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Abstract

Breast cancer (BRCA) is a common malignant tumor, and its immune microenvironment plays a crucial role in dis-
ease progression. In this research, we utilized single-cell RNA sequencing and bulk RNA sequencing technologies,
combined with in vivo and in vitro experiments, to thoroughly investigate the immunological functions and mecha-
nisms of FOLR2+ macrophages in BRCA. Our findings demonstrate a significant enhancement in the interaction
between FOLR2+ macrophages and CD8* T cells within the tumor tissues of BRCA patients. FOLR2 is closely associ-
ated with T cell infiltration in the tumor microenvironment of BRCA patients, particularly with CD8" T cells. By secret-
ing CXCL9 and engaging with CXCR3, FOLR2+ macrophages can activate the functionality of CD8* T cells, thereby
promoting cancer cell apoptosis. Further animal experiments confirm that FOLR2+ macrophages activate CD8* T cells
through the CXCL9-CXCR3 axis, exhibiting an antitumor immunity effect in BRCA. FOLR2+ macrophages play a crucial
role in antitumor immunity in BRCA through the CXCL9-CXCR3 axis.
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Introduction

Breast cancer (BRCA) is one of the most prevalent malig-
nant tumors among women worldwide, with increas-
ing incidence and mortality rates annually [1-3]. The
development and progression of BRCA are associated
with various factors, among which the immune micro-
environment plays a crucial role [4-7]. In recent years,
researchers have increasingly recognized the pivotal role
of tumor-associated macrophages (TAMs) in tumor ini-
tiation, progression, and immune evasion [8-11]. As a
member of immune cells, macrophages can be classified
into M1 (pro-inflammatory) and M2 (anti-inflammatory)
subtypes based on their functions and phenotypic char-
acteristics, with M2 macrophages closely associated with
tumor growth, metastasis, and immune suppression [12].
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FOLR?2 is a membrane protein associated with folate
metabolism, garnering attention from researchers in the
context of BRCA in recent years [13, 14]. Some studies
have found a significant increase in FOLR2 expression in
BRCA, closely related to the pathogenesis and prognosis
of the disease [15]. Research in ovarian cancer, colorectal
cancer, and other solid tumors has indicated a connec-
tion between FOLR2+ macrophages and immune sup-
pression, enhanced cell proliferation, and invasiveness of
tumors [13, 16, 17]. Moreover, CD8' T cells, as crucial
cytotoxic immune cells, are believed to play a key role in
tumor immunotherapy within the tumor microenviron-
ment (TME) [18-20]. However, the relationship between
FOLR2+ macrophages and CD8" T cells and their roles
in BRCA remains unclear [21].

Single-cell RNA sequencing (scRNA-seq) technology
has provided a novel tool and perspective for investigat-
ing cell heterogeneity within the TME [22]. In compari-
son to traditional bulk RNA sequencing (bulk RNA-seq)
techniques, scRNA-seq can reveal gene expression dif-
ferences at the level of individual cells, offering a more
precise description of functional states and interactions
among cells [23]. This technology allows for in-depth
exploration of various cell types within the TME, such as
tumor cells, immune cells, and stromal cells, to investi-
gate their interactions and communication [24].

Given the aforementioned background and techno-
logical advancements, this study aims to delve into the
functions of FOLR2+ macrophages in BRCA and their
relationship with CD8" T cells through the integration
of scRNA-seq and bulk RNA-seq techniques, coupled
with in vitro and in vivo experiments. By elucidating
how FOLR2+ macrophages impact CD8* T cell activa-
tion through the CXCL9-CXCR3 pathway and contrib-
ute to antitumor immunity in BRCA, it is hoped that
this research will offer new strategies and targets for the
treatment of BRCA.

Materials and methods

Data retrieval from public databases

The TCGA-BRCA (BRCA) dataset was retrieved from
The Cancer Genome Atlas (TCGA) database (https://
portal.gdc.cancer.gov/), and RNA expression data
(HTSeq-FPKM) and clinical information for 1113 tumor
tissue samples and 113 adjacent normal tissue samples
from BRCA patients were downloaded in June 2023. The
METABRIC dataset was obtained through the cBioPortal
database (http://www.cbioportal.org/), comprising RNA
expression data (HTSeq-FPKM) and clinical information
of 1017 BRCA patient tumor tissue samples. Further-
more, the BRCA dataset was sourced from the Clini-
cal Proteomic Tumor Analysis Consortium (CPTAC)
database (https://proteomics.cancer.gov/), involving the
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download of protein expression data and clinical infor-
mation of 18 healthy control breast tissue samples and
125 BRCA patient tumor tissue samples [25]. Since these
data originate from a public database, ethical committee
approval is not required.

Clinical sample collection

This study retrospectively collected 25 samples of normal
breast tissue and 48 samples of BRCA tumor tissue from
our hospital, along with their clinical data (Table S1).
The normal breast tissue and BRCA tumor tissue sam-
ples were freshly frozen in liquid nitrogen and stored
at —80 °C. Prior to utilizing these clinical resources for
investigation, all patients provided informed consent, and
the experiment was approved by the Ethics Committee of
the First Affiliated Hospital, Hengyang Medical School,
University of South China (No. 2022-11-126), following
the guidelines of the Helsinki Declaration.

scRNA-seq

Four normal breast tissue samples (N1-N4) and four
BRCA tumor tissue samples (T1-T4) were collected for
scRNA-seq. Tumor samples were obtained from two
ER+, one HER2+, and one TNBC case. The normal and
tumor samples were strictly matched in terms of donor
age and menopausal status.

First, the tissues were processed using trypsin (9002-
07-7, Sigma Aldrich, USA) and collagenase I (C0130,
Sigma Aldrich, USA) with a dissociation time controlled
within four hours to minimize cell loss and transcrip-
tomic alterations, avoiding overnight dissociation that
may lead to cellular component changes [26]. DNase
I (10104159001, Roche, Switzerland) was added dur-
ing the dissociation to reduce cell clustering. Single-cell
suspensions were obtained by filtering through a 40 um
cell strainer. Cell viability was assessed using trypan blue
staining, ensuring viability > 85%.

Single cells were captured using the 10X Genomics
Chromium system. Once captured, cells were lysed on
the chip, releasing mRNA, which was reverse transcribed
to generate cDNA. After lysis and reverse transcription,
the cDNA was pre-amplified in a microfluidic chip for
subsequent sequencing. The amplified cDNA was used
for library construction and sequenced on the HiSeq
4000 Illumina platform (paired-end reads, 2x75 bp,
approximately 20,000 reads per cell) [27].

Using the Cellranger software provided by 10X Genom-
ics, an expression matrix was generated. Cells expressing
more than 200 genes (nFeature_RNA >200), with fewer
than 50,000 RNA counts (nCount_RNA <50,000), and
with mitochondrial gene content below 15% (percent.
mt<15%) were retained. The filtered data quality was
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further assessed through a unique molecular identifier
and gene correlation analysis [27].

UMAP clustering analysis and cell annotation

The Harmony method was used in Seurat to correct
batch effects and integrate scRNA-seq data from normal
and tumor breast tissues. Principal component analy-
sis was performed on the data using the top 2000 highly
variable genes based on variance. The selection of prin-
cipal components for downstream analysis was deter-
mined by integrating the JackStrawPlot and ElbowPlot
functions. The Seurat-provided FindClusters function
was utilized to identify major cell subpopulations, with
a resolution set at 0.5. Subsequently, the UMAP algo-
rithm was applied to perform non-linear dimensionality
reduction and obtain a two-dimensional visualization of
the scRNA-seq sequencing data. Marker genes specific
to various cell subpopulations were identified using the
findmarkergenes function from the scCATCH package.
Cell types were manually annotated based on known cell
marker genes [28].

