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Abstract 

Background  Triple-negative breast cancer (TNBC) development may be associated with tumor immune escape. 
This study explores whether the CHI3L1/MAF/CTLA4/S100A4 axis affects immune escape in TNBC through interplay 
with triple-negative breast cancer stem cells (TN-BCSCs).

Objective  The aim of this study is to utilize single-cell transcriptome sequencing (scRNA-seq) to uncover the molec-
ular mechanisms by which the CHI3L1/MAF/CTLA4 signaling pathway may mediate immune evasion in triple-nega-
tive breast cancer through the interaction between tumor stem cells (CSCs) and immune cells.

Methods  Cell subsets in TNBC tissues were obtained through scRNA-seq, followed by screening differentially 
expressed genes in TN-BCSCs and B.C.s (CD44+ and CD24−) and predicting the transcription factor regulated 
by CHI3L1. Effect of CHI3L1 on the stemness phenotype of TNBC cells investigated. Effects of BCSCs-231-derived 
CHI3L1 on CTLA4 expression in T cells were explored after co-culture of BCSCs-231 cells obtained from microsphere 
culture of TN-BCSCs with T cells. BCSCs-231-treated T cells were co-cultured with CD8+ T cells to explore the resultant 
effect on T cell cytotoxicity. An orthotopic B.C. transplanted tumor model in mice with humanized immune systems 
was constructed, in which the Role of CHI3L1/MAF/CTLA4 in the immune escape of TNBC was explored.

Results  Eight cell subsets were found in the TNBC tissues, and the existence of TN-BCSCs was observed in the epi-
thelial cell subset. CHI3L1 was related to the stemness phenotype of TNBC cells. TN-BCSC-derived CHI3L1 increased 
CTLA4 expression in T cells through MAF, inhibiting CD8+ T cell cytotoxicity and inducing immunosuppression. Fur-
thermore, the CTLA4+ T cells might secrete S100A4 to promote the stemness phenotype of TNBC cells.

Conclusions  TN-BCSC-derived CHI3L1 upregulates CTLA4 expression in T cells through MAF, suppressing the func-
tion of CD8+ T cells, which promotes the immune escape of TNBC.
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Introduction
Triple-negative breast cancer (TNBC) is a subtype of 
breast cancer in which the expression of E.R. (estro-
gen receptor), P.R. (progesterone receptor), and HER2 
(human epidermal growth factor receptor 2) is nega-
tive [1, 2]. Triple-negative breast cancer stem cells (TN-
BCSCs) exert a critical function in the initiation, therapy 
resistance, and progression of TNBC [3]. Immune escape 
is a crucial process in the malignant development of 
tumors and poses a significant obstacle to immunother-
apy [4]. Immune escape can enable a B.C. cell to form 
recurrence or metastasis [5]. Therefore, it is essential to 
further the understanding of the molecular mechanism 
of immune escape in TNBC.

The cancer stem-like cells (CSCs) possess high self-
renewal ability and tumor-initiating capability, playing a 
crucial role in tumor immune suppression and contrib-
uting to tumor recurrence, metastasis, amplification, 
drug resistance, and relapse [6, 7]. Triple-negative breast 
cancer (TNBC) is prone to metastasis and recurrence 
[8]. Recent research has revealed that tumor stem cells 
in triple-negative breast cancer exhibit increased thera-
peutic tolerance and metastatic ability, thereby facili-
tating TNBC metastasis and recurrence [9]. CTLA-4 
is primarily expressed on activated T cells and can 
restrict the interaction between CD28 and CD80/CD86 
expressed on antigen-presenting cells (APCs) surface 
through competitive binding, thereby leading to immune 
suppression [10]. Numerous studies have shown that 
immune checkpoint blockade of CTLA-4 can unleash T 
cell-mediated therapeutic responses against cancer [11]. 
Furthermore, the Role of CTLA-4 and its immune check-
point in breast cancer treatment has also demonstrated 
potential [12]. Currently, the mechanisms underlying the 
effect of CTLA-4 in triple-negative breast cancer and its 
interaction with TNBC tumor stem cells remain unclear. 
Exploring these underlying mechanisms could be valu-
able in identifying therapeutic targets for triple-negative 
breast cancer.

This study aimed to investigate the potential molec-
ular mechanisms underlying the immune escape of 
triple-negative breast cancer (TNBC) through the inter-
action between tumor stem cell-like cells and immune 
cells, mediated by the CHI3L1/MAF/CTLA4 signaling 
pathway, using single-cell transcriptomic sequencing 
technology. Using annotation and clustering methods, 
various cell subtypes in TNBC tissue were identified, 
and TN-BCSCs were further selected from the CD44 + & 
CD24- cell subpopulation. The final results indicated that 
CHI3L1 derived from TN-BCSCs upregulated CTLA4 
expression in T cells through MAF, leading to CD8 + T 
cell suppression and facilitating TNBC immune eva-
sion. Additionally, this research provides new targets and 

strategies for treating TNBC and holds significance for 
investigating the immune escape mechanisms of various 
tumors, including breast cancer.

Materials and methods
Ethical approval
The study was carried out with the approval of the Eth-
ics Committee of Zhujiang Hospital at Southern Medical 
University. The procedures for the Care and Use of Labo-
ratory Animals, as outlined in the Guide, were followed 
during the animal experiment. Every effort was made to 
minimize the suffering experienced by the experimental 
animals.

scRNA‑seq data acquisition and cell grouping
The scRNA-seq dataset GSE180286 [13] was obtained 
from the GEO database. Two primary TNBC samples, 
GSM5457199 (P1) and GSM5457208 (P4), were analyzed 
using the “Seurat” package in the R software [14]. Qual-
ity control measures were applied to the data, requiring 
nFeature_RNA > 50, nCount_RNA < 20000, and percent.
mt < 20. Genes exhibiting highly variable expression (top 
2000 variance) were selected, and a linear reduction was 
performed using principal component analysis (PCA). 
The resulting PCA was then used to cluster PC_1-PC_20 
with the tSNE algorithm. Cell types were annotated 
using the “SingleR” package in the R software, with “ref_
Human_all” as the reference dataset [15].

Screening and analysis of the differentially expressed 
genes (DEGs)
Differentially Expressed Genes (DEGs) were identified 
using the “limma” package in the R software [16]. DEGs 
were screened in two comparisons: between TN-BCSCs 
and B.C.s with the criteria of |logFC|> 0.3 and FDR < 0.05, 
and between CTLA4 + T and CTLA4- T with the criteria 
of |logFC|> 0.5 and FDR < 0.05. For visual representation, 
the “pheatmap” package was employed. Additionally, the 
“clusterProfiler” package was used for performing Gene 
Ontology (G.O.) enrichment analysis. The "VennDia-
gram" package was utilized to identify genes that inter-
sect between different sets. This package enabled the 
creation of Venn diagrams to visualize the overlapping 
genes.

Cell culture and transfection
Human triple-negative breast cancer cell lines, MDA-
MB-231 (ATCC, HTB-26, USA) and MDA-MB-453 
(ATCC, HTB-131, USA), were cultivated using DMEM-
H (Thermo Fisher, 10100147C, USA) medium supple-
mented with 10% FBS (Thermo Fisher, 11965092, USA). 
Human spleen-derived T cells (MingZhou Bio, 4229, 
Zhejiang, China) along with human CD8+ T cells were 
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cultured using CTS™ OpTmizer™ T cell expansion SFM 
medium (Thermo Fisher, A1048501, USA). Isolation of 
human CD8+ T cells from T cells was performed using 
the Dynabeads™ CD8 Positive Isolation Kit (Thermo 
Fisher, 113333D, USA). All cell cultures were supple-
mented with 1% Penicillin–Streptomycin (Thermo Fisher, 
15140163, USA), and the cells were maintained in an 
incubator at 37 °C with a 5% CO2 atmosphere.

