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Abstract

Background: Epithelial ovarian cancer (EOC) is typically diagnosed at an advanced stage and is associated with high mortality due to
metastasis and chemoresistance. Cancer stem cells (CSCs) are central to EOC progression, recurrence, and treatment resistance, with their
functional behavior shaped by the tumor immune microenvironment. While M1 and M2 macrophages have been well-characterized, the
role of interferon-stimulated gene-enriched subpopulations, particularly interferon-induced protein with tetratricopeptide repeats 1 tumor-
associated macrophages (IFIT1+ TAMs), in regulating CSC properties in EOC remains largely unexplored. Methods: Single-cell RNA
sequencing (scRNA-seq) was utilized tomap themyeloid landscape and trace transcriptomic evolution in EOC.An in vitro indirect culture
model utilizing unpolarized macrophage (M0)-conditioned medium (CM) was established to assess baseline phenotypic alterations.
Furthermore, targeted siRNA silencing (si-TNFRSF10B) combined with recombinant human tumor necrosis factor ligand superfamily
member 10 (TNFSF10) (rhTRAIL) treatments were employed to evaluate the specific impact of the TNF-related apoptosis-inducing
ligand (TRAIL)-Death receptor 5 (DR5) signaling axis on multidrug resistance and CD44 expression. Results: High-resolution scRNA-
seq analysis revealed a stage-dependent decline in IFIT1+ TAMs, an interferon-primed subset that robustly expresses the TNFSF10
ligand during early-stage disease. In vitro assays showed that conditioned medium from M0 macrophages suppresses CSC features and
enhances expression of the tumor necrosis factor receptor superfamily member 10B (Death receptor 5) (TNFRSF10B/DR5) in EOC cells.
Mechanistic studies confirmed that exogenous rhTRAIL treatment markedly diminished CD44+ cell populations and enhanced sensitivity
to chemotherapeutic agents. Notably, these antitumor effects were largely abrogated following siRNA-mediated silencing of the DR5
receptor in EOC cell lines. Conclusions: Our findings reveal that IFIT1+ tumor-associated macrophages intrinsically harbor anti-cancer
stem cell potential through the TNFSF10 ligand. Activation of the TNFSF10-TNFRSF10B pathway suppresses cancer stemness and
may enhance chemosensitivity. These insights shed light on the functional diversity of macrophages, highlighting that driving tumor-
associated macrophages toward a sustained, interferon-primed IFIT1+ phenotype represents a promising therapeutic approach to target
cancer stem cell populations in epithelial ovarian cancer.
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1. Background

Epithelial ovarian cancer (EOC) ranks among themost
prevalent and deadly gynecological cancers, contributing
substantially to cancer-related mortality in women glob-
ally [1]. Although surgical and chemotherapeutic strate-
gies have advanced, the prognosis for EOC patients remains
dismal, largely owing to frequent tumor recurrence and ac-
quired chemoresistance [2]. Cancer stem cells (CSCs), a
distinct subset of tumor cells endowed with self-renewal

and multilineage differentiation potential, are widely re-
garded as central orchestrators of tumor initiation, progres-
sion, and therapeutic resistance [3]. The stem-like attributes
of CSCs underlie the pronounced heterogeneity and aggres-
sive behavior of EOC, presenting a formidable barrier to
effective therapeutic intervention [4]. Therefore, under-
standing the mechanisms that regulate CSC behavior has
emerged as a critical area of research in EOC therapy [5].

The tumor microenvironment (TME) exerts a decisive
influence on shaping cancer stem cell traits and driving tu-
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mor evolution [6]. Among the various immune cells in the
TME, macrophages are particularly influential due to their
plasticity and diverse functional states [7]. Traditionally,
macrophages in the TME have been categorized into the
classically activatedM1 phenotype and the alternatively ac-
tivated M2 phenotype [8]. However, this simplistic binary
paradigm is increasingly recognized as insufficient to cap-
ture the full spectrum of macrophage plasticity and func-
tional heterogeneity in vivo. Recent pan-cancer single-cell
transcriptomic analyses have identified conserved interme-
diate or interferon-responsive states, notably the IFIT1+
tumor-associated macrophages (TAMs), which are charac-
terized by the robust expression of interferon-stimulated
genes (ISGs) [9,10]. While the roles of M1 and M2
macrophages in cancer progression have been extensively
studied, the functions of these IFIT1+ TAMs continue to be
poorly understood [11]. This knowledge gap limits our un-
derstanding of how macrophage heterogeneity influences
EOC stemness and clinical outcomes, ultimately hindering
our ability to develop targeted therapies and improve patient
prognoses.

The primary objective of this study is to elucidate
the relationship between different macrophage functional
states and CSCs in EOC by combining bioinformatics anal-
ysis with clinical data from The Cancer Genome Atlas
(TCGA) database [12] and in vitro experiments. Specif-
ically, by analyzing treatment-naive EOC cohorts to pre-
serve the unperturbed tumor immune landscape, we aim
to explore how IFIT1+ TAMs regulate the stem cell char-
acteristics and chemoresistance of EOC to influence tu-
mor progression. After initially observing the distinct ef-
fects of general macrophage polarization states on CSCs
in vitro, we utilized single-cell RNA sequencing to iden-
tify the specific TAM subpopulation driving these phe-
notypes. Through comprehensive ligand-receptor valida-
tion and molecular rescue experiments utilizing siRNA-
mediated tumor necrosis factor receptor superfamily mem-
ber 10B (Death receptor 5) (TNFRSF10B/DR5) knockdown
alongside exogenous tumor necrosis factor ligand super-
family member 10 (TNFSF10) protein, we seek to uncover
novel signaling pathways and molecular mechanisms un-
derlying macrophage-CSC interactions, which would pro-
vide new insights into EOC biology andmore effective ther-
apeutic targets.

2. Methods
2.1 Data Collection

RNA sequencing data and associated clinical meta-
data for EOC were obtained from TCGA database (accessi-
ble at https://portal.gdc.cancer.gov). Raw counts in Spliced
Transcripts Alignment to a Reference (STAR)-counts for-
mat were transformed into transcripts per million (TPM)
and further normalized via the log2(TPM + 1) transforma-
tion. After integrating transcriptomic profiles with clinical

annotations, a final cohort of 374 samples fulfilling all eligi-
bility criteria was selected for downstream analyses. For the
TCGA cohort, the inclusion criteria were strictly defined
as follows: (i) histologically confirmed primary high-grade
serous ovarian cancer (HGSOC); (ii) availability of com-
plete bulk transcriptomic profiling (RNA-seq) data; and
(iii) documented pathological staging alongside longitudi-
nal clinical follow-up records. Patients with non-serous his-
tological subtypes or incomplete clinical annotation were
excluded. Notably, among the 374 cases included in the
survival cohort, 1 case lacked explicit pathological stage
information and was therefore omitted from stage-specific
comparisons (n = 373).

Clinical data and single-cell RNA sequencing
(scRNA-seq) data were acquired from the Gene Expression
Omnibus (GEO) (GSE184880: n = 7; GSE201047: n =
3) [13,14]. To preserve the intact tumor immune microen-
vironment, these ten cases (7 early-stage, 3 late-stage)
were stringently selected based on their treatment-naive
status—defined as no prior administration of neoadjuvant
chemotherapy or immunotherapy. Notably, all scRNA-seq
datasets were generated solely from primary tumor tissues,
with no inclusion of normal or benign ovarian samples,
consistent with our focused investigation of intratumoral
microenvironmental dynamics.