Malignant cell extraction

After extracting epithelial cells using the subset function,
copy number variation (CNV) analysis was performed
using the inferCNV package. The K-means algorithm was
then applied to eliminate non-malignant cells within the
epithelial population. Subsequently, malignant cells were
subjected to UMAP clustering analysis [29, 30].

Analysis of cellular communication

CellCall is a toolkit designed to infer intercellular com-
munication networks and internal regulatory signals by
integrating intracellular and intercellular signaling. (1)
CellCall collects ligand—receptor—transcription factor
(L-R-TF) axis datasets based on KEGG pathways. (2)
Using prior knowledge of L-R—TF interactions, CellCall
infers intercellular communication by combining the
expression of ligands/receptors and downstream tran-
scription factor (TF) activity for specific L-R pairs. (3)
CellCall incorporates a pathway activity analysis method
to identify key pathways involved in communication
between specific cell types. In this study, the R package
CellCall [31] was used to analyze intercellular interac-
tions involving 14 common ligand-receptor pairs across
8 cell types.

CellPhoneDB is a database that contains ligands, recep-
tors, and their interactions, facilitating a comprehensive
and systematic analysis of signaling molecules between
cells, thereby enabling the study of intercellular commu-
nication and networks among different cell types [32].

The R software package CellChat [33] was utilized
to import data from the CellPhoneDB database for the
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analysis of cellular communication from three main
aspects: Secreted Signaling, ECM-receptor interactions,
and cell-cell contact. The general workflow involves
constructing CellChat objects using pre-existing scRNA-
seq data, inferring the number of ligand—receptor pairs
through the trimean method, calculating the commu-
nication probability of all ligand-receptor interactions
related to each signaling pathway to assess the signaling
pathway-level communication probability, visualizing
each signaling pathway using hierarchical diagrams, cir-
cular plots, or chord diagrams, and prioritizing impor-
tant signaling pathways based on inferred differences in
internal information flow between two groups.

Analysis of differential gene expression

Differential analysis was performed on FOLR2+ mac-
rophages between the Normal and Tumor groups using
the R software package limma [34]. Genes with |avg_
log2FC|>0.5 and P<0.05 were selected as differentially
expressed with a threshold. Additionally, FOLR2 expres-
sion was analyzed in healthy control breast tissue sam-
ples and BRCA patient tumor tissue samples based on
TCGA and CPTAC datasets.

Gene function enrichment analysis

To further clarify the functional differences between
FOLR2+ macrophages in the Normal and Tumor groups,
the R package clusterProfiler [35] was employed. With
a significance level set at P<0.05, Gene Ontology (GO)
enrichment analysis was conducted on the specific dif-
ferentially expressed genes of FOLR2+ macrophages in
the Normal and Tumor groups. The GO categories com-
prised biological processes (BP), cellular components
(CC), and molecular function (MF) [36].

Prognostic analysis of single gene

This study assessed the prognostic significance of CXCL9
and CXCR3 in BRCA based on clinical data from the
TCGA-BRCA dataset. Prognostic indicators, includ-
ing OS, DSS, and PFI, were assessed. The proportional
hazards assumption was tested using the survival pack-
age in R, followed by the development of survival regres-
sion models. Results were visualized with the R packages
survminer and ggplot2. Statistical comparisons of OS,
DSS, and PFI between high and low expression groups of
CXCL9 and CXCR3 were conducted using the Log-rank
test, with significance defined as P<0.05 [37]. Further-
more, the correlation between FOLR2 mRNA and pro-
tein expression and OS in BRCA patients was examined
using data from the METABRIC and CPTAC datasets.
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Analysis of the TME

Utilizing the TCGA dataset, the analysis of the TME
was conducted using the R software package “estimate’.
This involved the computation of StromalScore, Immu-
neScore, and ESTIMATEScore for each sample. The
subsequent step encompassed the examination of score
discrepancies between the high and low-expression
groups of FOLR2 [38].

Immune infiltration analysis

CIBERSORT is a deconvolution algorithm based on gene
expression that describes the cellular composition of
complex tissues. This method quantifies the abundance
of specific cell types, which is validated by fluorescence-
activated cell sorting (FACS). Gene expression data with
standard annotations have been uploaded to the CIBER-
SORT portal, utilizing the LM22 signature and running
the algorithm with 1000 permutations [39]. In this study,
leveraging the TCGA dataset, CIBERSORT was utilized
to calculate the relative proportions of 12 T cell subtypes
in each sample, with 1000 simulation iterations and a sig-
nificance threshold set at P<0.05. The analysis reveals
differences in immune cell content between the high and
low-expression groups of FOLR2 [40].

Correlation analysis

In this study, correlation analyses were conducted on the
relationship between CD8* T cell content and FOLR2
expression, as well as cytotoxic cell content and FOLR2
expression using the corplot package in R software, based
on data from TCGA [41, 42].

Reverse transcriptase-polymerase chain reaction (RT-qPCR)
RT-qPCR was employed to analyze the difference in
FOLR2 mRNA expression between healthy control breast
tissue samples and tumor tissue samples from BRCA
patients. Total RNA was extracted using the Trizol rea-
gent kit (10296010, Invitrogen, Thermo Fisher, USA),
and RNA quality and concentration were assessed using
UV-visible spectrophotometry (ND-1000, Nanodrop,
Thermo Fisher, USA). Reverse transcription was per-
formed using the PrimeScript’ RT-qPCR kit (RRO86A,
TaKaRa, Mountain View, CA, USA). Real-time quanti-
tative RT-qPCR was carried out on the LightCycler 480
system (Roche Diagnostics, Pleasanton, CA, USA) using
SYBR Premix Ex TagTM (DRR820A, TaKaRa). GAPDH
was used as the internal reference for mRNA. Primers for
amplification were designed by Shanghai Youbio Com-
pany, and their sequences are provided in Table S2. The
fold change in gene expression between the experimen-
tal and control groups was calculated using the 2744€T
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method, where AACT=ACt experimental group—ACt
control group, and ACt=target gene Ct—reference gene
Ct [43].

Western blot

Tissue and cellular total proteins were extracted using
an efficient RIPA lysis buffer (R0010, Solarbio, Beijing,
China) following the manufacturer’s instructions. After
lysis at 4 °C for 15 min and centrifugation at 15,000
rpm for 15 min, the supernatant was collected, and the
protein concentration of each sample was determined
using the BCA assay kit (20201ES76, Yisheng Biotech-
nology Co., Ltd., Shanghai, China). Quantification was
performed based on different concentrations, and the
proteins were separated by polyacrylamide gel electro-
phoresis. Subsequently, the proteins were transferred to
a PVDF membrane using the wet transfer method, fol-
lowed by blocking with 5% BSA at room temperature
for 1 h. Diluted primary antibodies were added: FOLR2
(human: ab103998, 1:1000, Abcam, UK), CXCR3 (mouse:
ab288437, 1:1000, Abcam, UK), pB-actin (ab227387,
1:5000, Abcam, UK). The membrane was then incu-
bated overnight at 4 °C, followed by washing with TBST
three times for 5 min each. Subsequently, the membrane
was treated with HRP-conjugated goat anti-rabbit IgG
(ab205718, 1:20,000, Abcam, UK) at room tempera-
ture for 1 h. After washing with TBST three times for
5 min each, the membrane was developed using a sub-
strate solution. Protein quantification analysis was per-
formed using Image] 1.48 software (National Institutes
of Health) by calculating the ratio of the grayscale values
of each protein to the reference protein grayscale values,
with B-actin (ab8226, 1:10,000, Abcam, UK) or Tubulin
(ab7291, 1:10,000, Abcam, UK) used as internal controls.
The experiment was repeated three times [44].

