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SLFN11 expression
correlates with immune
microenvironment and predicts
prognosis in melanoma
Huancheng Zeng1†, Guishan Chen2†, Yutong Fang1†,
Jundong Wu1*, Qiongzhi Jiang1,3* and Rendong Zhang1*

1Department of Breast Surgery, Cancer Hospital of Shantou University Medical College, Shantou,
Guangdong, China, 2Endocrinology and Metabolism Department, The First Af� liated Hospital of
Shantou University Medical College, Shantou, Guangdong, China, 3Department of Radiation
Oncology, Cancer Hospital of Shantou University Medical College, Shantou, Guangdong, China
Background: Schlafen family member 11 (SLFN11) has been implicated in cancer
biology and immune modulation, but its expression patterns, prognostic value,
and role in tumor immunity in melanoma remain incompletely de� ned.
Methods: Through multi-omics analyses of public databases (The Human
Protein Atlas, TIMER2, BEST) and functional validation, we characterized
SLFN11 in melanoma. Functional assays were conducted in SLFN11-
overexpressing melanoma cells to evaluate effects on M0 macrophage
polarization, recruitment of macrophages and CD8� T cells, and CD8� T cell
cytotoxic activity.
Results: SLFN11 mRNA levels are reduced in skin cutaneous melanoma (SKCM)
compared to normal skin, yet higher in metastatic lesions than in primary tumors.
High SLFN11 expression correlates with favorable overall and progression-free
survival across multiple independent melanoma cohorts, with consistent
prognostic value across clinical subgroups (tumor stages, nodal/metastatic
status). Multivariable Cox regression analysis, adjusting for factors like gender,
age, and pathologic T/N/M stages, con� rmed SLFN11 expression as an
independent predictor of favorable overall survival. SLFN11 expression
associates with enhanced in� ltration of immune cells along with co-expression
of immune checkpoint molecules. Furthermore, SLFN11 expression is associated
with favorable prognosis in immunotherapy-treated patients. Functional assays
show that SLFN11-overexpressing melanoma cells promote M0 macrophage
polarization toward an M1 phenotype, enhance recruitment of macrophages and
CD8� T cells, and slightly increase CD8� T cell cytotoxic activity.
Conclusions: These � ndings provide evidence that SLFN11 is associated with
immune microenvironment changes in melanoma, correlates with favorable
prognosis, and may be linked to immunotherapy response, supporting its
potent ia l as a candidate biomarker and therapeut ic target for
further investigation.
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1 Introduction

Melanoma, a highly aggressive skin cancer, has bene�ted
signi�cantly from immune checkpoint blockade (ICB) therapies.
Yet, primary and acquired resistance remain major obstacles, with
only a subset of patients achieving durable responses (1, 2). Current
predictive biomarkers such as PD-L1 expression and tumor
mutational burden (TMB) have limited utility (3, 4) highlighting
the need for novel targets and biomarkers to re�ne patient
strati�cation and improve therapeutic outcomes (5–7).

The Schlafen (SLFN) family, involved in cell proliferation and
immune regulation, includes SLFN11—a DNA/RNA helicase with
well-documented roles in sensitizing tumors to DNA-damaging
therapies (e.g., PARP inhibitors, platinum agents) in small cell lung
cancer and ovarian cancer (8) (9). Emerging evidence suggests
context-dependent immune regulatory functions: in hepatocellular
carcinoma, SLFN11 suppresses M2 macrophage polarization to
enhance anti-PD-1 ef�cacy (10), while in breast cancer, its
epigenetic upregulation synergizes with targeted therapies (11).
However, SLFN11’s expression patterns, prognostic signi�cance,
and immune-related roles in melanoma, particularly its association
with ICB response, remain largely uncharacterized.

Here, we present a comprehensive analysis of SLFN11 in
melanoma, integrating multi-omics data from public databases
with in vitro functional validation. We aimed to: �rst, characterize
SLFN11 expression across melanoma stages (including primary
versus metastatic) and compare it with normal tissues and other
cancers; second, evaluate its prognostic value for survival outcomes
across diverse melanoma cohorts; third, explore correlations with
immune cell in�ltration, checkpoint molecules, and antigen
presentation genes; and fourth, validate its potential
immunomodulatory functions (macrophage polarization and T
cell recruitment and activity) in vitro. These analyses may offer
insights into SLFN11’s role in melanoma biology and suggest its
potential as a candidate predictive biomarker for immunotherapy
response, with preliminary implications for future therapeutic
strategy development.
2 Methods