A lentivirus-mediated infection protocol was used 
to construct the following cell lines: CHI3L1-overex-
pressed MDA-MB-231 and MDA-MB-453 cell lines (or-
CHI3L1-231 and oe-CHI3L1-453) and their negative 
control (N.C.) cell lines (oe-NC-231 and oe-NC-453), 
MAF-knockdown T cell lines (sh-MAF-1 T and sh-
MAF-2 T) and their N.C. cell lines (sh-NC T). Sangon 
(Shanghai, China) provided plasmid construction and 
lentivirus packaging, and shRNA sequences are detailed 
in Additional file  8: Table  S1. The constructed plasmids 
(oe-NC, oe-CHI3L1, sh-NC, sh-MAF-1, and sh-MAF-2) 
were co-transfected into 293T cells, and packaged len-
tiviruses were obtained after verification, amplification 
and purification. For lentiviral infection, 5 × 105 cells were 
seeded into 6-well plates. When cell confluency reached 
70–90%, the cells were infected with a medium con-
taining an appropriately packaged lentivirus (MOI = 10; 
working titer: approximately 5 × 106 TU/mL) and 5 μg/
mL polybrene (TR-1003, Merck KGaA, Darmstadt, 
Germany). After 48 h of infection,1 μg/mL puromycin 
(A1113803, Thermo Fisher Scientific) was used to obtain 
stably infected cell lines. As described above, the fluores-
cence-labeled cells (MDA-MB-231-EGFP and MDA-MB-
453-EGFP) used for the animal experiments were also 
constructed.

Spheroid formation assay
Cells were inoculated into 6-well plates pre-packaged 
with Pol y-HEMA (Merck, P3932, USA) in an inoculum 
quantity of 5 × 103 cells/well. Cells were treated with B-27 
(1:50, Thermo Fisher, A1895601, USA), 0.4% BSA (Merck, 
A1933, USA), 20 ng/ml EGF (Merck, SRP3027, USA), 20 
ng/ml basic-FGF (PeproTech, 100-18B, USA), 5 μg/ml 
insulin (Merck, I3536, USA), and 1% Penicillin–Strepto-
mycin in DMEM/F-12 (Thermo Fisher, A4192001, USA) 
in culture for approximately 8 days to allow the produc-
tion of mammary microspheres.

CCK‑8 and colony formation assays
CK-8 kit (Biyuntian, C0037, Shanghai, China) was used 
to detect cell proliferation. Logarithmic growth phase 
cells were taken and adjusted to a concentration of 5 × 104 
cells/mL with DMEM-H medium containing 10% FBS, 
then spread into a 96-well culture plate, 100  μL of cell 
suspension was added to each well and incubated in an 

incubator for 48 h. After the supernatant was quickly dis-
carded, 10 μL of CCK-8 solution was added to each well 
and incubated at 37 °C for 2 h. The absorbance values at 
450 nm (A) were measured using a Multiskan FC enzyme 
marker ( Thermo Fisher, 51119080, USA) to determine 
the absorbance value at 450 nm (A). Three parallel wells 
were set up in each group, and the average values were 
taken.

Cells in the logarithmic growth phase were detached 
and subcultured to make cell suspension. Next, 5 mL 
cell suspension was seeded into the plate with a density 
of 100 cells/plate. After incubation at 37 °C with 5% CO2 
for 2–3 weeks, methanol was used for fixation for 15 min, 
followed by staining with Giemsa solution for 10 min. 
The number of colonies with greater than 10 cells was 
counted by the naked eye or under a microscope, and the 
colony formation rate was calculated.

Scratch assay to detect cell migration
Previous studies [17] were referenced to conduct the 
scratch assay experiment. The procedure is briefly 
described: horizontal lines were marked on the back 
of a 6-well plate using a marker pen, with 1 cm spac-
ing between each line. Each line was ensured to pass 
through the corresponding sample well. At least 4 lines 
were marked within each sample well. Approximately 
5 × 105 cells were evenly distributed within each well 
and allowed to adhere for 12 h. Wells showing 100% cell 
confluence were selected for subsequent experiments. 
After incubation for 24 h, a white pipette tip with a 10 μL 
capacity was used to vertically scratch the lines marked 
on the back of the wells. The scratch area was washed 
with PBS to remove detached cells, repeated three times, 
and then replenished with a serum-free culture medium. 
The scratched 6-well plate was placed in a 37 °C, 5% CO2 
incubator for 24 h, and samples were taken for cell imag-
ing. Cell images were analyzed using ImageJ software to 
calculate the average distance between cells.

Transwell assays for cell migration and invasion
Logarithmic growth phase cells were taken, digested 
and washed once with PBS and serum-free medium 
successively. The cells were suspended with serum-free 
medium, counted, and the concentration was adjusted 
to 2 × 105 /mL. For the invasion assay, Matrigel gel 
(Corning, 356,237, USA) was removed from −  20  °C 
in the refrigerator at 4  °C overnight. Matrigel gel was 
diluted to 300 μL/mL with serum-free cell culture 
medium at 4  °C, and 100  μL was evenly applied to 
a layer of The cell culture cell was then gently placed 
into the wells of the 24-well plate and placed at 37  °C 
for about 3 h. The cell culture cell was taken out and 
dried on the ultra-clean bench overnight, and the 
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migration experiment was carried out directly in the 
next step. Add 800 μL of conventional medium contain-
ing 10% serum to the lower chamber (i.e., the bottom 
of the 24-well plate) and 150 μL of the cell suspension 
to the upper chamber and continue to incubate in the 
incubator for 24  h. Aspirate and discard the residual 
liquid from the upper and lower chambers, and gently 
wipe away the residual gel and uninvaded cells from 
the upper chamber with a clean cotton swab, paying 
attention to avoid damaging the basement membrane; 
wash the upper and lower chambers with PBS twice, 
and aspirate and discard the PBS; add 0.5 mL 4% par-
aformaldehyde, fixed for 30 min and then aspirated. 
Add 0.5 mL 0.1% crystalline violet, stain for 20 min and 
aspirate, wash 3  times with PBS, then microscopically 
examine and count the number of cells on the lower 
surface of PET membrane, count the middle and sur-
rounding 5 fields of view and take the average.

Cell treatment
First, 0.4 μm Transwell was used to co-culture tumor and 
T cells. T cells were seeded in the Transwell apical cham-
ber (1 × 105 cells/well), and MDA-MB-231 or BCSCs-231 
cells were seeded in the Transwell basolateral chamber 
(5 × 104 cells/well). In the CHI3L1 blocking experiment, 
20 μg/mL anti-CHI3L1 (MAB25991, R&D Systems, Min-
neapolis, MN) was added to the basolateral chamber 
with BCSCs-231 cells (BCSCs-231 + anti-CHI3L1). To 
verify MAF’s effect, sh-NC or sh-MAF-1 (T cells) were 
seeded in the Transwell apical chamber and BCSCs-231 
in the basolateral chamber. Cells were harvested after 48 
h for subsequent analysis.

To verify the immunosuppressive effect of CTLA4+ T 
cells, CD8+ T cells (104 cells/96well) were treated with 
untreated T cells (Mock), and MDA-MB-231 or BCSCs-
231 treated T cells (MDA-MB-231-T or BCSCs-231-T, 
103 cells/96well), respectively, in co-cultured in medium 
containing Dynabeads™ human T activator CD3/CD28 
(Thermo Fisher, 11132D, USA) and hrIL-2 (20 I.U./mL, 
Thermo Fisher, PHC0021, USA). For exogenous treat-
ments, 20 μg/mL anti-CTLA4 ( Bio X Cell, BN13, USA) 
(BCSCs-231-T + anti-CTLA4), 5 μg/mL hrCD86 (MCE, 
HY-P7323, USA) (BCSCs-231-T + hrCD86 and hrCD86) 
were added respectively The cells were collected after 48 
h for Flow cytometric analysis to assess the cytotoxicity 
of CD8+ T cells.