Immunohistochemical staining

Tumor tissues from humans or mice, as well as normal
mammary gland tissues, were embedded in slices, baked
at 60 °C for 20 min, sequentially placed in xylene solu-
tion, soaked for 15 min after changing xylene, immersed
in anhydrous alcohol for 5 min, followed by another
5 min in anhydrous alcohol, then sequentially hydrated
in 95% and 70% alcohol for 10 min each. Each slide was
treated with 3% H,0, at room temperature for 10 min
to block endogenous peroxidase enzymes. Citrate buffer
was added, microwaved for 3 min, antigen retrieval solu-
tion was dripped, left at room temperature for 10 min,
and washed thrice with PBS. Normal goat serum block-
ing solution (E510009, Shanghai Sengong Bioengineer-
ing Co., Ltd.) was added at room temperature for 20 min,
then diluted primary antibodies Ki67 (ab16667, 1:200,
Abcam, UK) and FOLR2 (ab302532, 1:100, Abcam, UK)
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were added separately and kept overnight at 4 °C, washed
thrice with PBS, incubated with goat anti-rabbit IgG
secondary antibody (ab6721, 1:1000, Abcam, UK) for
30 min, washed with PBS, and treated with DAB color
development kit (DAB-M, Sigma-Aldrich, USA) by drip-
ping solutions A, B, and C onto the specimen, followed
by a 6-min color development, hematoxylin staining for
30 s, dehydration in 70%, 80%, 90%, 95% ethanol, and
anhydrous ethanol for 2 min each, immersed in xylene
for 5 min twice, and finally sealed with neutral resin.
The slices were observed under a brightfield microscope
(BX63, Olympus, Japan). The experiment was repeated
three times. PBS was used instead of primary antibod-
ies for incubation as a negative control. Five immuno-
histochemistry images from different fields of view were
selected for quantitative analysis. The number of cells
with brown staining signals in the cytoplasm in each field
was counted as positive staining cells, the total number of
cells in each field was recorded, and then the percentage
of positive cells was calculated as follows: Percentage of
positive cells=number of brown-stained cells/total num-
ber of cells x 100% [45].

Immunofluorescence staining

In this study, we performed confocal immunofluores-
cence co-localization of FOLR2+ macrophages, CD31"
blood vessels, CD206% macrophages, or CD8" T cells
in tumor tissues. Following tissue sectioning, antigen
retrieval was conducted, and the tissue surrounding the
designated area was delineated with a tissue pen. The
sections were then immersed in a 3% hydrogen peroxide
solution to block endogenous peroxidase, followed by
blocking with serum or BSA. Specific primary antibodies
were applied: rabbit anti-FOLR2 (ab302532, 1:50, Abcam,
UK), rabbit anti-CD31 (ab76533, 1:500, Abcam, UK),
CD206 (ab64693, 1:50, Abcam, UK), and rabbit anti-CD8
(ab237709, 1:100, Abcam, UK), and incubated overnight
at 4°C. Subsequently, secondary antibodies conjugated
with Alexa Fluor® 488, Alexa Fluor® 647, FITC, PerCP-
Cy"'5.5, or Cy3 were added for incubation [46].

For cell immunofluorescence, cells were washed
with cold PBS and fixed with 4% paraformaldehyde
(P885233, Macklin, Shanghai, China) for 15-30 min.
Following this, cells were permeabilized with 0.1% Tri-
ton (L885651, Macklin, Shanghai, China) for 15 min to
penetrate the cell membrane. After two washes with
PBS, the cells were incubated in PBS containing 15%
FBS overnight at 5°C and then incubated overnight at
4 °C with rabbit anti-FOLR2 (ab302532, 1:50, Abcam,
UK), CD206 (ab64693, 1:50, Abcam, UK), and rabbit
anti-CD8 (ab237709, 1:100, Abcam, UK) antibodies.
Subsequently, the cells were incubated with secondary
antibodies conjugated with Alexa Fluor® 568, Alexa
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Fluor® 488, Alexa Fluor® 647, and FITC for visualiza-
tion under a fluorescence microscope (Zeiss Observer
Z1, Germany) [47].

For immunofluorescence confocal imaging, CD8* T
cells labeled with Carboxyfluorescein succinimidyl ester
(CESE) were injected intravenously into mice. Tumors
were harvested 24 h post-injection and subjected to
immunostaining. Frozen sections were stained with an
anti-CD31 antibody (550274, BD Pharmingen) followed
by a Cy3-conjugated secondary antibody (A10522, Life
Technologies, USA). After PBS washing, sections were
mounted with DAPI (Beyotime, Shanghai, China) and
imaged at 200X magnification [48, 49].

Cell culture

CD8" T cells were isolated from the spleen and
lymph nodes of a normal female C57BL/6 mouse
(9-10 weeks old) using a Mouse CD8* T Cell Isolation
Kit (70902-50, Beaverbio, Suzhou, China). The cells
were stained with FITC-labeled anti-mouse CD8 anti-
body (ab237367, Abcam, UK) before and after sorting
for flow cytometry analysis. The purity of CD8" T cells
pre- and post-sorting was 13.8% and 97.1%, respec-
tively, indicating successful isolation. The supernatant
was collected by centrifugation at 3000xg for 10 min
and filtered through a 0.2 pm filter [50]. The isolated
CD8* T cells were stimulated with CD3/CD28 mouse
activation beads (11452D, Thermo Fisher, USA) for
24 h prior to experimentation.

Tumor tissues from a mouse model of BRCA established
in this study were processed using Mouse Tumor Tissue
Macrophage Isolation Solution (xyl092MAC, ATCC).
The macrophages were further classified as lineage-(CD3/
CD19/NKP46/B220/Ly6G) Ly6C F4/80*CD64*FOLR2+
macrophages or lineage-(CD3/CD19/NKP46/B220/
Ly6G) Ly6C~F4/80"CD64"FOLR2™ macrophages. Flow
cytometry analysis was performed after staining with
FITC-labeled anti-mouse FOLR2 antibody (ab234190,
Abcam, UK), showing purities of 12.3% and 96.5%
for FOLR2+ macrophages pre- and post-enrichment,
respectively, indicating successful sorting.

The mouse BRCA cell line E0771 (Bio-53571, ATCC)
was cultured in DMEM medium (11965092, Gibco, USA)
supplemented with 10% FBS, 10 pg/mL streptomycin,
and 100 U/mL penicillin. The cells were maintained at
37 °C with 5% CO, in a humidified incubator (Heracell™
Vios 160i CR CO, incubator, 51033770, Thermo Scien-
tific"', Germany). The passage was performed when cells
reached 80-90% confluency [49, 51, 52]. Co-culturing
involved adding CD8* T cells to E0771 culture flasks at a
5:1 cell ratio, and the mixed cells were then co-incubated
in a temperature-controlled chamber [53].
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CRISPR/Cas9 gene editing technology

CRISPR/Cas9 technology was employed to create
CXCL9-KO cells. The specific guide RNA sequences
used were as follows: CXCL9-sgRNA Forward: 5'-TCC
TTCAGCTGCTCCTGCTG-3" (PAM sequence: AGG);
Reverse: 5 -TGACAATAATAGTTTCAACA-3" (PAM
sequence: TGG). These sgRNA sequences were inserted
into the Lenti-CRISPR v2 vector containing the Strep-
tococcus pyogenes Cas9 nuclease gene (HanBio, Shang-
hai, China). Subsequently, cells were transduced with
the lentiviral Lenti-CRISPR v2 vector, and the CRISPR/
Cas9 editing system was applied to generate CXCL9-KO
cells. The transfected cells, carrying sgRNA plasmids and
donor sequences, were selected using 4 pg/mL puromy-
cin (HY-K1057, MCE, USA). Surviving cells were then
clonally expanded, and the CXCL9-KO cells were vali-
dated through RT-qPCR and Western blot analysis [54,
55].