2.2 Single Cell RNA Data Processing and Analysis
Stringent initial quality control was applied to the

single-cell data by retaining only cells expressing over 200
genes and filtering out those with mitochondrial UMI ra-
tios surpassing 20%. Mitochondrial genes were then ex-
cluded from downstream analysis by removal from the ex-
pression matrix. Data normalization and scaling were con-
ducted using the Seurat package (version 4.1.1, available at
https://satijalab.org/seurat/). This step effectively corrected
for confounding factors such as sequencing depth and mito-
chondrial contamination. To address technical heterogene-
ity stemming from distinct study sources and sequencing
platforms in the two GEO cohorts, raw expression matri-
ces were integrated and rigorously corrected for batch ef-
fects using the Harmony algorithm. Both individual patient
identifiers and dataset sources were designated as batch co-
variates to ensure effective harmonization. Principal com-
ponent analysis (PCA) was applied to the scaled data, utiliz-
ing the top 2000 highly variable genes, and the first 10 prin-
cipal components were selected for dimensionality reduc-
tion via Uniform Manifold Approximation and Projection
(UMAP). Cell clusters were delineated via a graph-based
clustering approach built upon the first 10 principal compo-
nents. Marker genes for each cluster were determined us-
ing the FindAllMarkers function, employing the Wilcoxon
rank-sum test with the following thresholds: |log2 fold
change| >0.25, adjusted p-value < 0.05, and minimum per-
centage of cells expressing the gene >10%. For refined cell
type annotation, clusters preliminarily assigned to the same
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lineage underwent iterative re-clustering and marker gene
assessment using an identical analytical workflow.

2.3 Pathway Analysis
To explore the biological functions and signaling path-

ways linked to differentially expressed genes (DEGs) and
cluster-defining markers, pathway enrichment analysis was
carried out using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) database. Statistical significance of the
enriched pathways was assessed using Fisher’s exact test
as the underlying statistical engine to calculate the prob-
ability of gene overlap. To account for multiple testing
and reduce false discoveries, significance was determined
using a false discovery rate (FDR) correction (Benjamini-
Hochberg method) with an adjusted *p*-value threshold of
<0.05.

2.4 Pseudotime Analysis
To reconstruct the developmental trajectories of cell

populations, single-cell pseudotime analysis was conducted
using Monocle2 (available at http://cole-trapnell-lab.githu
b.io/monocle-release). The DDR-Tree algorithm was em-
ployed with default parameters to model the branching dy-
namics and state transitions among cell types and clusters.
Input for trajectory inference included both Seurat-derived
marker genes and the raw expression matrix from quality-
controlled cells. Furthermore, Branch Expression Analy-
sis Modeling (BEAM) was utilized to detect genes exhibit-
ing differential expression patterns at key branch points,
thereby highlighting candidates involved in cell fate speci-
fication during pseudotemporal progression.

2.5 Cell–Cell Communication Analysis
To systematically explore intercellular signaling net-

works, we conducted cell-cell communication analysis us-
ing CellPhoneDB (version 1.1.0, Hinxton, Cambridgeshire,
UK), a curated repository of ligand-receptor pairs and their
potential interactions. Membrane-bound, secreted, and pe-
ripheral proteins were annotated for each cell cluster. The
statistical significance of inferred cellular communication
events was assessed by computing interaction scores and
adjusted p-values (p < 0.05), derived from the normalized
gene expression matrix produced by Seurat’s preprocessing
workflow.

2.6 Inferring Tumor-Infiltrating Immune Cell Abundance
The immune cell composition in the TCGA dataset

was analyzed using the Cell-type Identification by Estimat-
ing Relative Subsets of RNA Transcripts (CIBERSORT)
tool (https://cibersort.stanford.edu/), employing the LM22
signature matrix as a reference to estimate the proportions
of various immune cell types.

2.7 Immunohistochemical Staining and Analysis

A total of 20 EOC patients who underwent primary
surgical resection at the Second Affiliated Hospital of Zhe-
jiang University between 2020 and 2023 were enrolled
in this study. This is a retrospective clinical study us-
ing archived formalin-fixed paraffin-embedded (FFPE) tu-
mor tissues from 2020 to 2023. This study was conducted
in accordance with the Declaration of Helsinki and ap-
proved by the Institutional Ethics Committee of the Sec-
ond Affiliated Hospital of Zhejiang University (Approval
No. 2025-0642). All patients were treatment-naïve and had
not received any neoadjuvant therapy before surgery. Im-
munohistochemistry (IHC) staining and analysis were con-
ducted on 3 μm sections obtained from 20 patients, which
were processed by Biossci Biotechnology Co., Ltd. Fol-
lowing a series of steps including deparaffinization, anti-
gen unmasking, and blocking, the slides were incubated
overnight at 4 °C with a rabbit-derived anti-CD44 anti-
body (Cat No. ab189524, Abcam, Cambridge, UK) at
a dilution of 1:16,000 and rabbit-derived anti-IFIT1 anti-
body (Cat No. 83423-1-RR, Proteintech, Wuhan, Hubei,
China) at a dilution of 1:200. Sections were then developed
with 3,3’-Diaminobenzidine (DAB) chromogen and coun-
terstained with hematoxylin. A semi-automated quantita-
tive method was used to assess IFIT1 and CD44 immunore-
activity. To minimize false-positive signals from irrelevant
cell populations, two independent, board-certified patholo-
gists manually defined regions of interest (ROIs) on each
slide. For IFIT1+ tumor-associated macrophages (TAMs),
only stromal areas enriched with morphologically identifi-
able macrophages were selected, with strict exclusion of ep-
ithelial tumor nests. In contrast, compact tumor nests were
designated as ROIs for evaluating CD44-positive CSCs.
To ensure consistency in assessing positive staining across
all images, immunohistochemical quantification was per-
formed using the “Split channels” function (blue channel)
from Fiji-ImageJ® software (version 1.54p, National Insti-
tutes of Health, Bethesda, MD, USA). The percentage of
positive area (% positive area) was calculated as the ratio of
thresholded positive pixels within the pathologist-defined
ROIs to the total ROI area.

2.8 Cell Culture and Preparation of CM

HEY and SKOV3 cells were purchased from Procell
(Cat No. CL-0671 and Cat No. CL-0215, Procell, Wuhan,
Hubei, China). A2780 cells were purchased from the Cell
Bank of the Chinese Academy of Sciences (Cat No. SCSP-
5477S, CAS Cell Bank, Shanghai, China). THP-1 cells
were purchased from Meilun BioTech (Cat No. PWE-
HU003, Meilun BioTech, Dalian, Liaoning, China). All
cell lines were maintained at 37 °C in a humidified 5%
CO2 atmosphere and were mycoplasma-free (MycoBlue
Mycoplasma Detector, Cat No. D101-01, Vazyme, Nan-
jing, China). All cell lines were authenticated shortly before
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use by short tandem repeat (STR) profiling, carried out by
Procell (Procell, Wuhan, Hubei, China).