For other cell treatments, 1  μg/mL hrCHI3L1 (MCE, 
HY-P70030, USA), 20 μg/mL anti-S100A4 (R&D, 
MAB4137, USA), and 2 μg/mL hrS100A4 (MCE, 
HY-P71140, USA) were added to the corresponding cul-
ture systems, respectively The cells were collected after 
48 h of incubation for subsequent analysis.

Flow cytometric analysis and apoptosis detection
Cell samples were washed in PBS and resuspended; tis-
sue samples were digested in PBS containing 0.8 mg/mL 
Collagenase IV ( Merck, C4-BIOC, USA) for 30 min at 
37 °C, the tissue supernatant was collected, centrifuged at 
850 × g for 10 min, washed in PBS, and resuspended using 
Percoll (Merck, P1644, USA) to remove dead cells and 
then resuspended. The EGFP + tumor cells were sorted 
out using flow cytometry before detecting the proportion 
of TN-BCSCs in the tissue samples. When intracellular 
antigen detection was required, cells were permeabi-
lized with 0.5% Tween 20 (Merck, P2287, USA) for 5 min 
before incubation with primary antibody. Samples were 
incubated with the antibody at 4  °C and analyzed using 
flow cytometry (B.D. Bioscience, BD LSRFortessa, 
USA). pe-anti-Human-CD44 (10  μL/106 cells, Abcam, 
ab269300, U.K.) and Alexa Fluor® 647-Mouse-anti-
Human-CD24 (20 μL/test, B.D. Bioscience, 561644, USA) 
were used to detect the proportion of TN-BCSCs in the 
samples; APC- Mouse-anti-Human-CTLA4 (20  μL/test, 
B.D. Bioscience, 555855, USA) and FITC-anti-Human-
CD3 (1.0  μg/test, Abcam, ab34275, U.K.) were used 
to detect the proportion of surface CTLA4+ T cells in 
the samples; FITC -Mouse-anti-Human-Granzyme B 
(GzmB) (20  μL/test, B.D. Bioscience, 560211, USA) or 
Alexa Fluor® 488-Mouse-anti-Human-Ki67 (5  μL/test, 
B.D. Bioscience 561165, USA) and APC-Mouse-anti-
Human-CD8 (5  μL/test, B.D. Bioscience, 340584, 
USA) was used to assess the cytotoxicity of CD8+ T. 
The obtained data were analyzed using BD FACSDiva 
software.

Flow-through apoptosis assays were performed using 
the Pacific Blue™ Membrane Linker V/SYTOX™ AAD-
vanced™ Apoptosis Kit (Thermo, A35136, USA), follow-
ing the protocol provided by the manufacturer.

ELISA
Cell culture supernatants (conditioned medium, CM) 
were collected, and samples were assayed for CHI3L1 
(Thermo Fisher, EHCHI3L1X5, USA) and S100A4 
(Abcam, ab283547, U.K.) expression levels using enzyme-
linked immunosorbent assay (ELISA) kits according to 
the manufacturer’s instructions.) expression levels.

Western blot
Total proteins were extracted from the cells and tis-
sues using the Protein Extraction Kit (BB3101, Best-
bio, Shanghai, China), and protein concentrations were 
quantified by BCA Protein Assay (P0012S, Beyotime). 
Proteins were loaded on SDS-PAGE gels for transfer to 
a PVDF membrane, followed by blockade with TBST 
containing 5% skim milk powder and incubation with the 
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primary antibodies (Additional file 8: Table S2) and then 
with HRP-labeled goat anti-rabbit IgG (1:2000, ab6721, 
Abcam) or HRP-labeled goat anti-mouse IgG (1:2000, 
ab6789, Abcam). β-actin served as the internal reference. 
ECL reaction solution (P0018FS, Beyotime) was used for 
color development.

RNA extraction and RT‑qPCR
Total RNA was extracted using Trizol (16096020, 
Thermo Fisher Scientific) following the manufacturer’s 
guidelines. Next, the RNA was reversely transcribed into 
cDNA using the R.T. reagent Kit (RR047A, Takara, Shiga, 
Japan). Gene expression analysis was performed using 
SYBR® Premix Ex TaqTM II kits (DRR081, Takara) on 
the real-time fluorescence qPCR instrument (ABI 7500, 
Thermo Fisher Scientific). With β-actin as the internal 
reference, gene expression was quantified by the 2−ΔΔCt 
method. The list of primers is provided in Additional 
file 8: Table S3.

Breast cancer in situ transplantation model construction 
and treatment
Forty-eight 4–5-week-old immune system humanized 
female mice weighing 20 ± 2 g were purchased from Bei-
jing Viton Lever Laboratory Animal Technology Co., Ltd 
(408, huPBMC-NOG, Beijing, China). Mice were housed 
in standard feeding cages at a constant room tempera-
ture of 23 ± 1 °C with 12–12 h of light-darkness and free 
access to food and water. The mice were acclimatized for 
one week before the experiment. Our hospital animal 
ethics committee approved this experimental procedure 
and animal use protocol.

Twenty-four mice were randomly selected and divided 
into 3 groups: MDA-MB-231, BCSCs-231 and BCSCs-
231 + anti-CHI3L1, and inoculated with MDA-MB-231-
EGFP or BCSCs-231-EGFP (obtained by enrichment in 
MDA-MB-231-EGFP) in the mammary fat pad of mice, 
respectively. Amount 5 × 105. BCSCs-231 + anti-CHI3L1 
group was injected with anti-CHI3L1 (0.5  mg/kg) via 
the tail vein twice weekly. Tumour growth was assessed 
weekly using a bioluminescence imaging system (Perki-
nElmer, IVIS Imaging System Xenogen, USA) and plotted 
growth curves. Mice were euthanized 35 days (5 weeks) 
after tumor inoculation, and tissues were taken to detect 
relevant indicators.

The remaining 24 mice were randomly divided into 
3 groups: Mock + sh-NC, hrCHI3L1 + sh-NC, and 
hrCHI3L1 + sh-MAF-1, and inoculated with MDA-
MB-453-EGFP in the mammary fat pad in a quantity of 
5 × 105. Packaged adenovirus of sh-NC or sh-MAF-1 was 
injected 48 h after injection (AVV-6. 1011 UT, 50 μL, pro-
vided by Bioengineering) once every 2  weeks. Tail vein 
injection of hrCHI3L1 (0.1 mg/kg MCE, HY-P70030, 

USA) was given 48 h after the first injection of sh-NC or 
sh-MAF-1 twice a week. Mice were euthanized 35 days 
(5 weeks) after tumor inoculation, and tissues were taken 
to detect relevant indexes.

Statistical analysis
All statistical analyses of the data in this study were per-
formed using SPSS 26.0 (IBM, USA) statistical software. 
The measurement data were expressed as mean ± stand-
ard deviation. Normality and chi-square tests were first 
performed for conformity to a normal distribution and 
chi-square, unpaired t-tests were used between groups. 
One-way ANOVA or ANOVA of repeated measures 
data was used for comparison between multiple groups. 
p < 0.05 indicated that the differences were statistically 
significant.

Results
CHI3L1 involved in immune evasion of BCSCs
Cancer Stem Cells (CSCs) exhibit remarkable self-
renewal capabilities and possess the capacity to initiate 
tumorigenesis, thus holding a pivotal role in fostering 
tumor immunosuppression [6]. While monoclonal anti-
bodies targeting CTLA4 have found applications in treat-
ing cancers like kidney and lung malignancies [18, 19], 
the connection between Triple-Negative Breast Cancer 
Stem Cells (TN-BCSCs) and CTLA4 remains inade-
quately elucidated.