Inhibition experiment on T cells

The antibody against CD3E (ab16669, Abcam, UK) was
diluted to a concentration of 10 pg/ml in 1XPBS and
allowed to incubate overnight at 4 °C or 37 °C. After
incubation, the cells were washed once with 1xPBS. For
the proliferation assay, purified CD8" T cells were labeled
with 2 uM CFSE at 37 °C for 8 min. Subsequently, 50,000
macrophages were seeded at 100 pl/well in a 96-well
plate coated with anti-CD3. In certain cases, recombi-
nant TGFEB (100 ng/ml) (100-21C, Peprotech, USA) was
added to the culture media for CFSE-labeled T cells.
After co-culturing for 3 days, the T cells were stained for
CD44 (CWA-1002, Sigma-Aldrich, USA), CD25 (CWA-
1154, Sigma-Aldrich, USA), CD62L (CWA-1061, Sigma-
Aldrich, USA), and PD-1 (MABC1132, Sigma-Aldrich,
USA) to analyze their activation state. The CFSE dilution
was also analyzed to assess T cell proliferation. Addi-
tionally, we directly treated CD8" T cells with CXCL9
and included anti-CXCR3 (SAB3501088, Sigma-Aldrich,
USA) for rescue experiments. The staining procedures
were repeated as described above to observe whether
CXCL9 activates CD8" T cells through binding to
CXCR3 [56].

T cell activation experiment

T cells were labeled with 2 uM CellTrace Violet
(C34557, Invitrogen) at 37 °C for 20 min, washed, and
then co-cultured with macrophages. A total of 25,000
macrophages were plated in a 96-well plate in a com-
plete RPMI medium (10% FCS+ 1% penicillin/strepto-
mycin+1 mM sodium pyruvate and 10 mM HEPES).
Different doses of SIINFEKL OVA peptide (138831-
86-4, Nanjing Peptide Bio, China) ranging from 0.1
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to 100 nM were added and incubated with the mac-
rophages at 37 °C for 45 min. After two washes, 25,000
CellTrace Violet (CTV)-labeled OTI CD8" T cells
were added at a 1:1 ratio to the SIINFEKL-pulsed mac-
rophages. After co-culturing for 3 days, T cells were
stained for CD8 (47-0081-82, Sigma-Aldrich, USA),
CD44 (CWA-1002, Sigma-Aldrich, USA), CD25 (CWA-
1154, Sigma-Aldrich, USA), CD62L (CWA-1061,
Sigma-Aldrich, USA), and PD-1 (MABC1132, Sigma-
Aldrich, USA) to analyze their activation status. T cell
proliferation was evaluated using the CTV dilution
method. For intracellular cytokine detection, T cells
were first surface-stained for CD8 for 30 min at 4 °C,
followed by restimulation with phorbol 12-myristate
13-acetate (20 ng/ml; 524400, Sigma-Aldrich, USA),
1 uM ionomycin (13909, Sigma-Aldrich, USA), and
BD GolgiPlug in complete RPMI. After washing, cells
were fixed with BD PermFix buffer for 20 min and then
stained for CD8 on restimulated T cells. Intracellular
staining for IFN-y (FCMAB243P, Sigma-Aldrich, USA)
and TNF-a (ab8097, Abcam, UK) was performed for
30 min in BD PermWash buffer [56].

Flow cytometry analysis

CD3* T cells isolated from mouse tumor tissues and
spleens were stained with the following antibodies:
APC-conjugated anti-CD8 (47-0081-82, Sigma-Aldrich,
USA) and PE-conjugated anti-IFN-y antibody for sort-
ing IFN-y+CD8* T cells. The cells were incubated for
30 min at 4 °C in the dark, followed by the addition of
2 mL PBS solution (P4417, Sigma-Aldrich, USA). After
centrifugation for 10 min at 1500xg at 4 °C, the super-
natant was discarded. The cells were fixed with 2% para-
formaldehyde (30525-89-4, Sigma-Aldrich, USA)/PBS
solution, stored at 4 °C in the dark, and analyzed within
24 h using the FACS Aria II flow cytometer (BD Biosci-
ence, USA) [57].

Flow cytometry was utilized to assess the cell death
rate. The general procedure involved collecting tumor
cells (1x10°/well), washing them in cold PBS, and stain-
ing them in the dark for 15 min using the test reagent kit
(APOAF-20TST, Sigma-Aldrich, USA). Subsequently, the
pellet was resuspended in 400 pL of binding buffer, and
5 pL of Annexin-V stain provided in the kit was added.
Cell analysis was conducted using a flow cytometer [58].
Cells in the upper right quadrant with Annexin V*PI*
phenotype represented late apoptotic cells; cells in the
lower right quadrant with Annexin V*PI~ phenotype
represented early apoptotic cells; cells in the upper left
quadrant with Annexin V™PI* phenotype represented
necrotic cells, while cells in the lower left quadrant with
Annexin V™PI” phenotype represented viable cells [59].
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Cell viability assay using MTT

Cells were seeded at a density of 1x10* cells per well
in a 96-well plate and incubated for 24 h. Subsequently,
cells from different treatment groups were mixed with
0.01 mL of MTT solution (CT02, Sigma Aldrich, USA)
and incubated in a CO, incubator for 4 h. Following incu-
bation, 0.1 mL of isopropanol containing 0.04 N HCI was
added to each well. The solution was thoroughly mixed
using a multichannel pipette to ensure proper homog-
enization. HCl converted the phenol red in the culture
medium to a yellow color that does not interfere with the
MTT formazan measurement. Cell viability was deter-
mined by measuring the absorbance at 570 nm [60].

Multicellular spheroids (MCS) generation and 3D
co-culture with CD8* T cells

To initiate the formation of MCS, 1000 cancer cells were
seeded into 35- or 81-well agarose cylindrical molds
(A6013, Sigma-Aldrich, USA) generated from 3D Petri
dishes, which serve as the apparatus for MCS formation
by Microtissues® Inc. (RI, USA). One minute post-seed-
ing, 1 mL (for 35-well molds) or 2 mL (for 81-well molds)
of cell culture medium was added, and the cells were
incubated at 37°C and 5% CO, to allow for the formation
of cancer spheroids. On the second day, CFSE-labeled
CDS8* T cells were added to the cancer spheroids at a
5:1 ratio, maintained in RPMI medium (R4130, Sigma-
Aldrich, USA) supplemented with 10% fetal bovine
serum and 100 units/mL penicillin/streptomycin, and co-
cultured. After incubation at 37 °C for 24 h, the spheroids
were washed and fixed in 4% paraformaldehyde. Imaging
was performed using a ZEN 710 confocal microscope
(ZEISS, Germany). Images were captured at the midpoint
of the microsphere and surface maps were generated
using Image J software.

Following a 2-day co-culture, invasion into Type I col-
lagen (CCO050, Sigma-Aldrich, USA) was initiated. Ini-
tially, the collagen was neutralized to a pH of 7.0-8.0,
and the co-cultures were embedded in neutralized colla-
gen within the agarose molds referred to earlier. After a
4-min incubation, the agarose molds containing the col-
lagen-embedded co-cultures were inverted and further
incubated for 1 h. Subsequently, the molds were reverted
to their original position, and RPMI medium supple-
mented with 5% FBS and 1% penicillin/streptomycin was
added. Invasion assays were conducted over 2 days, with
imaging performed using an inverted microscope (XDS-
900, Caikon, Shanghai, China) until images were cap-
tured and cells recovered from the collagen matrix were
analyzed for viability.