HEY and SKOV3 cells were cultured in Dulbecco’s
Modified Eagle Medium (DMEM) (Cat No. 319-005-
CL, Wisent, Saint-Jean-Baptiste, Quebec, Canada) with
10% fetal bovine serum (FBS) (Cat No. C04001, XP
Biomed, Shanghai, China) and 1% penicillin/streptomycin
(Cat No. PS2004HY, TBSscience, Tianjin, China). A2780
and THP-1 cells were cultured in RPMI 1640 (Cat No.
350000120, Wisent, Saint-Jean-Baptiste, Quebec, Canada)
with 10% FBS and 1% penicillin/streptomycin, and β-
mercaptoethanol (0.05 mM, Cat No. M6230, Macklin,
Shanghai, China) was supplemented to the THP-1 cul-
ture medium. THP-1 monocytes were treated with 100
ng/mL phorbol 12-myristate 13-acetate (PMA, Cat No.
P8139, Sigma-Aldrich, St. Louis, MO, USA) in complete
culture medium for 48 h to induce differentiation. The
suspension-grown THP-1 monocytes differentiated into ad-
herent M0 macrophages exhibiting extended cellular pro-
trusions. In THP-M0, M1 macrophages (THP-M1) were
inducedwith interferon-gamma (IFN-γ) (20 ng/mL, Cat No.
PCK062, Procell, Wuhan, Hubei, China) and lipopolysac-
charide (LPS) (100 ng/mL, Cat No. A1228298, Ambeed,
Shanghai, China) for 48 h while M2 macrophages (THP-
M2) were induced with IL-13 (20 ng/mL, Cat No. PCK174,
Procell, Wuhan, Hubei, China) and IL-4 (20 ng/mL, Cat
No. PCK032, Procell, Wuhan, Hubei, China) for 48 h [15].
Macrophage polarization efficiency was confirmed by flow
cytometry. The gating strategy is shown in Supplemen-
tary Fig. 3. Thereafter, M0, M1, and M2 macrophages
were cultured in serum-free RPMI 1640 medium for an ad-
ditional 72 h to collect conditioned medium (CM). The col-
lected CMwas added to the culture system by 30% for sub-
sequent co-culture with cancer cell lines. For mechanistic
validation, EOC cells were treated with recombinant human
TNFSF10 (rhTRAIL, Cat No. C022, Novoprotein, Shang-
hai, China) at a concentration of 100 ng/mL for 24 h.

2.9 siRNA Knockdown

EOC cells were seeded in culture plates and trans-
fected at 60–80% confluence. For targeted gene si-
lencing, specific si-TNFRSF10B and scrambled negative
control siRNA (si-NC) (GenePharma, Shanghai, China)
were transfected using siRNA-Mate plus reagent (G04026,
GenePharma, Shanghai, China) according to the manufac-
turer’s instructions. Briefly, siRNAs and the transfection
reagent were diluted and mixed in a serum-free medium to
form complexes, followed by addition to the cells at a final
amount of 15 pmol per well (24-well format). After 4–6 h
of incubation, the transfection mixture was replaced with a
fresh complete medium. Cells were harvested 48–72 h later
for downstream analyses. All experiments included scram-
bled si-NC, reagent-only, and untreated control groups. All
experiments were performed with at least three independent
biological replicates.

The specific siRNA sequences targeting TNFRSF10B
were designed and synthesized by GenePharma (Shanghai,
China). The sequences are as follows:

TNFRSF10B siRNA-1 sense: 5′-
GUGGCUGUGUUUGUUUGCATT-3′

TNFRSF10B siRNA-1 antisense: 5′-
UGCAAACAAACACAGCCACTT-3′

2.10 Cell Survival Assay
Carboplatin, docetaxel, and doxorubicin (Cat No.

MB1297-1, MB1081-1, MB1087-1; Meilun, Dalian,
Liaoning, China) were serially diluted using 0.9% saline
solution to achieve a range of desired concentrations.
SKOV3, A2780, and HEY cells were seeded into 96-well
plates at a density of 5000 cells per well. Following cell
adherence, both the THP-CM-treated and control groups
were exposed to varying concentrations of carboplatin, doc-
etaxel, or doxorubicin. Cell Counting Kit-8 (CCK-8) assay
kit (Cat No. KGA9306-500, Jiangsu KeyGEN BioTECH,
Nanjing, Jiangsu, China) was used to assess the cell viabil-
ity following a 48 h treatment. OD450 was read on a mul-
tifunctional microplate reader. There were three duplicate
wells in each group.

2.11 Flow Cytometry Analysis for CSCs
Cells from both treatment and control groups were in-

cubatedwith APC-conjugated anti-CD44 antibody (Cat No.
338805, BioLegend, San Diego, CA, USA) for 20 min-
utes at 4 °C to evaluate CD44 expression, a surface marker
associated with CSCs. After resuspension in phosphate-
buffered saline (PBS), the labeled cells were analyzed by
flow cytometry using a BD LSRFortessa™ Cell Analyzer
(Cat No. 647794, BD Biosciences, San Jose, CA, USA).

2.12 RNA Extraction and Quantitative Real-Time PCR
Total RNA from cancer cell lines and cultured

macrophages was isolated using the Quick RNA Extrac-
tion Kit (Cat No. AG21023, Accurate Biotech, Chang-
sha, Hunan, China), following the manufacturer’s proto-
col. RNA concentrations were assessed using a NanoDrop
spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA). cDNA synthesis was performed with the
Evo M-MLV RT Premix (Cat No. AG11706, Accu-
rate Biotech, Changsha, Hunan, China). Quantitative
real-time PCR (qRT-PCR) was conducted on the CFX96
Touch Real-Time PCR System (Cat No. 1855196, Bio-
Rad, Hercules, CA, USA) using the SYBR® Green Pre-
mix Pro Taq HS qPCR Kit (Cat No. AG11701, Accu-
rate Biotech, Changsha, Hunan, China). To ensure accu-
rate quantification, Glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) served as an endogenous reference for
normalizing RNA expression levels. Each sample was an-
alyzed in triplicate, and the mean ± standard error was cal-
culated for each data point.
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The primer sequences were as follows:
HEBP1 Forward: 5′-

GACAGATAAGCCTGTGGATGAGG-3′
HEBP1 Reverse: 5′-

GCAGAGAGCCATCTTCATTGGG-3′;
RORA Forward: 5′-

ACTCCTGTCCTCGTCAGAAGA-3′
RORA Reverse: 5′-

CATCCCTACGGCAAGGCATTT-3′;
TNFRSF10B Forward: 5′-

AGCACTCACTGGAATGACCTCC-3′
TNFRSF10B Reverse: 5′-

GTGCCTTCTTCGCACTGACACA-3′
GAPDH Forward: 5′-

TTCAATGGCACAGTCAAGGC-3′
GAPDH Reverse: 5′-

TCACCCCATTTGATGTTAGCG-3′.

2.13 Western Blot Analysis
Western blotting was carried out according to theman-

ufacturer’s protocols. Briefly, cells were lysed on ice using
Radioimmunoprecipitation assay (RIPA) lysis buffer (Cat
No. PS0012, Leagene Biotechnology, Beijing, China). The
total protein concentration was determined using a bicin-
choninic acid (BCA) Protein Assay Kit (Cat No. P0012,
Beyotime Biotechnology, Shanghai, China) according to
the manufacturer’s instructions. A standard curve was gen-
erated using bovine serum albumin (BSA; ST023, Bey-
otime Biotechnology, Shanghai, China), and absorbance
was read at 590 nm on a visible spectrophotometer to
determine sample protein concentrations. Extracted pro-
teins were collected, denatured, and separated via 10%
sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE). Electrophoresis was run for 60–90 min-
utes after sample loading. The resolved proteins were then
transferred to a nitrocellulose (NC) membrane, which was
blocked with 5% BSA at 37 °C. Following blocking, the
membrane was agitated on a shaker for 2 h.