2.1 Expression pro� ling of SLFN11

To compare SLFN11 mRNA levels between skin cutaneous
melanoma (SKCM) and normal skin, we utilized the TNMplot
database (https://tnmplot.com/analysis/), which provides
normalized RNA-seq data for tumor and adjacent normal tissues
(12). Within the TCGA-SKCM cohort, we extracted RNA-seq data,
preprocessed and curated in the Broad Institute’s BEST database
(which integrates resources from the Cancer Cell Line Encyclopedia
and Tumor Gene Expression Analysis), to compare SLFN11
expression between primary melanoma tumors and metastatic
lesions, as well as across clinical stages (T stages, nodal [N] status,
and metastatic [M] status). Additionally, we analyzed SLFN11
mRNA levels in melanoma samples with and without ulceration
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using TCGA-SKCM data to explore associations with this
histopathological feature (13). For assessments of SLFN11
expression in the context of temozolomide treatment, we
retrieved data from the GSE19293 dataset, which includes gene
expression pro�les of melanoma samples from patients treated with
temozolomide (13, 14).The comparison of SLFN11 mRNA
expression between primary and metastatic melanoma tissues was
further analyzed using TIMER 2.0 (http://timer.cistrome.org/)
(15, 16).
2.2 Survival and prognostic analyses of
SLFN11 in melanoma

We analyzed survival outcome data from multiple independent
cohorts, including TCGA-SKCM and GEO datasets (GSE19234,
GSE54467, GSE99898, GSE190113, GSE22154, GSE53118,
GSE65904, GSE133713), using the Broad Institute’s BEST
database (which integrates the Cancer Cell Line Encyclopedia and
Tumor Gene Expression Analysis). Patients in each cohort were
strati�ed into high and low SLFN11 expression groups using the
median expression as the cutoff. Kaplan-Meier survival analyses
were performed to assess differences in overall survival (OS) and
progression-free survival (PFS), with statistical signi�cance
determined by the log-rank test. Subgroup survival analyses
within the TCGA-SKCM cohort were further conducted by
stratifying patients according to tumor stages (T1, T2, T3),
metastatic statuses (M0, M1), and nodal stages (N1, N2, N3, N4)
to examine the consistency of SLFN11’s prognostic value across
different clinical subgroups. Additionally, multivariable Cox
proportional hazards regression analysis was performed in the
TCGA-SKCM cohort, adjusting for clinical factors including
gender, age, and pathologic T, N, and M stages, to determine
whether SLFN11 expression independently predicts OS. Hazard
ratios (HR) and 95% con�dence intervals (CI) were calculated to
quantify the association.
2.3 Tumor immune microenvironment
characterization

For immune cell in�ltration analysis, we utilized the TIMER2
database, which employs deconvolution algorithms to estimate
immune cell fractions from bulk RNA-seq data. We calculated
Spearman’s rank correlation coef�cients to assess the relationship
between SLFN11 mRNA expression and the in�ltration levels of
speci�c immune cell populations, including pro-in�ammatory
subsets (CD8+ T cells, M1 macrophages, natural killer cells) and
immunosuppressive regulators [regulatory T cells, cancer-
associated �broblasts (CAFs)] and other immunosuppressive
populations (M2 macrophages, myeloid-derived suppressor
cells [MDSCs]).

We analyzed RNA-seq data from the TCGA-SKCM cohort,
focusing on key immune checkpoint genes (BTLA, CD274,
PDCD1LG2, CTLA-4, TIGIT, HAVCR2, LAG-3, PDCD1 [PD-
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1]), and computed Spearman’s correlation coef�cients to quantify
these associations. We extended these analyses to multiple
independent melanoma datasets from the Broad Institute’s BEST
database, including GSE100797, GSE78220, GSE190113, GSE53894,
GSE133713, GSE22153, GSE65904, GSE35447, GSE1118,
GSE19234, GSE2154, GSE21923, and GSE99898. For each dataset,
we calculated Spearman’s correlations between SLFN11 expression
and: (1) immune in�ltration scores (CD8+ T cells, macrophages,
dendritic cells, neutrophils, B cells); (2) expression of
immunoinhibitor molecules; (3) expression of human leukocyte
antigen (HLA) family genes; and (4) expression of antigen
processing transporters.
2.4 Gene set enrichment and molecular
pathway analysis