To identify the target genes that regulate CTLA4 in 
TN-BCSCs, we initially performed tumor tissue clus-
tering in TNBC. To investigate whether TN-BCSCs can 
participate in tumor immune escape via CTLA4, we 
obtained the breast cancer-associated single-cell RNA 
sequencing (scRNA-seq) dataset GSE180286 from Gene 
Expression Omnibus (GEO). We analyzed two primary 
TNBC samples, GSM5457199 (P1) and GSM5457208 
(P4). We first looked at the number of genes (nFea-
ture_RNA), the number of mRNA molecules (nCount_
RNA) and the percentage of mitochondrial genes for 
all cells in the scRNA-seq data, and the results showed 
that most cells with nFeature_RNA < 6000, nCount_
RNA < 20,000, and percent.mt < 25% (Additional file  1: 
Fig. S1A). We filtered the data with nFeature_RNA > 50 & 
nCount_RNA < 20,000 & percent.mt < 20 as criteria, and 
finally obtained the expression matrix of 6676 cells and 
20,854 genes. The sequencing depth correlation calcula-
tion results showed the correlation coefficient r = 0.18 
between nCount_RNA and percent. Mt for the filtered 
data and r = 0.92 between nCount_RNA and nFeature_
RNA (Additional file  1: Fig. S1B) indicated that the fil-
tered cell data were of good quality and could be used in 
the subsequent analysis.
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The gene expression variability in the data was calcu-
lated based on the gene expression variance data, and the 
genes with the top 2000 variance were selected as highly 
variable genes (Additional file  1: Fig. S1C). The central 
genes associated with PC_1-PC_4 obtained through lin-
ear dimension reduction and their expression heatmaps 
are shown in Additional file 1: Fig. S1D, E, and the dis-
tribution of cells in PC_1 and PC_2 is revealed in Addi-
tional file 1: Fig. S1F. The p-value distribution of P.C. _1 
PC_20 was visualized using the JackStrawPlot function 
to obtain the position of P.C.s relative to the uniform dis-
tribution (dashed line) (Fig. 1A). The standard deviation 
of P.C.s was sorted using ElbowPlot (Fig. 1B). The results 
show that PC_1—PC_20 can fully reflect the information 
contained in the selected highly variable genes and have 
good analytical significance (Fig. 1A, B).

A total of 14 clusters (Fig. 1C) were obtained by clus-
tering after dimension reduction of the top 20 P.C.s, 
and the gene expression heatmap of these 14 clusters 

was plotted (Additional file 2: Fig. S2). Subsequently, we 
used the R software “SingleR” package to annotate the 
cell types with "ref_Human_all" as a reference [15], and 
8 cell subsets were obtained (Fig. 1D), including B cells, 
T cells, epithelial cells, macrophages, monocytes, fibro-
blasts, endothelial cells, and tissue stem cells. Specifically, 
clusters 0, 7 and 10 were B cells; clusters 1, 4 and 6 were 
T cells; clusters 2, 8 and 11 were epithelial cells; cluster 
3 indicated macrophages; cluster 5 indicated mono-
cytes; cluster 9 indicated fibroblasts; cluster 12 indicated 
endothelial cells; cluster 13 indicated tissue stem cells.

The above results indicate that triple-negative breast 
cancer tumor tissue can be divided into 14 clusters con-
taining 8 cell subpopulations.

The CTLA4‑related gene CHI3L1 was highly expressed 
in TN‑BCSCs
To screen TN-BCSCs from epithelial cell subsets, we 
obtained the human BCSC marker gene sets from 
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CellMarker [20]. Comparing the expression of the top 10 
marker genes (CD44, CD24, ALDH1, CD133, SOX2, ESA, 
EpCAM, OCT4, ALDH and ALDH1A1) in the scRNA-
seq data, we found that CD44 and CD24 were expressed 
in the Epithelial_cells subpopulation. ALDH1A1 was not 
expressed in the Epithelial_cells subpopulation, while no 
other genes were detected (Additional file 3: Fig. S3A, B). 
CD44+/CD24− phenotype is reliable for screening BCSCs 
[21], and thus based on the median values of CD44 + and 
CD24- expression, TN-BCSCs (CD44+ and CD24−) were 
sorted from the epithelial_cells subset (Additional file 3: 
Fig. S3C). Subsequently, differential analysis was per-
formed using CD44− & CD24+ cells (i.e., B.C.s) in the 
Epithelial_cells subpopulation as control samples, and 

35 differentially expressed genes (DEGs) were obtained 
(containing 30 upregulated genes and 5 down-regulated 
genes) (Fig. 2A, Additional file 3: Fig. S3D). G.O. enrich-
ment analysis of the DEGs (Additional file 3: Fig. S3E, F) 
showed that compared to BCs, TN-BCSCs were enriched 
in biological processes such as regulation of intrin-
sic apoptotic signaling pathway by p53 class mediator, 
response to interferon-gamma, and regulation of viral 
entry into the host cell. Meanwhile, there was also a lack 
of genes associated with response to estrogen, interme-
diate filament organization and intermediate filament 
cytoskeleton organization.

CTLA-4 is primarily expressed in T cells, and there 
is a low expression of CTLA-4 in TNBC and TN-BCSC 
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Fig. 2  CTLA4-related gene expression in TN-BCSCs. A Expression heatmap of the DEGs between TN-BCSCs and B.C.s (CD44− and CD24+). The 
red indicates the upregulated expression, and the green indicates the downregulated expression. B Intersection between DEGs in TN-BCSC 
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[10]. Our single-cell sequencing analysis further sup-
ports this finding (Additional file  5: Fig. S5A). Further, 
we obtained CTLA4 Gene Term from GeneCards search, 
which contains 4113 CTLA4-related genes. Taking the 
intersection of TN-BCSC DEGs and CTLA4 Gene Term, 
we obtained 13 CTLA4-related candidate genes differ-
entially expressed in TN-BCSCs (PSMB7, TIMP1, CLU, 
ACTA2, FBXO9, CHI3L1, A2M, IFITM2, TNFSF10, 
CD74, MYC (CD44 and IFITM3) (Fig. 2B). We analyzed 
the expression of these 13 genes in 8 cell subpopulations 
and the results showed that FBXO9, CHI3L1 and MYC 
were mainly expressed in Epithelial_cells with reasonable 
specificity (Fig. 2C, D, Additional file 3: Fig. S3G). Subse-
quently, we obtained the expression correlation of these 
three genes with CTLA4 in breast cancer online from 
TIMER2.0 [22]. The results showed that CHI3L1 and 
MYC were significantly and positively correlated with 
CTLA4 expression, with CHI3L1 being the most corre-
lated with CTLA4 (rho = 0.285, p < 0.001) and no signifi-
cant correlation between FBXO9 and CTLA4 (Fig.  2E, 
Additional file 3: Fig. S3H, I).

To verify the expression of CHI3L1 in TN-BCSCs, we 
enriched BCSCs from TNBC cell lines MDA-MB-231 
and MDA-MB-453 using microsphere culture. Identifica-
tion results showed that the enriched BCSCs were micro-
sphere-like in culture with phenotype CD44+ & CD24−, 
consistent with the characteristics of BCSCs (Addi-
tional file  3: Fig. S3J-L). Subsequently, we examined the 
expression of CHI3L1 in BCSCs with their parental cells. 
RT-qPCR and Western blot showed that CHI3L1 expres-
sion was significantly higher in TN-BCSCs obtained 
from MDA-MB-231 and MDA-MB-453 enrichment 
than in parental cells (Fig. 2F, G). ELISA results showed 
that The level of CHI3L1 in the supernatant of TN-
BCSCs medium (conditioned medium, CM) was signifi-
cantly higher than that in the CM of their parental cells 
(Fig. 2H).

Collectively, the CTLA4-related gene CHI3L1 was 
upregulated in TN-BCSCs.