After 2 h of shaking, the membrane was washed.
The membranes were then incubated with primary antibod-
ies: HEBP1 (1:2000, Cat No. 82950-1-RR, Proteintech,
Wuhan, Hubei, China), RORA (1:500, Cat No. A6971,
Abclonal Technology, Woburn, MA, USA), TNFRSF10B
(1:500, Cat No. A21912, ABclonal Technology, Woburn,
MA, USA), GAPDH (1:5000, Cat No. EM1101, HUABIO,
Hangzhou, Zhejiang, China), and β-actin (1:5000, Cat
No. HA722023, HUABIO, Hangzhou, Zhejiang, China).
The membranes were then incubated in secondary antibod-
ies (Horseradish peroxidase (HRP) conjugated goat anti-
rabbit IgG polyclonal antibody, 1:5000 dilution, Cat No.
HA1001; and HRP-conjugated goat anti-mouse IgG poly-
clonal antibody, 1:5000 dilution, Cat. No. HA1006;
HUABIO, Hangzhou, Zhejiang, China) at room tempera-
ture for 2 h and washed in Tris-buffered saline with Tween
20 (TBST) three times for 15 min. Protein signals were

detected using chemiluminescence. Membranes were in-
cubated with a sensitive enhanced chemiluminescence de-
tection reagent (Cat No. PK10002, Proteintech, Wuhan,
Hubei, China) for 1 minute and then exposed to X-ray film
in a chemiluminescence imager.

2.14 Statistical Analysis
Statistical analyses were conducted using GraphPad

Prism (version 9.5.0; GraphPad Software, San Diego, CA,
USA). Data are expressed as mean ± standard deviation
(SD), unless otherwise noted. Two-group comparisons
were performed using unpaired two-tailed Student’s *t*-
tests for normally distributed data and Mann–Whitney *U*
tests for non-normally distributed data. For multiple-group
comparisons, one-way analysis of variance (ANOVA) with
Tukey’s post hoc test or the Kruskal–Wallis test was em-
ployed. Simple linear regression was applied to evaluate
variable correlations, with the coefficient of determination
(R2) and associated *p* value reported. Kaplan–Meier sur-
vival curves were compared using the log-rank (Mantel–
Cox) test. All *p* values were two-tailed, with statistical
significance defined as *p* < 0.05.

3. Results
3.1 Stage-Dependent Remodeling of Macrophage and
Epithelial Subtypes Reveals IFIT1+ TAM-CSC Inverse
Distribution Pattern

We next analyzed single-cell RNA sequencing
(scRNA-seq) data from 10 treatment-naïve patients with
epithelial ovarian cancer (EOC). After rigorous quality
control and batch effect correction, a total of 36,086 single
cells were retained for downstream analysis, including
15,583 cells from early-stage (stage I-II) and 20,503 from
advanced-stage (stage III-IV) patients. To assess clinical
relevance, we simultaneously analyzed transcriptomic
profiles from a cohort of 374 EOC samples in the TCGA
database. Dimensionality reduction and clustering revealed
22 distinct cell clusters across all samples (Supplementary
Fig. 1A,B). Using canonical markers, we annotated seven
major cell types: B-plasma cells (JCHAIN, CD79A),
cycling cells (MKI67, TOP2A), endothelial cells (CLDN5,
PLVAP), epithelial cells (KRT18, EPCAM, KRT19), fibrob-
lasts (DCN, ACTA2), myeloid cells (CD14, C1QA), and T
cells (CD3D,CD3E,CD8A) (Fig. 1A,C,D). B-plasma cells,
endothelial cells, myeloid cells, and T cells were enriched
in early-stage tumors, whereas cycling cells, epithelial
cells, and fibroblasts were more prevalent in advanced-
stage tumors (Fig. 1B). Subclustering was then performed
on myeloid and epithelial cells. The myeloid compartment
was subdivided into three macrophage subsets (IFIT1+
TAMs, M1, M2), one monocyte subset, and one myeloid
dendritic cell subset (Fig. 1E). Notably, the IFIT1+ TAM
subpopulation exhibited a resting-like phenotype while
concurrently expressing pro-inflammatory cytokines and
chemokines (CCL7, IL6), interferon-stimulated genes
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(IFIT1, ISG15, and CXCL10), and M1-associated markers
(CD86), suggesting a transitional or M1-primed state (Fig.
1F). The M1 subset expressed high levels of CD86,MMP9,
MARCO, and CCL20. In contrast, M2 macrophages were
characterized by expression of the canonical polarization
marker musculoaponeurotic fibrosarcoma (MAF) [16],
but lacked features of IFIT1+ TAMs or M1 phenotypes.
Epithelial cells were categorized into one CSC subset
and three malignant epithelial subtypes (Fig. 1G), termed
Ep-C1, Ep-C2, and Ep-C3. The CSC subset showed strong
expression of stemness markers including CD44, THY1,
ALDH1A1, and PROCR (Fig. 1H). Distinct distribution
patterns of macrophage and epithelial subtypes were ob-
served across clinical stages. IFIT1+ TAMs predominated
in early-stage patients, whereas M1 and M2 macrophages
were enriched in advanced-stage tumors (Fig. 1E). Early-
stage tumors were predominantly composed of Ep-C1
and Ep-C2 subtypes, whereas advanced-stage tumors
contained higher proportions of CSCs and Ep-C3 cells.
These findings highlight stage-dependent remodeling
of the tumor microenvironment, characterized by early
enrichment of IFIT1+ TAMs and low CSC abundance,
contrasting with advanced-stage accumulation of M1/M2
macrophages and CSCs. Given prior studies reporting
enhanced invasiveness and stemness in advanced-stage
tumors [17], the observed depletion of IFIT1+ TAMs in
advanced-stage samples prompted us to further explore a
potential inverse relationship between IFIT1+ TAMs infil-
tration and CSC prevalence. Accordingly, we performed
comprehensive analyses to characterize the transcriptional
profiles of macrophage and CSC subtypes across tumor
stages, validating their clinical relevance using TCGA data
and independent patient cohorts.

3.2 Trajectory and Functional Enrichment Analyses
Uncover Stage-Dependent Shifts in CSCs and
Macrophage Subsets

Pseudotime analysis was carried out using Monocle2
with the DDR-Tree algorithm to reconstruct the epithe-
lial cell lineage trajectory, using Seurat-derived marker
genes as input. Branched Expression Analysis Modeling
(BEAM) further identified genes linked to fate-determining
branch points. As expected, the trajectory positioned CSCs
at the origin of the lineage and non-CSC epithelial cells
along more differentiated paths, consistent with a stem-to-
differentiated transition (Fig. 2A–C). Genes driving tra-
jectory formation are listed in Supplementary Table 1.
To investigate functional differences across macrophage
subpopulations, we conducted pathway enrichment anal-
yses on early- and advanced-stage macrophages. The
results revealed distinct transcriptional programs associ-
ated with tumor progression and immune modulation (Fig.
2E–G). CSCs were enriched in key oncogenic pathways,
including HIF-1 signaling, PI3K-Akt signaling, ECM–
receptor interaction, and platinum drug resistance—well-

established regulators of stemness maintenance, prolifera-
tion, and chemoresistance [18,19,20,21,22], underscoring
their pivotal role in EOC progression (Fig. 2D). Early-
stage IFIT1+ TAMs were enriched for immune activation
pathways such as antigen processing and presentation, lyso-
some, and phagosome, indicative of intact tumor recogni-
tion and clearance functions. These findings are consis-
tent with an effective immune surveillance state character-
istic of early-stage tumors. Strikingly, instead of adopt-
ing classical pro-tumoral programs, advanced-stage IFIT1+
TAMs showed strong enrichment in pathways with po-
tential anti-tumor activities, including nuclear factor kap-
paB (NF-κB) signaling, Toll-like receptor (TLR) signal-
ing, leukocyte transendothelial migration, and comple-
ment activation. Likewise, advanced-stage M1 and M2
macrophages also upregulated these complex inflamma-
tory pathways without exhibiting canonical pro-tumoral
signatures. This indicates that macrophages in late-stage
EOC mount a highly intricate and sustained inflamma-
tory response, rather than undergoing simple pro-tumoral
polarization. Taken together, these findings suggest that
macrophage activation states evolve with tumor progres-
sion, exhibiting stage-dependent rewiring of immune and
inflammatory programs. In particular, IFIT1+ TAMs ap-
pear as a functionally distinct subset characterized by im-
mune vigilance in early-stage disease and by a complex,
chronic inflammatory signature in advanced-stage tumors.
These results reinforce the notion that the functional polar-
ization of macrophage subsets, especially IFIT1+ TAMs, is
tightly linked to the dynamic tumor microenvironment dur-
ing EOC progression.