Gene Set Enrichment Analysis (GSEA) was conducted using the
Broad Institute’s BEST database (Broad Institute’s Cancer Cell Line
Encyclopedia and Tumor Gene Expression Analysis). Hallmark
gene sets from the Molecular Signatures Database (MSigDB) were
interrogated to identify pathways associated with SLFN11-high
melanomas. Normalized enrichment scores (NES) and false
discovery rates (FDR) were calculated using 1,000 permutations,
with signi�cance de�ned as FDR <0.25 and p < 0.05.
2.5 Analysis of SLFN11 expression and
prognostic associations in immunotherapy-
treated patients

We analyzed clinical and gene expression data from publicly
available cohorts of patients treated with immune checkpoint
inhibitors (ICIs) or cellular therapies. Immunotherapy cohort
data were retrieved from the Broad Institute’s BEST database,
including cohorts of patients treated with anti-CTLA-4
(ipilimumab), anti-PD-1 (pembrolizumab, nivolumab), anti-PD-
L1 (atezolizumab, durvalumab), and CAR-T cell therapy. Patients
in each cohort were strati�ed into high and low SLFN11 expression
groups using the median expression level of SLFN11 as the cutoff,
consistent with the strati�cation method used for survival analyses
in untreated cohorts. Kaplan-Meier survival curves were generated
to compare overall survival (OS) and progression-free survival
(PFS) between high and low SLFN11 expression groups, with
statistical signi�cance for differences in survival outcomes
determined using the log-rank test, and hazard ratios (HR) and
95% con�dence intervals (CI) calculated to quantify the strength of
association between SLFN11 expression and survival.
2.6 Cell culture and stable cell line
generation

HEK-293T cells (American Type Culture Collection, ATCC)
and A375 melanoma cells (purchased from Procell Life Science &
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Technology Co., Ltd.) were cultured in DMEM medium (Thermo
Fisher Scienti�c) supplemented with 10% fetal bovine serum (FBS)
and 1% penicillin/streptomycin. SK-Mel-246 melanoma cells and
THP-1 cells (both from ATCC) were maintained in RPMI-1640
medium containing 10% FBS and 1% penicillin/streptomycin. SK-
Mel-246 was selected primarily for its well-documented utility in
studies investigating T cell-mediated cytotoxicity and tumor-
immune interactions (5), where it has been successfully employed
in CD8+ T cell co-culture assays to evaluate antitumor responses.
A375, originating from a female patient, was included to
complement the male-derived SK-Mel-246, expanding the gender
diversity of our experimental models.

To generate stable SLFN11-overexpressing (SLFN11-OE) and
negative control (NC) cell lines, cells were transfected with
pcDNA3.1-SLFN11 or empty vector (pcDNA3.1) using
Lipofectamine 3000 (Invitrogen), following the manufacturer’s
instruction. Puromycin (Solarbio) was used to select stably
transfected cell lines. Mycoplasma testing was routinely
performed using the MycoBlue Mycoplasma Detector (Vazyme).
2.7 qPCR analysis

Total RNA from co-cultured macrophages was extracted using
TRIzol (Invitrogen). qPCR was conducted with the ES Science 2X
Super SYBR Green qRT-PCR Master Mix. Real-time RT-PCR
analyses were performed using a CFX96 Touch Real-Time PCR
Detection System. The qRT-PCR primers used to determine target
gene expression levels are shown in Supplementary Table. Relative
mRNA expression was calculated using the 2� DDCt method
normalized to GAPDH.
2.8 Western blotting

Cell lysates in the WB buffer were denatured at 95 °C for 10
min, followed by electrophoresis and transfer onto nitrocellulose
membrane. The membrane was blocked with 5% fat-free milk,
incubated with primary antibodies (SLFN11, CST) at 4 °C
overnight, and labeled with horseradish peroxidase (HRP)-
conjugated secondary antibodies (CST). Fluorescence intensities
of the bands were normalized to GAPDH (CST). Blots were
visualized by using BeyoECL Moon (Beyotime).
2.9 Macrophage polarization assay