CHI3L1 promotes TNBC stemness
Compared with normal breast cells (B.C.s), breast can-
cer stem cells (BCSCs) exhibit increased proliferation, 

migration, invasion, and resistance to apoptosis [23]. Sev-
eral studies have shown that CHI3L1 can promote the 
stem-like properties of ovarian cancer cells, leading to 
poor prognosis [24]. To investigate whether CHI3L1 can 
promote TNBC stemness, we established CHI3L1 over-
expressing cell lines based on MDA-MB-231 and MDA-
MB-453 cell lines. The successful construction of these 
cell lines was confirmed by RT-qPCR, Western blot, 
and ELISA (Additional file  4: Fig. S4A–C). Addition-
ally, sphere formation assay and flow cytometry results 
demonstrated that CHI3L1 overexpression increased 
TN-BCSCs (Fig. 3A–C). To further validate the promo-
tive effect of CHI3L1 on TNBC stemness, we performed 
the following experiments. CCK-8 and colony forma-
tion assays revealed a significant increase in proliferation 
and colony formation ability in oe-CHI3L1-231 and oe-
CHI3L1-453 cells compared to oe-NC-231 and oe-NC-
453 cells (Fig.  3D, E). Scratch and Transwell assays 
showed that overexpression of CHI3L1 significantly 
enhanced the migration and invasion abilities of MDA-
MB-231 and MDA-MB-453 cells (Fig. 3E–H). Moreover, 
flow cytometry analysis demonstrated a lower proportion 
of apoptotic cells in the oe-CHI3L1 group compared to 
the oe-NC group, indicating that CHI3L1 overexpression 
could significantly increase the anti-apoptotic ability of 
MDA-MB-231 and MDA-MB-453 cells ( Fig. 3I).

Taken together, these results indicate that CHI3L1 can 
significantly enhance the stemness of TNBC, character-
ized by an increase in the proportion of CD44 +  and 
CD24- cells, as well as increased proliferation, migration, 
invasion, and resistance to apoptosis.

TN‑BCSCs upregulated CTLA4 expression in T cells 
via the CHI3L1/MAF axis.
CTLA4 is mainly expressed in T cells [10], as demon-
strated by the cited scRNA-seq data (Additional file  5: 
Fig. S5A). Before verifying whether TN-BCSCs can regu-
late CTLA4 expression in T cells via CHI3L1, we exam-
ined the original CTLA4+ T cell population in T cells 
using flow cytometry, and the results showed that only 
very few CTLA4 + T cells (CD3+ & CTLA4+) were pre-
sent in the T cells we used (Additional file  5: Fig. S5B). 
The RT-qPCR and Western blot results showed that the 

(See figure on next page.)
Fig. 3  Effects of CHI3L1 overexpression on the stemness phenotype of TNBC cells. A Representative results of spheroid formation assay to detect 
the stemness phenotype of MDA-MB-231 and MDA-MB-453 cells after CHI3L1 overexpression (left) and the quantitative chart (right). B RT-qPCR 
to detect BCSC markers CD44 and CD24 expression in MDA-MB-231 and MDA-MB-453 cells after CHI3L1 overexpression. C Flow cytometry 
to measure the proportion of BCSCs (CD44+ and CD24−) in MDA-MB-231 and MDA-MB-453 cells after CHI3L1 overexpression. D and E, Colony 
formation assay and CCK-8 assay to detect MDA-MB-231 and MDA-MB-453 cell proliferation after CHI3L1 overexpression. F–H Scratch assay 
and Transwell assay to detect MDA-MB-231 and MDA-MB-453 cell migration and invasion abilities after CHI3L1 overexpression. I Flow cytometry 
to measure MDA-MB-231 and MDA-MB-453 cell apoptosis after CHI3L1 overexpression. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. Cell 
experiments were repeated three times
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Fig. 3  (See legend on previous page.)
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expression of CTLA4 in T cells was significantly upregu-
lated after co-culture with BCSCs-231 cells compared 
with that co-culture with MDA-MB-231 cells (Fig.  4A). 
Flow cytometric analysis showed that the percentage of 
surface CTLA4+ was increased in T cells co-cultured 
with BCSCs-231 (Fig.  4B). With anti-CHI3L1 added to 
the medium, CTLA4 expression was significantly inhib-
ited (Fig. 4A, B), which indicated that TN-BCSCs might 
regulate CTLA4 expression in T cells mainly by secreting 
CHI3L1.

Further, we obtained the transcription factors pre-
dicted to regulate CTLA4 expression from the Cistrome 
D.B. database and later validated the expression of 15 of 
them associated with T Lymphocyte, Th1 and Th2 in the 
scRNA-seq data. The results showed that a total of 13 
transcription factors were expressed in the scRNA-seq 
data (BCL6, BRD4, CDK9, ETS1, FOXP3, GATA3, MAF, 
MYB, POLR2A, PSIP1, RUNX1, STAT5B and TBX21), 

among which ETS1, MAF and PSIP1 were expressed in 
the T_cells subpopulation expression levels were higher 
in the T_cells subpopulation (Fig. 4C, D, Additional file 5: 
Fig. S5C). Using GTRD, the target genes of ETS1, MAF 
and PSIP1 were searched, and only MAF and CTLA4 
were found to have a mutually regulatory relationship. 
Next, the JASPAR database was used to predict binding 
sites between MAF and the CTLA4 promoter region, and 
the potential binding sites with high scores were found 
(Additional file  5: Fig. S5D). Meanwhile, the correlation 
analysis showed a good correlation between MAF and 
CTLA4 in the T cell subset of TNBC scRNA-seq data 
(Fig.  4E, Additional file  5: Fig. S5E). Therefore, MAF in 
TNBC might be a key transcription factor regulating 
CTLA4 expression in T cells.

Based on the RT-qPCR and Western blot results, sh-
MAF-1 and sh-MAF-2 had good knockdown efficiency, 
with sh-MAF-1 having optimal efficiency (Additional 

Fig. 4  Effects of TN-BCSCs on CTLA4 expression in T cells. A RT-qPCR and Western blot to measure CTLA4 expression in T cells after co-culture 
with MDA-MB-231 or BCSCs-231 cells. B Representative results of CTLA4+ (on the cell surface) T cell proportion changes after co-culture (left) 
and quantitative chart (right). C Scatter plot showing the expression distribution of T cell-related transcription factors of CTLA4 predicted 
through the Cistrome D.B. database in cell subsets. D distribution of the predicted transcription factors of CTLA4 (ETS1, MAF and PSIP1) 
in the scRNA-seq data. E Correlation between MAF and CTLA4 expression in the T cell subset of the scRNA-seq data. F RT-qPCR and Western 
blot to detect CTLA4 expression change after co-culture of T cells with MAF knockdown and BCSCs-231 cells. G Representative results (left) 
and quantitative statistical chart (right) of the change in the proportion of CTLA4+ T cells after co-culture of T cells with MAF knockdown 
and BCSCs-231 as determined by flow cytometry. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. Cell experiments were repeated three times
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file 5: Fig. S5F, G). The results of RT-qPCR, Western blot 
and Flow cytometry showed that CTLA4 expression in T 
cells was significantly decreased by MAF-1 knockdown 
(Fig.  4F, G), indicating that TN-BCSCs might regulate 
CTLA4 expression in T cells through MAF.

To further validate the Role of CHI3L1 and reduce 
confounding factors, we repeated the above experiments 
using human recombinant CHI3L1 protein (hrCHI3L1) 
instead of BCSCs-231 and obtained the same results: 
CHI3L1 can upregulate CTLA4 expression in T cells, and 
the process may be mediated through MAF (Additional 
file 5: Fig. S5H–J).

The above results suggest that TN-BCSCs can secrete 
CHI3L1 to act on T cells and upregulate CTLA4 expres-
sion in T cells via MAF.

TN‑BCSCs suppress CD8 via CTLA4+ T cells+ T cell toxicity.
We co-cultured T cell-treated BCSCs-231 cells (BCSCs-
231-T cells) with CD8+ T cells to explore the Role of 
TN-BCSCs/CTLA4 axis in tumor immunosuppression. 