3.3 IFIT1+ TAMs Depletion and Signature-Based Survival
Analysis Associate With Advanced EOC and Poor
Prognosis

Using the CIBERSORT algorithm, we examined im-
mune cell composition across ovarian cancer stages I–IV
and detected marked stage-dependent shifts in macrophage
subsets (Fig. 3A). Specifically, IFIT1+ TAMs infiltration
progressively decreased from stage I to IV, whereas M2
macrophages significantly increased, particularly in stages
III and IV (p < 0.05). In contrast, M1 macrophages showed
no notable change across stages, suggesting distinct roles
of IFIT1+ TAMs and M2 subsets in disease progression.

To robustly assess the prognostic value of macrophage
subsets and mitigate the unreliability of single-gene evalu-
ations, we performed Kaplan–Meier survival analysis uti-
lizing multi-gene signature scoring. The analysis revealed
that high expression of IFIT1, a marker of IFIT1+ TAMs,
was significantly associatedwith prolonged overall survival
(log-rank p = 0.0152, HR = 0.689, 95% CI: 0.51–0.931),
indicating a protective role of IFIT1+ TAMs in EOC (Fig.
3B). Conversely, elevated expression ofCD86 (M1marker)
and MAF (M2 marker) correlated with poorer prognosis
(CD86: p = 0.00525, HR = 1.646; MAF: p = 0.00656, HR
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Fig. 1. Single-cell analysis reveals a significant association between IFIT1+ tumor-associatedmacrophages (TAMs) and the staging
of epithelial ovarian cancer (EOC). (A) UniformManifold Approximation and Projection (UMAP) visualization of 7 cell types. Colors
represent different cell types. (B) UMAP plot showing the distribution of cells from early- and advanced-stage EOC samples (left), and a
bar graph illustrating cell type proportions across stages (right). (C) Cell type-specific gene marker expression visualized using UMAP.
Higher levels of expression are indicated by redder colors. (D) Dot plot showing marker gene expression across different cell types. The
size of the dots is proportional to abundance, and the color represents expression level. (E) UMAP showing subclusters of myeloid cells
(left), and bar plot showing stage-specific proportions of each myeloid subset (right). (F) Dot plot depicting marker gene expression in
myeloid cells. The size of the dots is related to their abundance, and the color denotes the expression level. (G) UMAP showing epithelial
subclusters (left), and bar plot displaying the proportions of each epithelial subtype by tumor stage (right). (H) Dot plot depicting marker
gene expression in epithelial cells. The size of the dots is related to their abundance, and the color denotes the expression level. IFIT1+,
interferon-induced protein with tetratricopeptide repeats 1+.
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Fig. 2. Trajectory and functional enrichment analyses reveal distinct biological programs in cancer stem cells (CSCs) and
macrophage subsets, highlighting IFIT1+ TAM as a functionally unique population. (A) Pseudo-time trajectory analysis of the
four sub-clusters of epithelial cells. (B) The progression of cells along a developmental path, with colors representing pseudotime states.
(C) Pseudo-time trajectory of cells in each epithelial cell cluster. (D–G) Pathway enrichment analysis for CSCs (D), IFIT1+ TAM (E),
M1 macrophages (F), and M2 macrophages (G), showing significantly enriched pathways ranked by -log10 (adjusted p-value).

= 1.612), implying that M1 and M2 macrophages may con-
tribute to tumor aggressiveness.

We next analyzed the expression of four CSC
markers—ALDH1A1, CD44, PROCR, and THY1—across
different tumor stages (Fig. 3C). THY1 expression was sig-
nificantly elevated in stages III and IV compared to stage II
(p < 0.05), while the others showed no significant variation.
Kaplan–Meier survival analysis further revealed that high
expression of PROCR (p = 0.0179, HR = 1.54) and THY1 (p
= 0.00104, HR = 1.585) was associated with worse overall
survival, whereasALDH1A1 andCD44were not prognostic
(Fig. 3D).

Correlation analysis revealed no statistically signifi-
cant associations between the IFIT1+ TAMs signature and
the four CSC markers (ALDH1A1, CD44, PROCR, THY1;
all p > 0.05) (Fig. 3E). In contrast, theM1 signature expres-
sion was positively correlated with ALDH1A1, CD44, and
PROCR (Fig. 3F), while theM2 signature was significantly
correlated with all four CSC markers (Fig. 3G). These re-
sults suggest that M1 and M2 macrophages may support
CSC maintenance, whereas IFIT1+ TAMs do not.

To further validate these findings, immunohistochem-
ical staining was performed on tumor samples from 20
EOC patients (Supplementary Table 2). IFIT1 and CD44
served as markers for IFIT1+ TAMs and CSCs, respectively
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Fig. 3. Reduced IFIT1+ TAMs infiltration and IFIT1 expression are associated with advanced EOC stage, unfavorable prognosis,
and elevated CSC marker expression. (A) Distribution of immune cell proportions across ovarian cancer stages (I–IV) based on Cell-
type Identification by Estimating Relative Subsets of RNA Transcripts (CIBERSORT) analysis. (B) Kaplan-Meier survival analysis of
IFIT1, CD86 and MAF in ovarian cancer. (C) Expression levels of cancer stem cell markers across different stages of ovarian cancer.
(D) Kaplan-Meier survival analysis of cancer stem cell markers in ovarian cancer. (E) Correlation analysis between IFIT1 (IFIT1+ TAMs
marker) and cancer stem cell markers in ovarian cancer. (F) Correlation analysis between CD86 (M1 macrophage marker) and cancer
stem cell markers in ovarian cancer. (G) Correlation analysis between MAF (M2 macrophage marker) and cancer stem cell markers
in ovarian cancer. Statistical significance is denoted as *p < 0.05, **p < 0.01, ns, not significant. Scale bars: 100 µm (main images),
10 µm (insets). (H) Representative immunohistochemical staining of IFIT1 and CD44 in ovarian cancer tissue from four patients. (I)
Negative correlation between IFIT1 and CD44 expression in ovarian cancer tissues (R2 = 0.2750, p = 0.0176). MAF, musculoaponeurotic
fibrosarcoma.
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(Fig. 3H). Quantitative ROI analysis showed a significant
negative correlation between IFIT1 and CD44 expression
(R2 = 0.2750, p = 0.0176; Fig. 3I), indicating that increased
IFIT1+ TAMs infiltration is associated with reduced CSC
presence, and suggesting a potential tumor-suppressive role
of this specific TAM subpopulation in the EOC microenvi-
ronment.

3.4 Stage-Dependent Shifts in Macrophage-CSC Signaling
Dynamics Reveal Early-IFIT1+ TAM-Mediated Tumor
Suppression

The roles of M1 and M2 macrophages in promoting
cancer stemness have been relatively well established, with
both shown to enhance tumor cell stemness [23,24]. How-
ever, the impact of IFIT1+ TAMs on cancer stemness re-
mains insufficiently studied. Therefore, our focus is on in-
vestigating the effects of IFIT1+ TAMs on the stemness of
tumor cells.