For cytotoxicity assessment of CD8* T cells
against tumor cells, the spheroids were washed 24 h
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post-co-culture, stained and fixed using a viability/cyto-
toxicity assay kit (30,002, Biotium, USA). Images were
captured using a confocal microscope, with a Z-stack
scanned at 5 pm intervals from the top to the middle of
the MCS, then presented as maximum intensity projec-
tions. A surface display (2.5D) was obtained using Zeiss
image processing software for quantitative analysis of live
and dead cells, measuring the total cell area for each dye
with Image ] software [48, 61].

Enzyme-linked immunosorbent assay (ELISA)

The ELISA technique was employed to measure the con-
centrations of CXCL2, CXCL10, CXCL9, and CXCL13
in cellular supernatants, as well as the levels of [FN-y in
the mouse serum samples. The specific procedures were
as follows: initially, antigens including IFN-y (RAB0224,
Sigma-Aldrich, USA), CXCL2 (ML058180, Shanghai
Enzyme-linked Biotechnology Co., Ltd., China), CXCL10
(ML063284, Shanghai Enzyme-linked Biotechnology Co.,
Ltd., China), CXCL9 (ML037904, Shanghai Enzyme-
linked Biotechnology Co., Ltd., China), and CXCL13
(LE-Y1253, Hefei Lail Biotechnology Co., Ltd., China)
were diluted in coating buffer to appropriate concentra-
tions and incubated in enzyme-labeled reaction wells at
37 °C for 40 min. Subsequently, 5% fetal bovine serum
(F8318, Wuhan Merck Biotechnology Co., Ltd., China)
was added. Next, the diluted samples were added to the
enzyme-labeled reaction wells, followed by the addi-
tion of enzyme-linked antibodies and substrate solution.
Finally, 50 pL of stop solution was added to each well to
terminate the reaction. Experimental results were deter-
mined within 20 min, and the plates were read at 450 nm
using an ELISA reader (Bio-Rad, USA) to generate a
standard curve for data analysis [62].

CXCR3~/~ specific knockout mouse model

The procurement process involved acquiring two mouse
strains:  Cxcr3-Flox  (C57BL/6Smoc-Cxcr3em1(flox)
Smoc, NM-CKO-2117369, Nanmo Biotech, China) and
Pbsn-2A-CreERT2 transgenic mice (C57BL/6JSmoc-
Pbsnem1(V5-2A-CreERT2-WPRE-polyA)Smoc, NM-KI-
200190, Nanmo Biotech, China). These strains were then
bred in the laboratory to generate mice with a specific
homozygous deletion of CXCR3 in the mammary glands,
spleen, and lymph nodes, resulting in CXCR3™/~ mice.
Validation of CXCR37~/~ female mice was conducted
using RT-qPCR and Western Blot to confirm the mRNA
and protein expression levels of CXCR3 in mammary
glands, spleen, and lymph node tissues obtained from
these mice, ensuring the successful establishment of the
CXCR3™'~ mouse model [63].
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BRCA in situ transplantation model and animal grouping
We purchased 60 female C57BL/6 mice, aged 6 weeks and
weighing 16-20 g, from our institution’s animal research
center. All mouse experiments complied with the animal
care policies of the China Food and Drug Administration
(SFDA). The animals were all treated with humane care
standards outlined in the “Guide for the Care and Use of
Laboratory Animals” published by the National Academy
of Sciences of the United States and the National Insti-
tutes of Health. The mice were housed in sterile cages
with sterile food and water, maintained under sterile con-
ditions throughout the experiment, with room tempera-
ture kept between 24 and 26 °C and humidity controlled
at 40-60%.

To establish a BRCA in situ transplantation model, we
subcutaneously injected E0771 cells (2x10° into the
right inguinal mammary fat pad of 6-week-old mice.
Tumor volumes were measured every 3 days using a digi-
tal caliper, calculated using the formula tumor volume
(mm?®) =d?>xD/2, where d is the smallest diameter, and D
is the largest diameter. After 24 days, mice were eutha-
nized under general anesthesia, then killed by cervical
dislocation, and tumors were excised for further experi-
mental analysis by processing them with FFPE (Formalin-
Fixed Paraffin-Embedded) or rapid freezing [64].

Furthermore, for the in situ transplantation tumor
model constructed in CXCR3 gene knockout (CXCR37)
mice and wild-type (WT) control mice, FOLR2-mac-
rophages or FOLR2+ macrophages (1x 107) cultured and
labeled with CESE were injected into the tumors. The
mice’s tumor growth was observed, and the activation
status of CD8" T cells was assessed using flow cytometry
and ELISA [56].

Real-time in vivo near-infrared fluorescence imaging

Near-infrared imaging was utilized for the quantita-
tive localization of CD8" T cells dynamically within
the murine body. CD8" T cells were treated directly
with 100 ng/ml of CXCL9 (ab50083, Abcam, UK) for
the CXCL9 group, while the Control group was treated
with an equal volume of DMSO. The CD8* T cells were
divided into four groups: CXCR3-WT Control group,
CXCR3-WT CXCL9 group, CXCR3-KO Control group,

(See figure on next page.)
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and CXCR3-KO CXCL9 group. Subsequently, the CD8*
T cells were labeled with the near-infrared fluorescent
probe DiR (MX4005, Meikon Biotechnology, Shang-
hai, China) at 1 uM, and co-incubated with the cells at
37 °C for 20 min. The labeled CD8" T cells (1 x 107) were
then suspended in 200 pL of PBS and injected through
the tail vein or directly into the tumor of mice trans-
planted with tumors for 12 or 36 days. Anesthetization
and scanning of the mice were conducted using the CRi
Maestro in vivo imaging system (Cambridge Research
and Instrumentation, Massachusetts, USA). For ex vivo
tissue imaging, mice were euthanized by deep anesthesia
using isoflurane (R510-22-10, RWD Life Science, Shenz-
hen, China) followed by cervical dislocation. Tumors and
major organs, including the heart, liver, spleen, lungs,
kidneys, and intestines, were excised for analysis [48, 65,
65].

Statistical analysis

Our study utilized version 4.2.1 of the R programming
language, with compilation carried out using the RStudio
integrated development environment (version 2022.12.0—
353). GraphPad Prism 8.0 software was used for statis-
tical analysis. Descriptive statistics were presented as
mean t standard deviation (Mean + SD). The comparison
between two groups of data was conducted using a two-
sample t-test, whereas multiple group comparisons were
assessed using a one-way analysis of variance (ANOVA).
The homogeneity of variance was examined using Lev-
ene’s test. In cases of homoscedasticity, pairwise com-
parisons were conducted using Dunnett’s T3 and LSD
t-tests, while Dunnett’s T3 test was applied in cases of
heteroscedasticity. A significance level of P<0.05 was
considered as indicative of statistically significant differ-
ences between the compared data sets [66].

Results

Identification of 8 cell subpopulations in tumor tissues

of BRCA patients using scRNA-seq

To establish a comprehensive single-cell transcrip-
tomic map of tumor tissues in BRCA patients, we col-
lected samples from 4 normal breast tissues (N1-4) and
4 BRCA tumor tissues (T1-4) for scRNA-seq (Fig. 1A).