We found that compared with co-culture with MDA-
MB-231-T cells, co-culture with BCSCs-231-T cells sig-
nificantly inhibited the expression of cell cytotoxicity 
markers [25] GzmB and Ki67 in CD8+ T cells (Fig. 5A). 
When anti-CTLA4 was added exogenously, the inhibi-
tory effect of BSCSs-231-T cells on CD8+ T cells was 
notably reduced (Fig.  5A), indicating that the immuno-
suppression due to TN-BCSCs was mainly mediated by 
CTLA4+ T cells.

CD80 and CD86 are ligands for CTLA4 and are 
expressed as markers of M2-type macrophages in vari-
ous cancers [26]. In scRNA-seq data, CD86 was highly 
expressed in Macrophage and Monocyte cell subpopula-
tions, while CD80 expression was relatively low (Addi-
tional file 6: Fig. S6A, B). Flow cytometry results further 
showed that the presence of CD86 in the co-culture sys-
tem could significantly inhibit the expression of GzmB 
and Ki67 in CD8+ T cells. However, there was no sig-
nificant inhibition when CD86 has added alone (Fig. 5B), 
indicating that CD86 acted via CTLA4.

Fig. 5  Effects of BCSCs-231-T on the function of CD8+ T cells. A Representative results (left) and quantitative statistical chart (right) of flow 
cytometry, showing the effect of BCSCs-231-T on GzmB and Ki67 expression in CD8+ T cells. B Representative results (left) and quantitative statistical 
chart (right) of the promoting Role of hrCD86 in CD8 + T cell dysfunction caused by BCSCs-231-T as detected by flow cytometry. ns p > 0.05, * 
p < 0.05, ** p < 0.01, *** p < 0.001. Cell experiments were repeated three times
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The above results showed that CTLA4+ T cells gener-
ated by TN-BCSCs could inhibit the cytotoxicity of CD8+ 
T cells, and CD86 could enhance this inhibition.

TN‑BCSCs are involved in TNBC immune escape via CHI3L1/
MAF.
To further verify that TN-BCSCs were involved in the 
immune escape of tumors via CHI3L1, we constructed 
an in situ transplantation model of breast cancer in mice 
with a humanized immune system using EGFP-labeled 
MDA-MB-231 and BCSCs-231. The experiments were 
divided into 3 groups: MDA-MB-231, BCSCs-231 and 
BCSCs-231 + anti-CHI3L1. Tumour growth was assessed 

weekly using small animal live imaging to detect biolumi-
nescence intensity (BLI) at the transplantation site. Mice 
were euthanized 35 days after tumor inoculation, and 
tumor tissues were taken to detect relevant indexes. The 
results showed that the tumor growth rate and tumor size 
at the end of the experiment were significantly higher in 
the BCSCs-231 group than in the MDA-MB-231 group.

In comparison, the tumor growth rate and size in the 
BCSCs-231 + anti-CHI3L1 group were significantly 
lower than in the BCSCs-231 group (Fig. 6A). RT-qPCR 
and Western blot results showed that compared with 
the MDA-MB-231 group, CHI3L1, MAF and CTLA4 
expressions were significantly upregulated in tumor 

Fig. 6  In vivo verification of the involvement of TN-BCSCs in immune escape of TNBC through CHI3L1/MAF. A Growth of MDA-MB-231 
and BCSCs-231 orthotopic B.C. transplanted tumors. The tumor growth curve drawn based on the relative bioluminescence intensity is on the 
left. The bioluminescence intensity and tumor size at the end of the experiment are shown on the right side. B and C Detection of CHI3L1, MAF 
and CTLA4 expression in tumor tissues by RT-qPCR and Western blot. D and E, Detection of CTLA4+ T cell proportion and CD8+ T cytotoxicity (GzmB 
and Ki67) in tumor tissues by flow cytometry (n = 8). F Growth of MDA-MB-453 orthotopic B.C. transplanted tumor. The tumor growth curve drawn 
based on the relative bioluminescence intensity is on the left. The bioluminescence intensity and tumor size at the end of the experiment are 
shown on the right side (n = 8). G Flow cytometry to detect the proportion of BCSCs in MDA-MB-453 orthotopic B.C. transplanted tumors in mice 
treated with hrCHI3L1 or sh-MAF-1 (n = 8). H and I, Detection of CTLA4+ T proportion and CD8+ T cytotoxicity in MDA-MB-453 orthotopic B.C. 
transplanted tumor in mice treated with hrCHI3L1 or sh-MAF-1 by flow cytometry. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001
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tissues of BCSCs-231 group, and after exogenous 
administration of anti-CHI3L1, there was no significant 
change in CHI3L1 expression in BCSCs-231 + anti-
CHI3L1 group compared with BCSCs-231 group, 
and MAF and CTLA4 expressions were significantly 
decreased (Fig.  6B, C). The results of Flow cytomet-
ric analysis showed that the proportion of CTLA4+ T 
cells in tumor tissues was significantly increased in the 
BCSCs-231 group compared with the MDA-MB-231 
group, while the cytotoxicity of CD8+ T cells was sup-
pressed; the proportion of CTLA4+ T cells in tumor 
tissues was significantly decreased in the BCSCs-
231 + anti-CHI3L1 group compared with the BCSCs-
231 group, while the cytotoxicity of CD8 T cells was 
suppressed in the BCSCs-231 group compared with the 
MDA-MB-231 group. Meanwhile, the cytotoxicity of 
CD8+ T cells was significantly increased (Fig. 6D, E).

Furthermore, we constructed a breast cancer in  situ 
transplantation model using MDA-MB-453 (EGFP 
marker) to verify the Role of CHI3L1/MAF in promot-
ing TNBC stemness and participating in immunosup-
pression by exogenously administering hrCHI3L1 or/
and sh-MAF-1. Mice were randomly divided into 3 
treatment groups: Mock + sh-NC, hrCHI3L1 + sh-NC 
and hrCHI3L1 + sh-MAF-1, and tumor growth was 
monitored using small animal live imaging. The results 
showed that the tumor growth rate and size in the 
hrCHI3L1 + sh-NC group were significantly higher 
than those in the Mock + sh-NC group. In comparison, 
the tumor growth rate and size in the hrCHI3L1 + sh-
MAF-1 group were significantly lower than those in the 
hrCHI3L1 + sh-NC group (Fig. 6F). The mice were eutha-
nized 35 days after tumor inoculation. Flow cytometric 
analysis later examined the proportion of BCSCs, the pro-
portion of CTLA4+ T cells and the cytotoxicity of CD8+ 
T cells in the tumour tissues. The results showed that 
the proportion of BCSCs and the proportion of CTLA4 
T cells in the tumor tissues of the+ hrCHI3L1 + sh-NC 
group were significantly increased, and the cytotoxicity 
of CD8+ T cells was reduced compared with that of the 
Mock + sh-NC group; after the exogenous administration 
of sh-MAF-1 to down-regulate the expression of MAF 
in the tumor tissues, the proportion of BCSCs in the 
hrCHI3L1 + sh-MAF-1 group was significantly increased 
compared with that of the hrCHI3L1 + sh-MAF-1 
group. The ratio was not significantly different from that 
between the hrCHI3L1 + sh-NC group, while the propor-
tion of CTLA4+ T cells was significantly reduced, and the 
cytotoxicity of CD8+ T cells was increased (Fig. 6G–I).

The above results suggested that TN-BCSCs promoted 
the expression of CTLA4 in T cells through CHI3L1/
MAF axis, which inhibited the CD8+ T cell cytotoxicity, 
participating in immunosuppression in TNBC.