EOC progression involves complex interactions be-
tween macrophage subsets and other cell types. To clar-
ify the coordinated cellular responses during tumor progres-
sion or macrophage polarization, we performed a quantita-
tive analysis of potential cell–cell communications across
all cell types in early versus advanced EOC niches using
a published ligand–receptor database (Fig. 4A,B). While
early-stage samples exhibited globally elevated intercellu-
lar signaling activity, late-stage CSCs demonstrated signif-
icantly strengthened interactions with multiple immune cell
subsets, suggesting a potential role in actively orchestrating
immunemodulation to promote immune evasion. Although
total interaction strength between CSCs and macrophage
subsets (IFIT1+ TAM, M1, M2) was not the most promi-
nent, IFIT1+ TAMs–CSC interactions were significantly
more frequent in early samples (Fig. 4C).

To further characterize the ligand–receptor interac-
tion features and potential regulatory mechanisms between
macrophage subtypes at different developmental stages and
CSCs, we performed a systematic CellPhoneDB analy-
sis [25] of intercellular signaling between six macrophage
subsets (early-stage IFIT1+ TAMs, early-M1, early-M2,
advanced-stage IFIT1+ TAMs, advanced-M1, advanced-
M2) and CSCs (Fig. 4D).

The results revealed several specific interaction axes
between early-stage IFIT1+ TAMs and early-CSCs, in-
cluding TNFSF10–TNFRSF10A/B, Cholesterol_byLIPA–
RORA, and FPR3–HEBP1. Among these, the TNFSF10–
TNFRSF10A/B axis represents a classical apoptosis-
inducing pathway, suggesting that early-stage IFIT1+
TAMs may trigger CSC apoptosis through activation of
the DR4/5 signaling cascade. Additionally, RORA and
HEBP1—both known CSC suppressors—were paired with
ligands Cholesterol_byLIPA and FPR3, which were highly
expressed in early-stage IFIT1+ TAMs. This implies that
early-stage IFIT1+ TAMs may secrete specific metabolic
and chemotactic factors to drive CSCs toward a non-stem-

like state, thereby exerting tumor-suppressive effects within
the early tumor niche.

Distinct interaction patterns were likewise evident
across other macrophage subtypes. Early-M1 macrophages
displayed robust signaling crosstalk with early-CSCs via
pro-inflammatory axes including IL1B–IL1R and growth
factor pathways such as VEGFA–NRP1/2, with ligands
and receptors abundantly expressed. These findings sug-
gest that early-M1 macrophages may modulate CSC biol-
ogy through diverse molecular mechanisms. Notably, the
IL1B–IL1R axis, in addition to mediating inflammatory
responses, has been implicated in enhancing CSC stem-
ness, inducing epithelial-mesenchymal transition (EMT),
promoting invasion andmetastasis, and facilitating immune
evasion [26,27]. Meanwhile, VEGFA–NRP1/2 signaling
may contribute to tumor progression by promoting angio-
genesis, sustaining CSC properties, and shaping an im-
munosuppressive microenvironment [28,29,30].

Early-M2 macrophages showed strong activation of
canonical signaling axeswith early-CSCs, notably TGFB2–
TGFBR3 and CX3CR1–CX3CL1, encompassing pivotal
transforming growth factors and chemokines. The TGF-β
family is known to promote EMT, metastasis, and immuno-
suppression, thereby supporting CSC maintenance [31,32].
CX3CL1 not only enhances cancer cell invasiveness [33]
but also facilitates Treg infiltration and activation, con-
tributing to the formation of an immunosuppressive mi-
croenvironment [34].

In advanced-stage tumors, macrophage–CSC interac-
tions shift significantly. Critically, interactions between
advanced-stage IFIT1+ TAMs and CSCs transition from
the pro-apoptotic TNFSF10–TNFRSF10B axis to dom-
inance of the TNFSF12/15–TNFRSF25 pathway. This
shift fundamentally alters the functional dynamics, as TN-
FRSF25 signaling primarily regulates cell survival, prolif-
eration, and inflammatory adaptability instead of triggering
apoptosis. This pivotal switch likely underlies the dimin-
ished tumor-suppressive capacity of advanced-stage IFIT1+
TAMs. Furthermore, advanced-M1–CSC interactions are
dominated by proliferative (VEGFA–NRP1/2, WNT5A–
FRZB, JAG1–NOTCH3) and inflammatory (IL1A–IL1R)
signals. Advanced-M2 engages CSCs through growth fac-
tor (HBEGF–EGFR, TGFB2–TGFBR3) and chemokine
(CX3CR1–CX3CL1, CCL3–ACKR2) pathways, support-
ing CSC maintenance and tumor progression. Overall,
early-stage IFIT1+ TAMs communicates with CSCs via
pro-apoptotic, inhibitory signals, while this function is lost
in advanced-stage IFIT1+ TAMs and replaced by survival-
promoting signals and M2-driven pro-CSC signaling. This
shift suggests IFIT1+ TAM-CSC interactions may regulate
CSC plasticity during tumor evolution.

To validate the stage-specific expression patterns of
IFIT1+ TAM–CSC interaction-related genes, we analyzed
the expression levels of HEBP1, RORA, and TNFRSF10B
across different pathological grades of ovarian cancer (G1–
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Fig. 4. Loss of IFIT1+ TAM-associated inhibitory signaling promotes CSC maintenance and immune evasion in advanced EOC.
(A) Heatmaps showing ligand-receptor interaction strength among all cell types in early and advanced EOC. (B) Circle plots illustrating
global intercellular communication networks; edge width reflects the number of ligand-receptor pairs. (C) Outgoing interaction patterns
from each macrophage subset to other cell types; arrow width indicates interaction strength. (D) Dot plot of significant macrophage-CSC
ligand-receptor pairs. Dot size indicates -log10(p), and color denotes expression level. (E–G) Violin plots showing expression levels
of HEBP1, RORA, and tumor necrosis factor receptor superfamily member 10B (TNFRSF10B) across tumor grades and normal ovary.
Statistical significance is denoted as *p < 0.05 and ****p < 0.0001, ns, not significant.

G4) and normal ovarian tissues (Fig. 4E–G). Violin plot
analysis revealed that all three genes exhibited significantly
higher expression levels in normal tissues than in tumor
samples. Notably, RORA and TNFRSF10B expression was
markedly reduced in high-grade tumors (G3–G4) relative
to normal controls. These findings support the notion that

the loss of IFIT1+ TAM-associated inhibitory signaling—
particularly the TNFSF10–TNFRSF10B apoptotic axis and
the nuclear receptor RORA—may contribute to the main-
tenance of cancer stem cells and enhanced immune evasion
in advanced epithelial ovarian cancer.
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3.5 M0 Macrophages Attenuate Multidrug Resistance and
Stemness in EOC Cells and Upregulate TNFRSF10B
Expression

Trajectory analyses indicate that interferon-responsive
TAMs (e.g., IFIT1+) represent an early transitional state
closely linked to monocytic origins [35]. Since both M0
macrophages and these early-stage TAMs share a similar
uncommitted status prior to terminal polarization, unpolar-
ized M0 cells serve as a surrogate to model their baseline
properties in vitro. To establish the baseline functional im-
pact of M0 macrophages on cancer stemness, we utilized a
THP-1-derived co-culture model. THP-1 monocytes were
induced to differentiate intoM0macrophages through PMA
stimulation (Fig. 5A), and their polarization status, along-
side subsequent M1 and M2 induction, was rigorously vali-
dated using CD86 and CD206 surface markers via flow cy-
tometry, confirming well-defined macrophage phenotypic
identities (Fig. 5B).