Fig. 1 Single-cell atlas of healthy control breast tissue samples and BRCA patient tumor tissue samples. Note A Schematic representation

of the single-cell sequencing workflow; B UMAP analysis clustering all cells into 14 cell clusters, where each color represents a cluster; C Annotation
of the 14 cell clusters into 8 major cell types based on the expression of known marker genes; D Dot plot showing the expression of marker

genes in each cell cluster; E CNV analysis of scRNA-seq data; “Reference” represents NKT cells, with yellow indicating reference NKT cells and cyan
indicating epithelial cells. In the map, blue represents DNA copy loss, and red represents DNA copy gain; F CNV scores after K-means clustering;

G UMAP plot of scRNA-seq data after extraction of malignant cells; H Bar graph illustrating the proportions of different cell types in BRCA patient
tumor tissue samples (Normal group, n=4) and healthy control breast tissue samples (Tumor group, n=4), with *indicating P <0.05
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Initially, we performed quality control and normalization
using the R package Seurat, filtering out low-quality cells
based on criteria including expression of genes per cell
(nFeature_RNA) >200, detected RNA molecules per cell
(nCount_RNA) <5000, and the percentage of mitochon-
drial genes (percent.mt)<15. Subsequently, 25,499 cells
from the Normal group and 21,022 cells from the Tumor
group passed quality control (Fig. SIA-D). Correlation
analysis of post-filtered data revealed r values of 0.01
and —0.02 between nCount_RNA and percent.mt, and
0.93 and 0.89 between nCount_RNA and nFeature_ RNA
(Fig. S1B-E), indicating high data quality. Identification
of highly variable genes from the filtered cells resulted in
the selection of the top 2000 genes for downstream anal-
ysis (Fig. S1IC-F).

Next, batch-corrected integration of all samples was
performed, followed by PCA of the top 2000 highly varia-
ble genes using the RunPCA function. The DimHeatmap
function was utilized to visualize the heat map of the first
2 principal components (Fig. S2A) and display the key
genes contributing to these components (Fig. S2B). Visual
inspection with the JackStrawPlot function revealed that
the P values of the first 50 principal components were
typically small, indicating their importance in captur-
ing information from the highly variable genes selected
earlier. In particular, the P values of the first 10 princi-
pal components were all below 0.05 (Fig. S2C). Further
analysis with the ElbowPlot function showed an inflec-
tion point in the standard deviation at the 10th principal
component (Fig. S2D), suggesting that these components
effectively encapsulate the information from the selected
highly variable genes. Consequently, we proceeded
with UMARP clustering analysis using these 10 principal
components.

Subsequently, the UMAP algorithm was applied to
perform non-linear dimensionality reduction on the top
10 principal components, clustering all cells into 14 cell
clusters (Fig. 1B). Based on cell marker genes, the clus-
ters were ultimately annotated into 8 major cell types:
Epithelial cells (markers: KRT5, KRT18, KRT19, EPCAM,
CDHL1), Fibroblasts (markers: COL1A1, COL1A2, DCN),
Endothelial cells (markers: PECAMI1, VWE, CD36),
B cells (markers: MZB1, CD79B, CD79A), Pericytes
(marker: RGS5), Myeloid cells (markers: CD68, CD163,
CD14), and NK/T cells (markers: CD3D, GNLY, CD8A,
PTPRC, FOXP3). Cells that could not be annotated
were categorized as “Others’, which may represent rare
cell types, states of differentiation or transformation, or
blood cells (Fig. 1C, D).

To investigate the changes in the aforementioned cell
types in breast cancer samples, we used NKT cells as a
control and employed the “inferCNV” package to extract
malignant cells by detecting large-scale copy number
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variations (CNV). The results showed that most of the
epithelial cells in the three epithelial cell types underwent
CNV (Fig. 1E).

Subsequently, we clustered the normal and malig-
nant cells in the “Observation” dataset, and the results
revealed that Classes 3, 4, and 5 predominantly contained
normal epithelial cells (Normal-Ep) with the lowest CNV
scores. In contrast, Classes 1, 2, 6, 7, 8, 9, and 10 corre-
sponded to malignant cells, which exhibited the highest
CNV scores (Fig. 1F). We further updated the cell anno-
tation (Fig. 1G) and displayed the changes in the propor-
tions of various cell types between healthy control breast
tissue samples and breast cancer tumor samples. From
Fig. 1H, we can observe significant changes between the
Normal and Tumor groups in the proportions of Normal-
Ep, Malignant cells, and immune cells (B cells, Myeloid
cells, and NK/T cells). However, there were no significant
differences between the two groups in the proportions
of Fibroblasts, Endothelial cells, and Pericytes. Existing
evidence indicates that changes in the quantity and func-
tion of local and systemic immune cells drive the sever-
ity of breast cancer [67]. Therefore, our subsequent focus
will be on exploring the specific mechanisms by which
immune cells exert their roles in the tumor tissues of
breast cancer patients.

In summary, we have constructed a single-cell tran-
scriptomic atlas comprising 46,521 cells through scRNA-
seq. Notably, there are substantial changes in the content
of immune cells between healthy control breast tissue
samples and BRCA patient tumor tissue samples, sug-
gesting a potentially pivotal role in the disease progres-
sion of BRCA patients.

Close communication between FOLR2+ macrophages

and CD8* T cells in tumor tissue samples of BRCA patients
First, we re-clustered all immune cells into 16 clusters
(Fig. 2A). After removing low-quality cells (cluster 0, 2,
and 13), we annotated the remaining cells into 8 types of
immune cells based on cell marker genes: B cells (mark-
ers: MZB1, CD79B, CD79A), CD4% T cells (markers:
CD4, FOXP3), CD8* T cells (markers: CDS8A, CD3D,
PTPRC, GNLY), Mast cells (marker: KIT), Dendritic
cells (markers: IRF7, TCF4), and Macrophages (markers:
CD14, CD68, CD163, C1QA, C1QB, C1QC) (Fig. 2B
D). Macrophages were further classified into FOLR2+
macrophages, TREM2* macrophages, and CCR7* mac-
rophages (Fig. 2E). Additionally, we analyzed the expres-
sion levels of PD-L1 (CD274) in immune cells and found
no significant differences (Fig. 2F).

To further elucidate the roles of various immune cells
in the BRCA tumor immune microenvironment, we con-
ducted cellular communication analysis on scRNA-seq
data from both healthy control breast tissue samples and
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Fig. 2 Immune cell annotation and cellular communication in healthy control breast tissue samples and BRCA patient tumor tissue samples. Note
A UMAP analysis classified all immune cells into 16 cell clusters, with each color representing a cluster; B Annotation of the 16 cell clusters into 8
classes of immune cells based on the expression of known marker genes; C The distribution of eight immune cell types within each sample; D
Dot plots displaying the expression of marker genes in each cell cluster; E Distribution of FOLR2, TREM2 and CCR7 among different cell types; F
Distribution of CD274 among different cell types; G and H Results of the R software package cellcall analysis, depicting cellular communication

in healthy control breast tissue samples (Normal group, n=4) and BRCA patient tumor tissue samples (Tumor group, n=4), where darker arrow
colors indicate a higher degree of receptor-ligand binding; I Results of the R software package cellchat analysis, with red squares indicating more
frequent and stronger interactions in the Tumor group, and blue squares indicating fewer and weaker interactions in the Tumor group

tumor tissue samples of BRCA patients. Cellular com-
munication analysis is based on ligand-receptor pairs
expressed between two cell types, reflecting cellular com-
munication relationships through molecular interactions.
Initially, we used the R software package CellCall to ana-
lyze 14 common ligand-receptor interactions between
the 8 cell types. The results revealed significant cellular
interactions between Mast cells, TREM2+ macrophages,
and other cells in the Normal group, while the Tumor
group showed a marked increase in interactions involv-
ing FOLR2+4+ macrophages, primarily acting as ligand
cells. Notably, the interaction between FOLR2+ mac-
rophages and CD8" T cells was particularly significant
(Fig. 2G, H).