TN‑BCSCs‑induced secretion of S100A4 by CTLA4+ T cells 
promoted the stemness phenotype of TNBC cells
To investigate the possibility that CTLA4+ T cells in 
TNBC promote tumor cell stemness. We divided the 
T_cells subpopulation into the CTLA4+ T group and 
CTLA4− T group according to the presence or absence 
of CTLA4 expression. Subsequently, we performed dif-
ferential gene expression analysis using CTLA4− T as 
control and obtained 18 DEGs (containing 14 upregu-
lated and 4 down-regulated genes) (Fig. 7A, Additional 
file 7: Fig. S7A). G.O. enrichment analysis of genes up- 
and down-regulated in CTLA4+ T cells, respectively, 
showed that compared to CTLA4− T cells, CTLA4+ T 
cells were more efficient in myeloid dendritic cell acti-
vation, negative regulation of ossification and positive 
regulation of protein-containing complex assembly, and 
lack of response to progesterone, response to calcium 
ion and positive regulation of leukocyte differentiation 
and other functions (Additional file 7: Fig. S7B, C).

In the G.O. enrichment analysis of the CTLA4+ T 
cell upregulated gene, we found that S100A4 is associ-
ated with epithelial to mesenchymal transition, positive 
regulation of I-kappaB kinase/NF-kappaB signaling, 
and mesenchymal cell differentiation, which are tumor 
stem cell-associated biological processes, and there 
are also related studies suggesting that S100A4 is a 
potential factor in regulating tumor stem cells [27]. To 
verify whether TN-BCSCs-induced CTLA4+ T could 
promote TNBC cell stemness through S100A4, we 
first examined the changes in S100A4 expression in 
BCSCs-231-treated T cells (BCSCs-231-T). RT-qPCR 
and ELISA results showed that compared with the 
MDA-MB-231 group, BCSCs- 231 significantly upreg-
ulated the level of S100A4 in T cells and their culture 
medium supernatant (CM) (Fig.  7B, C). Subsequently, 
we co-cultured BCSCs-231-T with MDA-MB-453 and 
examined the changes in the expression of breast can-
cer stem cell markers in MDA-MB-453. The results 
of Flow cytometric analysis showed that the propor-
tion of CD44+ & CD24− cells in MDA-MB-453 was 
significantly higher in the BCSCs-231-T group than 
in the MDA-MB-231-T group, and exogenous addi-
tion of anti-S100A4 significantly inhibited this change 
(Fig.  7D). Moreover, in comparison with untreated T 
cells, hrS100A4 significantly upregulated the propor-
tion of CD44+ and CD24− MDA-MB-231 and MDA-
MB-453 cells (Fig. 7E).

The above results suggested that TN-BCSCs-induced 
CTLA4+ T cells might promote the stemness pheno-
type of TNBC cells by secreting S100A4.
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Discussion
Immune escape plays a vital role in B.C., and the immune 
silence of B.C. is related to diminished immune recog-
nition and promoted immunosuppression [28]. In this 
study, we used scRNA-seq to reveal the possible molec-
ular mechanism of the CHI3L1/MAF/CTLA4/S100A4 
axis in regulating the immune escape in TNBC. The 
results collectively demonstrated that this axis could pro-
mote immune escape in TNBC by mediating the interac-
tion between TN-BCSCs and immune cells.

In the first place, we found in this study that TNBC tis-
sues mainly contained 8 cell subsets. It was revealed that 

CHI3L1 was highly expressed in one of the cell subsets, 
TN-BCSCs and that CHI3L1 could promote the stemness 
of TNBC cells. Intriguingly, TN-BCSCs have been 
highlighted as essential regulators despite their capac-
ity to induce the aggressiveness of TNBC [29]. Of note, 
CHI3L1 secreted by myeloid-derived suppressor cells 
was reported to augment the function of TN-BCSCs, 
which identified a nonimmunologic role for myeloid-
derived suppressor cells in facilitating the progression 
of TNBC [30]. As previously reported, CHI3L1 could 
induce tumor immune escape in breast cancer by act-
ing on the cytotoxic machinery while preventing granule 

Fig. 7  Effects of CTLA4+ T cells-secreted S100A4 on the stemness phenotype of TNBC cells. A Heatmap of DEGs in CTLA4+ T cells. Red represents 
upregulated genes, and green represents downregulated genes. B and C S100A4 expression change in T cells and the culture supernatants of T cells 
after co-culture with MDA-MB-231 or BCSCs-231 cells as detected by RT-qPCR and ELISA. D Flow cytometry to determine the effect of co-culture 
of MDA-MB-231-T or BCSCs-231-T with T cells on the proportion of CD44+ and CD24− MDA-MB-453 cells. E Flow cytometry to determine the effect 
of exogenous hrS100A4 on the proportion of CD44+ and CD24− MDA-MB-231 and MDA-MB-453 cells. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. 
All cell experiments were repeated three times
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polarization [31]. The induction of CHI3L1 expression 
could affect tumor-related immune responses and pro-
mote metastasis in breast cancer [32]. These studies sup-
port our results regarding the promoting Role of CHI3L1 
in TNBC.

Furthermore, TN-BCSCs could secrete CHI3L1, which 
upregulated the expression of CTLA4 in T cells through 
MAF. CHI3L1 could be upregulated in the microenvi-
ronment dysfunction with PD-L1 expression, and block-
ade of PD-L1 could reverse CTLA4 immune checkpoint 
[33]. A high level of CTLA4 was found in CD69+ Tregs, 
and overexpression of CD69 could stimulate c-MAF 
expression [34]. Besides, increased c-MAF and CTLA4 
expression co-existed in Treg-of-B cells [35]. The results 
of these previous reports suggest that there may be a 
possible interaction between CHI3L1 and CTLA4 and 
between CTLA4 and MAF, despite the absence of dem-
onstration of the direct regulatory relationship between 
them.

It should be noted that the regulatory relationship 
between CHI3L1 and MAF has yet to be reported. It was 
revealed that MAFK, a MAF family member, was abun-
dant in human TNBC and aggressive mouse mammary 
tumor cell lines. MAFK overexpression could induce 
epithelial-mesenchymal transition phenotypes of breast 
cancer cells while facilitating tumor formation [36]. Aug-
mented c-MAF-inducing protein CMIP could negate 
the suppressed growth of TNBC induced by LINC01123 
deficiency. Increased MAF oncogene expression was 
associated with the bone metastasis of BC [37]. Moreo-
ver, MAF amplification could diminish the treatment effi-
cacy with adjuvant zoledronic acid in early BC [38]. Our 
study achieved the Role of CHI3L1 in TNBC through the 
MAF/CTLA4 axis.

We also demonstrated that TN-BCSCs promoted the 
expression of CTLA4 on T cells through CHI3L1/MAF 
axis, inhibited the CD8+ T cell cytotoxicity, and partici-
pated in TNBC immunosuppression. Immune escape 
is required for tumor progression, and current immune 
checkpoint therapy is based on enhancing CD8+ T cell 
cytotoxicity to eliminate cancer cells [39]. CTLA4-acti-
vated-like tumors manifested a conditional immune state 
resembling a cancer cell-exploited escape phenotype, 
and there existed meaningful interaction between tumor 
CLTA4-induced portraits and immune-infiltrating cells 
[40]. Interestingly, anti-CTLA4 combined with anti-PD-
L1 could suppress tumor growth and increase survival 
in a TNBC model. This antitumor effect was achieved by 
recruiting CD8+ T and T memory cells to regulate the 
tumor microenvironment [41].

Moreover, anti-CTLA4 induced significant antitumor 
effects by promoting the infiltration of CD8+ T cells in 
TRAMP-C2-bearing C57BL/6j mice [42]. Increased 

cytotoxicity of CD8+ T cells was induced by simvasta-
tin treatment, accompanied by downregulated CTLA4 
expression [43]. Treatment of anti-CTLA4 in combina-
tion with cisplatin and anti-PD-1 enhanced antitumor 
immunity in TNBC, involved with activation of tumor-
infiltrating cytotoxic CD8 and CD4 T cells [44]. The pre-
sent study demonstrated that the CHI3L1/MAF/CTLA4 
axis could inhibit CD8+ T cell cytotoxicity and induce 
TNBC immunosuppression.

