical cancer [3, 48]. Differences in im-
mune infiltration likely reflect mechanisms of immune escape
and highlight targets for immunotherapy development.

Multi-omics validation (RNA-seq and proteomics) confirmed
the high-risk group’s tumor microenvironment featured im-
mune activation and inflammation. GO enrichment indicated
immune cell chemotaxis and response pathways, supporting
immune cell migration and tumor progression. Of note, progeny
pathway analysis revealed upregulation of MAPK and NF-kB
pathways, and the enrichment of MAPK signaling is consis-
tent with our finding that N4 promotes tumor cell proliferation
through EGFR/ERBB?2 activation. This convergence highlights
MAPK as a central downstream mediator of neutrophil-tumor
crosstalk in cervical cancer.

These molecular signatures elucidate the unique tumor micro-
environment in high-risk patients, enhancing understanding
of cervical cancer progression and providing avenues for novel

therapeutic targets, including immune escape, cell migration,
and tumor microenvironment interactions.

Limitations include the small sample size (20 samples) and lack
of in vitro/in vivo functional validation, which may affect gener-
alizability. Single-cell RNA-seq may underdetect low-abundance
cells; future studies should expand sample size and integrate tech-
niques like flow cytometry. Additionally, the prognostic model re-
quires validation in larger clinical cohorts. Future work should
explore N4's role in immune escape, develop targeted therapies,
and validate clinical applications, offering new strategies for im-
munotherapy and personalized cervical cancer treatment.

This study applied single-cell RNA sequencing to reveal neutro-
phil heterogeneity in cervical lesions, emphasizing the immuno-
regulatory functions of distinct neutrophil subsets, particularly
the novel N4 subset. By driving EGFR/ERBB2-MAPK/ERK
and PI3K/AKT signaling, N4 promotes tumor progression, me-
tastasis, and immune evasion via interactions with tumor and
immune cells and may serve as a biomarker for poor prognosis.
These findings provide insight into neutrophil-mediated tumor
immunity and suggest targeting neutrophil subpopulations as a
potential therapeutic strategy to improve immunotherapy out-
comes in cervical cancer.
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