In this study, we utilized the R software package Cell-
Chat to import data from the CellPhoneDB database
and analyze the differences in cellular communication
between samples of healthy control breast tissue and
BRCA tumor tissue. The CellChatDB in humans com-
prises 1939 validated molecular interactions, includ-
ing 61.8% for Secreted Signaling interactions, 21.7% for
extracellular matrix-receptor (ECM-Receptor) interac-
tions, and 16.5% for Cell-Cell Contact interactions. In
the Secreted Signaling aspect, a comparison was made
between the total number and intensity (weight) of cell
interactions in the two groups, revealing that the tumor
group exhibited significantly closer cell connections, with
the cell interaction frequency approximately four times
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higher in the tumor group than in the normal group
(Fig. S3A). Furthermore, using circle plots and heatmaps,
we visually demonstrated the changes in cellular com-
munication occurring in the tumor group compared to
the normal group, with red indicating upregulation and
blue downregulation. The results showed that the tumor
group had a greater total number of cell interactions and
higher interaction intensities, particularly evident in the
increased closeness and frequency of interaction between
FOLR2+ macrophages and CD8* T cells (Figs. S3B and
2I). Conversely, in terms of ECM-Receptor and Cell-Cell
Contact interactions, there were no significant differ-
ences in the total number of cell interactions between the
tumor and normal groups (Fig. S3C-F), suggesting that
cellular communication in BRCA tumor tissue samples
predominantly occurs via Secreted Signaling.

These findings collectively indicate that the analy-
ses from the R software packages CellCall and CellChat
are consistent and both confirm significant alterations
in the total number and intensity of cell interactions in
BRCA tumor tissue samples compared to healthy con-
trol breast tissue samples, primarily emphasizing changes
in Secreted Signaling. The enhanced communication
between FOLR2+ macrophages and CD8* T cells in
BRCA tumor tissue samples may play a crucial role in the
immune microenvironment of BRCA tumors.

High expression of FOLR2 and high density of FOLR2+
macrophages are positively correlated with a good
prognosis in BRCA patients

An analysis of the TCGA-BRCA dataset was conducted
to compare the differential expression of FOLR2 in sam-
ples of healthy control breast tissue and tumor tissue
from BRCA patients. The results indicate a significant
decrease in mRNA expression levels of FOLR2 in the
Tumor group compared to the Normal group (Fig. S4A).
Further analysis from the CPTAC database revealed a sig-
nificant decrease in protein expression levels of FOLR2
in the Tumor group compared to the Normal group
(Fig. S4B). Subsequently, we collected 117 samples of
tumor tissue from BRCA patients and 43 samples of nor-
mal breast tissue from our institution and validated the
differential expression of FOLR2 through RT-qPCR and
Western blot. It was found that both mRNA and protein
expression levels of FOLR2 were significantly decreased
in the tumor tissue of BRCA patients (Fig. S4C, D). These
results suggest a significant downregulation of FOLR2
expression in tumor tissue of BRCA patients compared to
normal control breast tissue.

To explore the role of FOLR2+ macrophages in BRCA,
immunofluorescence staining was performed to label
FOLR2 and the macrophage marker CD206, as well as
CD31, to identify blood vessels. The results indicate
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that FOLR2+ CD206+ macrophages are predominantly
located near CD31-marked blood vessels, indicating their
potential involvement in regulating tumor vasculature
and immune response (Fig. S4E). Furthermore, analysis
from the TCGA-BRCA dataset also showed a negative
correlation between FOLR2 expression and the T stage of
tumors (Fig. S4F), and ROC curve analysis demonstrated
the favorable prognostic diagnostic effect of FOLR2
(Fig. S4G), consistent with the findings of Wang et al.
[68].

To directly assess the correlation between the cell den-
sity of FOLR2+ macrophages and clinical outcomes, we
conducted staining of tumor tissue for FOLR2, the mac-
rophage marker CD206, and 4”,6-diamidino-2-phenylin-
dole (DAPI). The results revealed a positive correlation
between the density of FOLR2+ macrophages in BRCA
tissue and their expression levels of FOLR2 (Figure S4H).
By setting the optimal performance threshold as the criti-
cal value, it was observed that the density of FOLR2+
macrophages is positively associated with patient sur-
vival (Fig. S41, J). From these findings, it is suggested that
FOLR2 and FOLR2+ macrophages hold considerable
value for prognostic evaluation in BRCA patients.

Enrichment of FOLR2+ macrophages in tumor tissue

of BRCA patients with CD8™ T cell infiltration

We utilized the R software package “estimate” to calcu-
late stromal and immune scores for each tumor tissue
sample of BRCA patients. Subsequently, we analyzed
the correlation of FOLR2 expression with these scores,
revealing a positive association between FOLR2 expres-
sion and StromalScore, ImmuneScore, and ESTI-
MATEScore (Fig. S5A). Further, employing the ssGSEA
algorithm to compute the proportion of T cell immune
infiltration, differential analysis results indicated that
compared to the low FOLR2 expression group, the high
FOLR2 expression group exhibited significantly higher
proportions of CD8" T cells and cytotoxic cells infiltra-
tion (Fig. S5B). Correlation analysis demonstrated a sig-
nificant positive relationship between FOLR2 expression
and the proportions of CD8" T cells, cytotoxic cells, and
other cell infiltrates (Fig. SSC-E). These findings suggest
a close association between FOLR2 and T cell immune
infiltration in the TME of BRCA patients, particularly
with CD8* T cells.

Observing tumor resection samples using confocal
microscopy, we observed a close association between
FOLR2+ macrophages located near CD31+ blood ves-
sels and aggregates of CD8* T cells (Fig. 3A). To verify
the spatial relationship between FOLR2+ macrophages
and CD8* T cells, we performed cell staining on a tis-
sue microarray patient cohort for CD8" and FOLR2+
cells and calculated their respective cell densities. The
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density of FOLR2+ and CD8* T cells showed no signifi-
cant differences between BRCA subtypes or tumor stages
(Fig. 3B, C). However, tumors with a high content of
FOLR2+ macrophages showed significantly higher CD8*
T cell density compared to tumors with low FOLR2+
macrophage content. The same results were observed
in both ER/PR-positive and TNBC subtypes (statisti-
cal analysis could not be performed for HER2 due to
the small sample size) (Fig. 3D, E). This indicates that
FOLR2+ macrophages are a structural component of
lymphoid aggregates near tumor nests and are enriched
in tumor tissue of BRCA patients with CD8" T cell
infiltration.

Moreover, analysis of the TCGA dataset revealed a
significant positive correlation between FOLR2 and the
expression of CD8A and CD8B (Fig. 3F). In summary,
there may be an interaction between FOLR2+4 mac-
rophages and CD8* T cells in the TME of BRCA patients,
potentially influencing their immune infiltration.

FOLR2+ macrophages likely play a crucial role

in antitumor immunity by modulating CD8* T cell function
through the CXCL9-CXCR3 pathway

Based on scRNA-seq data, we conducted differential
analysis on FOLR2+ macrophages in the Normal and
Tumor groups. Using a threshold of |avg_log2FC|>0.5
and adjP <0.05, a total of 79 significantly downregulated
genes were identified in Tumor group FOLR2+ mac-
rophages, along with 117 significantly upregulated genes.
Among these genes, FOLR2+ macrophages in the Tumor
group exhibited expression of genes involved in immune
system processes, such as B cell and T cell chemokines
(CCL7, CXCL2, CXCL10, CXCL9, CXCR4, CXCL13),
adhesion molecule ICAMI1, and lysosomal protein
RAB32, while the Normal group FOLR2+ macrophages
were enriched in genes regulating metabolic processes
(LPL, FABP4, IGF1) (Fig. 4A). Subsequent functional
enrichment analysis of the differentially expressed genes
confirmed changes in functions and components related
to long-chain fatty acid binding, CXCR chemokine recep-
tor binding, and cytokine activity in the Tumor group
(Fig. 4B-D). These findings suggest that FOLR2+ mac-
rophages may play a crucial role in antitumor immunity,
potentially affecting CD8" T cell function through path-
ways involving CXCR chemokine receptor binding and
cytokine activity.