Another critical finding obtained in this study was 
that TN-BCSCs-induced CTLA4+ T cells could secrete 
S100A4, which promoted the stemness phenotype of 
TNBC cells. S100A4 can appeal to T cells in primary and 
pre-metastatic tumors [45]. A previous study has shown 
exclusive expression of S100A4 by memory T cells of 
CD4+/CD8+ subsets [46]. Increased S100A4 expression 
was found in intraepithelial CD3-positive T lympho-
cytes [47]. Intriguingly, S100A4 was found to be directly 
bound by amlexanox, an azoxanthone drug that could 
exert anticancer functions through collaboration with 
anti-CTLA4 antibodies [48]. Prior research unfolded 
that activated S100A4 signaling due to PCDH7-regulated 
tumor-astrocyte interaction could retain the self-renewal 
of TN-BCSCs and modulate their adaptation and coloni-
zation [49]. Moreover, the S100A4 signaling was unveiled 
to enhance the invasive and intravasation capacities in 
geminin-overexpressing TNBC cells by promoting their 
stemness and epithelial-to-mesenchymal phenotypes 
[50]. However, these previous studies do not discuss the 
interaction between CTLA4 + T cells and S100A4 in the 
tumor microenvironment of TNBC.

To conclude, TNBC mainly contained 8 cell subsets, 
among which TN-BCSCs existed in the epithelial cell 
subgroup. As a characteristic gene expressed in TN-
BCSCs, CHI3L1 was related to TNBC cell stemness. It 
upregulated the expression of CTLA4 in T cells through 
MAF, thereby inhibiting CD8+ T cell cytotoxicity and 
inducing immunosuppression. CTLA4+ T cells pro-
moted the stemness phenotype of TNBC cells by secret-
ing S100A4 through positive feedback (Fig. 8). This study 
preliminarily revealed the molecular mechanism of 
BCSCs participating in TNBC immune escape through 
CHI3L1/MAF/CTLA4 axis and molecular target for 
basic research and clinical treatment of TNBC. However, 
the interaction between cells in the tumor microenviron-
ment is quite complex, and this study only discusses a 
potential interaction mode between BCSCs and T cells. 
In addition, the specific molecular mechanisms of the 
interaction between CHI3L1 and MAF, the inhibition of 
CD8+ T cell function by CTLA4+ T cells, and the regula-
tion of S100A4 on the stemness phenotype of TNBC cells 
remain elusive, which require further research.
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Additional file 1: Figure S1. TNBC scRNA-seq data quality control and 
PCA dimension reduction. A, Numbers of genes (nFeature_RNA) and 
mRNA molecules (nCount_RNA), and percentage of mitochondrial genes 
(percent. mt) per cell in the TNBC scRNA-seq data. B, Scatter plot of the 
correlation between nCount_RNA and percent.mt, nCount_RNA and 
nFeature_RNA in filtered data. C, ANOVA was performed to screen highly 
variable genes. Red represents the top 2000 highly variable genes, and 
black represents low variable genes. The gene names of the top 10 highly 
variable genes are marked. D, Top 30 related genes in PC_1 and PC_4 in 
PCA. E, Expression heatmap of top 30 related genes in PC_1 PC_4 in PCA. 
Yellow indicates the upregulated expression, and purple indicates the 
downregulated expression. F, distribution of cells in PC_1 and PC_2. Each 
dot represents one cell.

Additional file 2: Figure S2. Expression heatmap of top 10 DEGs in the 
13 clusters obtained from tSNE clustering. Yellow color indicates upregula-
tion, and purple color indicates downregulation.

Additional file 3: Figure S3. Expression of CTLA4-related genes in 
TN-BCSCs and enrichment identification of BCSCs. A & B, Scatter plots 
(A) and violin plots (B) showing the distribution of human breast BCSCs 
markers in cell subsets. C, Distribution of CD44 and CD24 expression in 
epithelial cell subsets. In the wireframe, TN-BCSCs (CD44+ and CD24-) have 

positive CD44 and CD24 expression at the median: D, Volcano plot of the 
expression of DEGs between TN-BCSCs and B.C.s. The red color represents 
the upregulated genes, and the green represents the downregulated 
genes. E & F, G.O. enrichment analysis results of upregulated genes (E) and 
downregulated genes (F) in the differential analysis between B.C.s and 
TN-BCSCs. G, Violin plot of the expression distribution of the CTLA4-related 
DEGs (PSMB7, TIMP1, CLU, ACTA2, A2M, IFITM2, TNFSF10, CD74, CD44, and 
IFITM3) in TN-BCSCs in each cell subset. H & I, The correlation of MYC with 
FBXO9 and CTLA4 expression in B.C. was analyzed through the TIMER2.0 
database. The result is corrected by tumor purity. J, The morphological 
display of the BCSCs obtained from spheroid formation assay and their 
parental cells. K & L, Phenotypic identification of BCSCs obtained from 
spheroid formation assay and their parental cells. ns p > 0.05, * p < 0.05, ** 
p < 0.01, *** p < 0.001. Cell experiments were repeated three times.

Additional file 4: Figure S4. Validation of CHI3L1 overexpression in 
the TNBC cell lines. A & B, RT-qPCR (A) and Western blot (B) to verify the 
CHI3L1 overexpression in MDA-MB-231 and MDA-MB-453 cells. C, ELISA to 
detect CHI3L1 expression in the supernatant of the conditioned medium 
after CHI3L1 overexpression. ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 
0.001. Cell experiments were repeated three times.

Additional file 5: Figure S5. Screening for the transcription factors of 
CTLA4 in T cells. A, Distribution of CTLA4 in scRNA-seq. B, Detection of the 
proportion of CTLA4+ untreated T cells by flow cytometry. C, Detection 
of the predicted transcription factors of CTLA4 in the scRNA-seq. D, MAF 
binding sequence identification map (left) obtained from the JASPAR 
website and predicted binding sites between MAF and CTLA4 promoter 
region (right). E, Correlation between ETS1, PSIP1 and CTLA4 expression 
in T cell subset in scRNA-seq. F & G, RT-qPCR and Western blot to verify 
the MAF knockdown efficiency in T cells. H & I, RT-qPCR and Western blot 
to detect changes in CTLA4 expression in T cells with MAF knockdown 
after hrCHI3L1 treatment. J, Representative results (left) and quantitative 
statistical chart (right) of changes in the proportion of CTLA4+ T cells with 
MAF knockdown after hrCHI3L1 treatment as detected by flow cytometry. 
ns p > 0.05, * p < 0.05, ** p < 0.01, *** p < 0.001. Cell experiments were 
repeated three times.

Fig. 8  Schematic illustration of the molecular mechanism by which TN-BCSC-derived CHI3L1 promotes immune escape of TNBC via the MAF/
CTLA4 axis. TNBC mainly contains 8 cell subsets, among which TN-BCSCs exist in the epithelial cell subgroup. As a characteristic gene expressed 
in TN-BCSCs, CHI3L1 is related to TNBC cell stemness. It upregulates the expression of CTLA4 in T cells through MAF, thereby inhibiting 
the cytotoxicity of CD8+ T cells and producing immunosuppression. CTLA4+ T cells promote the stemness phenotype of TNBC cells by secreting 
S100A4 through positive feedback

https://doi.org/10.1186/s12967-023-04532-6
https://doi.org/10.1186/s12967-023-04532-6
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Additional file 6: Figure S6. The expression distribution of CD80 and 
CD86 in scRNA-seq. A & B, The expression distribution of CD80 and CD86 
in the scRNA-seq, respectively.

Additional file 7: Figure S7. DEGs in CTLA4+ T cells and G.O. enrichment 
analysis. A Volcano map of DEGs in CTLA4+ T cells. Red represents upregu-
lated genes, and green represents downregulated genes. B & C, G.O. 
enrichment analysis results of upregulated genes (B) and downregulated 
genes (C) in CTLA4+ T cells.

Additional file 8: Table S1. shRNA sequences. Table S2. Manufacturer 
information of primary antibodies. Table S3. Primer sequences for 
RT-qPCR.
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