For M0 macrophage polarization, THP-1 cells were seeded in 6-
well plates at a density of 5 × 105 cells/well and treated with 100 nM
phorbol 12-myristate 13-acetate (PMA; Sigma-Aldrich) for 48
hours. To validate polarization ef�ciency, M0 macrophages were
further stimulated to polarize into M1 or M2 subsets: M1
polarization was induced by treating M0 macrophages with 100
ng/mL lipopolysaccharide (LPS; Sigma-Aldrich) + 20 ng/mL
recombinant human interferon-g (IFNg; PeproTech) for 48 hours,
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while M2 polarization was induced with 20 ng/mL recombinant
human interleukin-4 (IL4; PeproTech) + 20 ng/mL recombinant
human interleukin-13 (IL13; PeproTech) for 48 hours. Polarization
was con�rmed by qPCR analysis of M1 (NOS2, CXCL10, TNFa)
and M2 (CD163, ARG1, CD206) marker genes, with untreated
THP-1 monocytes and PMA-induced M0 macrophages included as
controls to verify the unpolarized phenotype of M0 cells.
2.10 Co-culture of M0 macrophage with
melanoma cells

For co-culture, SLFN11-OE or NC melanoma cells (1×105 cells/
well) were seeded in the lower chamber of 12-well plates, while
PMA-induced M0 macrophages (1×105 cells/well) were plated in
the upper chamber of 0.4 mm pore-size Transwell inserts (Corning).
Cells were co-cultured for 48 hours in RPMI-1640 medium
supplemented with 10% FBS, allowing bidirectional cytokine
communication without direct cell-cell contact. After co-culture,
macrophages in the Transwell upper chambers were carefully
collected by gentle scraping for qPCR.
2.11 ELISA

After co-culture, macrophages were isolated and cultured in
fresh medium for 48 hours. Supernatants were collected, and
CXCL10 secretion was quanti�ed using a Human CXCL10 ELISA
Kit (Proteintech) following the manufacturer’s protocol.
Absorbance was measured at 450 nm with a microplate
reader (BioTek).
2.12 Transwell migration assays for tumor
cell-mediated chemotaxis of macrophages
and CD8+ T cells

THP-1-derived M0 macrophages and primary human CD8+ T
cells were labeled with 5 mM CFSE (Invitrogen) in serum-free RPMI
1640 medium for 15 minutes at 37°C, followed by two washes with
complete medium to remove unincorporated dye. For macrophage
migration, CFSE-labeled macrophages (1 × 105 cells/well) were
seeded into the upper chamber of 24-well transwell plates (8 mm,
Corning), with the lower chamber containing 800 mL complete
medium and SLFN11-overexpressing (SLFN11-OE) or negative
control (NC) tumor cells (SK-Mel-246 or A375) at 2 × 105 cells/
well. After 48 hours of incubation, non-migrated cells in the upper
chamber were removed with a cotton swab; migrated cells on the
lower membrane surface were �xed with 4% paraformaldehyde,
stained with 0.1% crystal violet (Sigma-Aldrich), imaged, and
quanti�ed by counting in three random �elds, while migrated
cells in the lower chamber were analyzed by �ow cytometry to
determine the number of CFSE+ macrophages. For CD8+ T cell
migration, CFSE-labeled CD8+ T cell (1 × 105 cells/well) were
seeded into the upper chamber of 24-well transwell plates (5 mm,
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Corning), with the lower chamber containing SLFN11-OE or NC
tumor cells under the same conditions; after 48 hours, migrated
CD8+ T cells in the lower chamber were collected and analyzed by
�ow cytometry to quantify CFSE+ cells.
2.13 Co-culture of CD8+ T cells with
melanoma cells

Primary human CD8+ T cells were isolated from peripheral
blood mononuclear cells (PBMCs) of healthy donors using the
EasySep Human CD8+ T Cell Isolation Kit (Stemcell Technologies).
Isolated CD8+ T cells were resuspended in RPMI 1640 medium
(Gibco) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Gibco), 100 U/mL penicillin, 100 mg/mL
streptomycin, and 2 mM L-glutamine (Thermo Fisher Scienti�c),
then activated with human CD3/CD28 (Stemcell Technologies) for
72 hours. CD8+ T cells were maintained in the medium
supplemented with 20 ng/mL recombinant human IL-2
(PeproTech) until use in co-culture assays.

For co-culture assays, SLFN11-OE or NC melanoma cells were
seeded in 6-well plates at a density of 1 × 105 cells/well and allowed
to adhere overnight. Activated CD8+ T cells were added to each well
at a 5:1 effector-to-target ratio (5 × 105 T cells per well) and co-
cultured for 72 hours. After co-culture, CD8+ T cells were
harve s t ed , washed wi th PBS , and s ta ined for �ow
cytometric analysis.
2.14 Flow cytometry

Flow cytometric analysis of migrated cells in transwell assays
involved collecting samples from the lower chamber (containing
migrated macrophages or CD8+ T cells) and analyzing them via
�ow cytometry. For CFSE-labeled macrophages or CD8+ T cells, the
CFSE+ population was gated to quantify migrated cells. Absolute
counts of CFSE+ cells across groups were compared to determine
the chemoattractive capacity of SLFN11-OE versus NC tumor cells.