Conditioned media (CM) derived from these
macrophage subsets were applied to EOC cell lines
(SKOV3, HEY, and A2780) to observe their modulation of
the tumor microenvironment. CCK-8 assays demonstrated
that M0-CM significantly improved EOC chemosensitivity
to doxorubicin, docetaxel, and carboplatin across multiple
concentration gradients, substantially surpassing the
control, M1-CM, and M2-CM groups (Fig. 5C–E). This
suggests that M0 macrophages possess a unique regulatory
capability to modulate chemo-responsiveness, independent
of canonical M1- or M2-associated inflammatory profiles.
Flow cytometry further confirmed a pronounced reduction
in the CD44+ stem-like subpopulation among M0-CM-
treated EOC cells (Fig. 5F,G), aligning with our phenotypic
observations. Correspondingly, spheroid formation assays
in serum-free suspension revealed a significant decrease
in spheroid-forming potential after M0-CM exposure, sug-
gesting suppression of stemness-associated self-renewal
(Fig. 5H).

To elucidate the underlying mechanisms of this sup-
pressive phenotype, we conducted qRT-PCR and West-
ern blot analyses targeting candidate receptors identified
through prior ligand–receptor screening. These results es-
tablished that M0-CM treatment specifically upregulated
the expression of DR5 at both the mRNA and protein levels
across all three EOC cell lines (Fig. 5I,J). Notably, HEBP1
and RORA were two other candidate receptors identified
from the scRNA-seq screening. However, their expres-
sion levels remained unchanged with no significant vari-
ation across treatment groups. Collectively, these results
highlight the intrinsic ability ofM0 to suppress CSC proper-
ties and induce DR5 expression, establishing a strong foun-
dation for investigating the TNF-related apoptosis-inducing
ligand (TRAIL)-DR5 axis as the key molecular mediator of
this tumor-suppressive effect in vivo.

3.6 TRAIL Restricts EOC Stemness and Reverses
Chemoresistance Specifically Through the DR5 Receptor

Guided by the scRNA-seq finding that the TRAIL lig-
and is highly enriched in IFIT1+ TAMs, along with our in
vitro observation of DR5 induction in EOC cells follow-
ing M0-CM exposure, we proposed that the TRAIL-DR5
axis acts as the central regulatory pathway governing can-
cer stemness. To validate this hypothesis, we generated
targeted si-DR5 knockdown models in SKOV3, HEY, and
A2780 cell lines. Western blotting combined with densit-
ometric analysis confirmed effective suppression of DR5
protein levels (Fig. 6A,B).

To assess the specific role of the TRAIL-DR5 axis in
modulating the CSC population, flow cytometry was car-
ried out with or without exogenous TNFSF10. Flow cy-
tometry revealed that exogenous TNFSF10 treatment sig-
nificantly depleted the CD44+ population in NC (negative
control) cells. Critically, this depleting effect was abolished
in si-DR5 cells, which retained a significantly greater pro-
portion of CD44+ stem-like cells under the same conditions
(Fig. 6C). Parallel evaluation of a secondary CSC marker,
CD90, demonstrated a consistent trend. Specifically, DR5
silencing effectively reversed the TNFSF10-induced reduc-
tion of the CD90+ population, thereby maintaining a sig-
nificantly higher proportion of CD90+ cells in the si-DR5
cohort (Supplementary Fig. 2).

To further assess the clinical implications of multidrug
resistance, EOC cells (NC and si-DR5) were exposed to
TNFSF10 in combination with increasing concentrations
of carboplatin, docetaxel, or doxorubicin. CCK-8 assays
demonstrated that TNFSF10 markedly enhanced the sensi-
tivity of NC EOC cells to all examined chemotherapeutic
agents. In contrast, DR5 knockdown substantially dimin-
ished this sensitizing effect, leading to restored cell viabil-
ity and multidrug resistance. A specific deviation was ob-
served in A2780 cells treated with 2 μM and 4 μM dox-
orubicin, where the si-DR5 group exhibited lower viability
compared to the NC group. Despite this localized variance,
the overall statistical trend across the broader concentration
gradients and all three cell lines consistently demonstrated
that DR5 knockdown preserved cell viability and multidrug
resistance (Fig. 6D–F). These findings confirm that exoge-
nous TNFSF10 suppresses EOC stem-like properties and
boosts chemosensitivity, with this inhibitory effect strictly
reliant on the downstreamDR5 receptor. Our findings iden-
tify the TRAIL-DR5 signaling axis as a pivotal regulatory
mechanism through which IFIT1+ TAMs exert their tumor-
suppressive functions, highlighting its potential as a thera-
peutic target to overcome CSC-mediated chemoresistance
in advanced EOC.

4. Discussion
EOC presents a profound clinical challenge driven by

pronounced intra-tumoral heterogeneity and a highly im-
munosuppressive TME [36,37]. Within this niche, CSCs
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Fig. 5. M0 macrophages attenuate multidrug resistance and stemness in EOC cells by upregulating TNFRSF10B. (A) Schematic
of THP-1 macrophage polarization and the conditioned media (CM) co-culture model. (B) Flow cytometry analysis validating the
polarization status of THP-1-derived M0, M1, and M2 macrophages using CD86 and CD206 markers. (C–E) Cell Counting Kit-8
(CCK-8) assay assessing the cell viability of EOC cell lines (SKOV3, HEY, and A2780) treated with doxorubicin (C), docetaxel (D),
or carboplatin (E) across various concentrations in the presence of macrophage CM. Data are presented as mean ± standard deviation
(SD) (n = 3). (F,G) Flow cytometry analysis (F) and corresponding quantification (G) of CD44+ cancer stem-like populations in EOC
cells following treatment with CM from distinct macrophage subsets (n = 3). (H) Spheroid formation assays evaluating the enrichment
of CSCs in serum-free suspension cultures across different CM conditions. Images were captured at 20× magnification. Scale bars:
100 µm. (I,J) Quantitative real-time polymerase chain reaction (qRT-PCR) (I) and Western blot (J) analyses of tumor necrosis factor
receptor superfamily member 10B (Death receptor 5) (TNFRSF10B/DR5), HEBP1, and RORA expression at the mRNA and protein
levels in SKOV3, HEY, and A2780 cell lines followingM0-CM treatment, compared to control, M1-CM, andM2-CM groups. Statistical
significance: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant.
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Fig. 6. Exogenous tumor necrosis factor ligand superfamily member 10 (TNFSF10) suppresses cancer stemness and enhances
chemosensitivity via the TNFRSF10B receptor. (A) Western blot analysis confirming the knockdown efficiency of DR5 in SKOV3,
HEY, and A2780 cell lines using specific siRNA. (B) Quantitative grayscale analysis of DR5 protein expression normalized to β-actin.
(C) Flow cytometry analysis and quantification of CD44+ cells in si-NC and si-DR5 EOC cells following TNFSF10 treatment. (n =
5). (D–F) CCK-8 cell viability assays of si-NC and si-DR5 EOC cells exposed to TNFSF10 combined with gradient concentrations of
docetaxel (D), carboplatin (E), and doxorubicin (F). (n = 3). Statistical significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.001,
and ****p < 0.0001, ns, not significant. Si-NC, small interfering RNA negative control.

act as the primary engines of tumor recurrence and mul-
tidrug resistance [38]. While TAMs are known to critically
orchestrate EOC progression, their precise regulatory im-
pact on the CSC compartment remains incompletely un-
derstood [39,40]. In this study, integrated single-cell tran-
scriptomic and in vitro functional analyses uncover a stage-
specific decline in IFIT1+ TAMs during EOC progression.
We demonstrate that these specific interferon-responsive
macrophages maintain an inverse spatial and functional
relationship with CSCs, fundamentally restricting can-
cer stemness and enhancing chemosensitivity through the
TRAIL–DR5 signaling axis in early-stage disease.

Our findings contribute to a necessary paradigm shift
in understandingmacrophage plasticity, moving beyond the

traditional, rigid binary division of M1 (antitumor) and M2
(protumor) activation states [41,42]. Historically, func-
tional investigations have frequently relied on traditional in
vitro systems where unpolarized cells (M0) were concep-
tualized merely as biologically inert precursors [43]. In-
terestingly, our preliminary in vitro co-culture screening
indicated a baseline capacity of these M0 to restrict EOC
stem-like traits. High-resolution in vivo single-cell RNA se-
quencing further elucidated this observation, showing that
the tumor-suppressive function is naturally carried out by
IFIT1+ TAMs. Consistent with recent pan-cancer single-
cell landscapes [35,44,45], these IFIT1+ TAMs represent
a specialized, interferon-primed intermediate state nestled
within the M1-activation spectrum, characterized by a ro-
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bust ISG signature (including IFIT1, ISG15, and CXCL10)
[46,47]. This highlights that the anti-CSC vigilance in
early EOC is driven by a highly specialized, immune-active
subpopulation rather than generic quiescent macrophages,
which aligns with our in vitro observation that baseline M0
suppress CSC traits prior to alternative polarization.

To comprehensively capture the dynamic remodeling
of the tumor microenvironment (TME), it is essential to de-
cipher the transcriptomic evolution of these macrophages
during tumor progression. In late-stage EOC, IFIT1+
TAMs—alongside classical M1 andM2 subsets—exhibited
profound enrichment in pathways conventionally linked to
active inflammation, including NF-κB signaling, TLR sig-
naling, and complement cascades. While these pathways
are canonically associated with acute pathogen clearance
[48], their chronic upregulation in advanced TMEs must
not be simplistically interpreted as a pro-tumoral polariza-
tion. Instead, recent spatially resolved and single-cell stud-
ies demonstrate that persistent and unresolved activation of
inflammatory networks drives a state of chronic, dysreg-
ulated low-grade inflammation [49,50]. Such maladaptive
inflammatory signaling disrupts vascular integrity, depletes
local immune effectors, and establishes an increasingly im-
munosuppressive milieu, thereby undermining the ability
of mature macrophages to constrain the neighboring cancer
stem cell (CSC) niche.

This functional decline is further underscored by a
pronounced shift in intercellular communication patterns.
CellPhoneDB analysis revealed that early-stage IFIT1+
TAMs specifically engage CSCs through the pro-apoptotic
TNFSF10–TNFRSF10B (TRAIL–DR5) axis. However,
advanced-stage macrophages abandon this axis, pivoting
exclusively toward the TNFSF15–TNFRSF25 axis. This
ligand-receptor switch profoundly reshapes the selective
pressures within the TME. Unlike TRAIL, which effec-
tively forces apoptotic execution [51], signaling through
TNFRSF25mediated by ligands such as TNFSF15 predom-
inantly drives downstream inflammatory responses, cel-
lular survival, and adaptive microenvironmental remodel-
ing. Basic experimental models have demonstrated that
TNFSF15–TNFRSF25 interaction activates NF-κB sig-
naling and upregulates angiogenic factors like VEGF-C,
thereby facilitating tumor metastasis rather than apoptosis
[52]. As a result, this pivotal receptor transitionmay abolish
the intrinsic tumor-suppressive function of macrophages,
enabling uncontrolled expansion of CSCs in advanced dis-
ease.

The therapeutic potential of targeting the TNFSF10–
TNFRSF10B axis is heavily supported by our targeted in
vitro validations and extensive prior research across diverse
solid malignancies. By utilizing rhTRAIL and targeted
siRNA silencing, we confirmed that DR5 is a critical mech-
anistic mediator for suppressing EOC stem-like properties
and reversing multidrug resistance. Given that CD44 rep-
resents a key therapeutic target and stemness marker driv-

ing solid tumor progression [53], the observed reduction
in the CD44⁺ subpopulation observed in our study high-
lights the clinical relevance of this axis. Selective erad-
ication of the CSC population via the DR5 pathway has
likewise been achieved through diverse exogenous delivery
platforms. These approaches include mesenchymal stem
cell-delivered TRAIL [54], engineered chimeric antigen re-
ceptor macrophages (CAR-Ms) [55], and small-molecule
inducers like ONC201/TIC10 [56,57]. Whereas our in
vitro experiments relied on exogenous recombinant pro-
teins to confirm receptor dependence, our single-cell pro-
filing uniquely indicates that IFIT1+ TAMs naturally func-
tion as endogenous cellular vehicles, intrinsically equipped
to deliver these suppressive signals directly and locally to
the CSC niche in vivo.

From a translational perspective, the IFIT1+ TAM
signature and its associated secretory profile may serve
as a reliable prognostic biomarker for EOC [58], guid-
ing stratified interventions. As the protective TNFSF10–
TNFRSF10B apoptotic pathway is disrupted in late-stage
disease, therapeutic strategies aimed at locally repro-
gramming the myeloid compartment toward a persistent,
interferon-primed IFIT1+ state—potentially in combina-
tion with standard chemotherapeutics like carboplatin or
paclitaxel—could effectively eliminate the chemoresistant
CSC pool and prevent recurrence [59]. Future mechanis-
tic studies must prioritize identifying the exact upstream
molecular cues that govern the pathological switch from the
TRAIL to the Tumor necrosis factor-like weak inducer of
apoptosis (TWEAK) signaling axis during microenviron-
mental remodeling.

5. Limitations
Several limitations warrant explicit acknowledgment.

First, our in vitro validations were based on targeted siRNA
knockdown and recombinant protein application, without
in vivo confirmation or direct measurement of endogenous
TNFSF10 secretion from primary IFIT1+ TAMs. Since
recombinant proteins cannot fully recapitulate physiolog-
ical concentration gradients and release kinetics within
the tumor microenvironment, future investigations em-
ploying conditional knockout models are essential. Sec-
ond, transcriptomic analyses relied on retrospective cohorts
with small sample sizes; thus, prospective validation in
larger, well-powered clinical cohorts is needed to estab-
lish the prognostic significance of the IFIT1+ TAM signa-
ture. Third, this study was restricted to HGSOC, making
it uncertain whether these TAM–CSC interactions extend
to other EOC histotypes. Finally, the possible synergistic
or inhibitory roles of neighboring immune cells—including
dendritic cells or defined regulatory T cell subsets—inmod-
ulating the TNFSF10–TNFRSF10B pathway remain unex-
plored and merit systematic examination.
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6. Conclusions
In summary, this study outlines a stage-dependent

depletion of IFIT1+ TAMs during EOC progression and
establishes their tumor-suppressive role in the early ma-
lignant niche. By integrating single-cell transcriptomics
with targeted in vitro functional analyses, we reveal that
these specific interferon-responsive macrophages are in-
trinsically programmed to restrict cancer stemness. Cru-
cially, our molecular validations using recombinant TN-
FSF10 and receptor silencing demonstrate that the atten-
uation of EOC stem-like properties and multidrug resis-
tance is dependent on the downstream TNFRSF10B/DR5.
These insights clarify macrophage functional heterogene-
ity, suggesting that polarizing TAMs toward a persistent,
interferon-primed IFIT1+ state offers a viable therapeutic
strategy to eliminate the resilient CSC pool in EOC.
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