For �ow cytometric analysis of intracellular cytokines in co-
cultured CD8+ T cells, cells were stimulated with Cell Stimulation
Cocktail plus protein transport inhibitors (eBioscience) for 4 hours
at 37°C with 5% CO2. After stimulation, cells were centrifuged and
washed with PBS, then stained with a viability dye (BioLegend) for
15 minutes at room temperature in the dark to exclude dead cells.
Following viability staining, cells were incubated with
�uorochrome-conjugated antibodies against CD3 (Clone SK7,
Biolegend) and CD8 (Clone SK7, BD BioLegend) for 30
minutes at 4°C in the dark, washed with PBS, and then �xed
and permeabilized using Fixation Buffer (eBioscience). Intracellular
staining was performed with a �uorochrome-conjugated
antibody against IFN-g (Clone 4S.B3, BioLegend) for 30
minutes at 4°C in the dark, followed by washing with
permeabilization buffer. Data acquisition was performed on the
Cytek Aurora, and the percentages of cells were calculated using the
FlowJo software.
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2.15 Statistical analysis

Kaplan - Meier curves with log - rank tests compared overall
survival (OS)/progression - free survival (PFS) between SLFN11 -
high and SLFN11 - low subgroups. Spearman’s rank correlation
assessed relationships between SLFN expression, immune
checkpoint genes and immune cell scores (P < 0.05). Cox
regression analyses were performed using the survival package in
R to calculate the hazard ratios (HR). Flow cytometry and qPCR,
Elisa data were analyzed in GraphPad Prism, and statistical
signi�cance was determined by unpaired Student’s t-test, with a
p-value < 0.05 considered statistically signi�cant.
3 Results

3.1 Expression patterns of SLFN11 in
melanoma

To characterize the expression patterns of SLFN11 in
melanoma, we �rst compared the mRNA levels between skin
cutaneous melanoma (SKCM) tissues and normal skin using the
TNMplot database (https://tnmplot.com/analysis/). This analysis
revealed a signi�cant downregulation of SLFN11 in SKCM tumor
tissues compared to normal skin (P < 0.001) (Figure 1A).
Within the TCGA - SKCM cohort, metastatic lesions exhibited
higher SLFN11 expression than primary tumors (P < 0.001)
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(Figure 1B). Further analysis across clinical stages showed a
downregulation of SLFN11 in T4 - stage melanomas compared to
T1 - T3 stages. No signi�cant trends were observed across nodal (N)
or metastatic (M) stages (Figure 1C). Meanwhile, SLFN11
expression was signi�cantly reduced in melanomas with
ulceration relative to non - ulcerated tumors, suggesting an
association with this aggressive histopathological feature
(Figure 1D). Col lect ive ly , these express ion patterns ,
including lower SLFN11 in primary SKCM vs. normal skin,
higher levels in metastases vs. primaries, and reduced expression
in aggressive subtypes (T4 stage, ulcerated tumors), hint that
SLFN11 may be linked to melanoma progression and biological
aggressiveness. Given this potential association with tumor
behavior, we next investigated whether SLFN11 expression
correlates with survival outcomes to clarify its prognostic
relevance in melanoma.
3.2 SLFN11 expression correlates with
favorable survival outcomes in melanoma
across multiple independent melanoma
cohorts and clinical subgroups

Survival analysis of multiple independent cohorts yielded key
�ndings: Patients with high SLFN11 expression exhibited
signi�cantly prolonged overall survival (OS) in �ve independent
cohorts (TCGA, p<0.001; GSE19234, p=0.028; GSE54467,
FIGURE 1

SLFN11 expression patterns in melanoma and its association with clinical pathological features. (A) Comparison of SLFN11 expression levels (log2
TPM) in melanoma and normal tissue. (B) SLFN11 expression levels in primary melanoma versus metastatic melanoma from the TIMER2 database (C)
SLFN11 expression in melanoma across different T stages, nodal (N) status, and metastatic (M) status within the TCGA_SKCM cohort. (D) SLFN11
expression (z�score) in melanoma with and without ulceration within the TCGA_SKCM cohort. The Wilcoxon test was used for statistical analysis.
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