To clarify the specific pathway through which FOLR2+
macrophages act on CD8" T cells, we analyzed cellular
communication pathways in the Tumor group using the
R software packages CellCall and CellChat. Interestingly,
as shown in Fig. S6A and B, the CXCL9-CXCR3 path-
way exhibited strong interaction strength in both analy-
ses, suggesting that ligands from FOLR2+ macrophages
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may bind to the CXCR3 receptor via the CXCL9 pathway,
thereby influencing the function of CD8" T cells. Survival
analysis based on the TCGA-BRCA dataset revealed that
BRCA patients with high CXCL9 expression had better
overall survival (OS) and PFI, while no significant differ-
ence was observed in DSS (Fig. S7A-C). Additionally,
patients with high CXCR3 expression showed improved
OS, DSS, and PFI (Fig. S7TD-F).

In summary, FOLR2+ macrophages may play a cru-
cial role in antitumor immunity in BRCA by influenc-
ing CD8" T cell function through the CXCL9-CXCR3
pathway.

FOLR2+ macrophages activate CD8.* T cell function
primarily through secretion of CXCL9 to bind CXCR3

To directly assess the ability of FOLR2+ macrophages to
activate CD8" T cells, we isolated FOLR2+ and FOLR2—
macrophages from tumor tissues of BRCA mice (Fig. S8).
Initially, we distinguished live cells from dead cells using
DAPI staining and identified all immune cells by select-
ing CD45 positivity. Subsequently, specific immune cell
subsets were excluded using antibodies against the linear
(Lin) cell markers (such as Ly6G). By further identify-
ing macrophages with MHCII and F4/80 as markers and
refining TAMs subsets with the co-expression of FOLR2
and CADM1 (Fig. S5), we co-cultured FOLR2+ mac-
rophages with CD8" T cells, followed by T cell suppres-
sion and antigen-specific T cell activation assays.

In the T cell suppression assay, purified FOLR2+ mac-
rophages were co-cultured with polyclonally activated
CD8* T cells. We observed that FOLR2+ macrophages
not only failed to suppress T cell proliferation but instead
promoted it, as evidenced by CFSE dilution. Addition-
ally, FOLR2+ macrophages enhanced the proportion of
CD25+ (activated) and CD62L— (circulating memory)
double-positive T cells (T_eff), indicating enhanced T
cell differentiation (Fig. 5A). Subsequently, in the anti-
gen-specific T cell activation assay, purified FOLR2+
macrophages loaded with the OTI-specific SIINFEKL
peptide were washed and co-cultured with OTI CD8* T
cells. We found that compared to FOLR2— macrophages,
FOLR2+ macrophages effectively activated OTI CD8* T
cells, demonstrating superior induction of naive T cell
activation (Fig. 5B) as well as enhanced proliferation of
cells expressing IFN-y and TNF-a, leading to increased
multifunctionality (Fig. 5C). In conclusion, the evidence
presented indicates that the behavior of FOLR2+ mac-
rophages does not resemble that of immunosuppressive
cells. Instead, FOLR2+ macrophages function as efficient
antigen-presenting cells, displaying the capability to acti-
vate CD8* T cells.

Do FOLR2+ macrophages activate CD8* T cell func-
tion through secretion of CXCL9 to bind CXCR3?
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Considering previous results showing high expression
of CXCL2, CXCL10, CXCL9, and CXCL13 in FOLR2+
macrophages in tumor tissues of BRCA patients, we
collected cell culture supernatants from FOLR2— and
FOLR2+ macrophages isolated from BRCA mouse
tumor tissues and assessed the levels of CXCL2,
CXCL10, CXCL9, and CXCL13 by ELISA. The results
indicated a significant upregulation of only CXCL9 in
FOLR2+ macrophages from the Tumor group com-
pared to the FOLR2— macrophages group (Fig. 5D).
Subsequently, treating CD8* T cells with CXCL9 and

adding anti-CXCR3 for rescue experiments revealed
that CXCL9 activated CD8* T cells through binding to
CXCR3. The results of the antigen-specific T cell acti-
vation assay showed a significant expansion and activa-
tion of CD8*' T cells after CXCL9 treatment, whereas
the addition of anti-CXCR3 resulted in a marked reduc-
tion in CD8" T cell numbers, indicating suppression of
their function (Fig. 5E, F). These findings collectively
suggest that FOLR2+ macrophages primarily activate
CD8* T cell function through secretion of CXCL9 to
bind CXCR3.
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Fig. 5 Mechanistic investigation of FOLR2+ macrophage-mediated activation of CD8* T cells. Note A Evaluation of T cell proliferation and activation
by flow cytometry 3 days post-induction, representative histograms displaying individual T cells, TGF-, and co-culture with FOLR2+ macrophages
for CFSE dilution, flow cytometry showing expression of CD25 and CD62L in effector CD8*CD44* T cells; B and € Co-culturing of SIINFEKL OVA
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and activation by flow cytometry 3 days post-induction, and Figure C displays flow cytometry analysis of CD8" T cell quantity, along with the
percentage of TNF-a and IFN-y positive cells; D ELISA measurement of CXCL2, CXCL10, CXCL9, and CXCL13 levels in cell culture supernatant;

E Evaluation of T cell proliferation and activation by flow cytometry; F Flow cytometry assessment of CD8* T cell quantity and the percentage

of TNF-a and IFN-y positive cells; ***indicates P <0.001, cell experiments were repeated three times
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The CXCL9-CXCR3 axis regulates CD8™ T cell infiltration
functionalities impacting tumor cell growth, invasion,

and survival

Our study revealed that FOLR2+ macrophages primarily
activate CD8" T cell functionality through the secretion
of CXCL9, which binds to CXCR3. Subsequently, we fur-
ther validated the influence of the CXCL9-CXCR3 axis
on CD8+T cell functionalities and BRCA cell growth,
invasion, and survival.

CDS8™ T cells isolated from normal mouse spleens and
lymph nodes were genetically edited using CRISPR/Cas9
technology to knockout CXCR3 (Fig. S9A, B). Subse-
quently, different groups of CD8" T cells were treated
with CXCL9. Co-culturing these CD8* T cell groups with
the E0771 BRCA cell line, we assessed tumor cell prolif-
eration using a CCK-8 assay and detected cellular apop-
tosis by flow cytometry. The results indicate that in the
CXCR3-WT group, CXCL9 significantly inhibited tumor
cell proliferation and increased apoptosis, while CXCR3
knockout enhanced proliferation and reduced apopto-
sis. Conversely, CXCL9 had no significant impact on
tumor cell proliferation and apoptosis in the CXCR3-KO
group (Fig. 6A, B). These results suggest that knocking
out CXCR3 can reverse the effects of CXCL9 on tumor
cell proliferation and apoptosis, highlighting the critical
role of the CXCL9-CXCR3 axis in influencing tumor cell
growth and apoptosis through CD8" T cells.

To better mimic the in vivo environment, we first
constructed 3D cancer spheroids of the E0771 cell line
and co-cultured them with CFSE-labeled CD8* T cells.
Results showed that in the CXCR3-WT group, CXCL9
treatment significantly increased the infiltration rate of
CD8* T cells, while CXCR3 knockout decreased the infil-
tration rate. Conversely, CXCL9 had no significant effect
on the infiltration rate of CD8" T cells in the CXCR3-
KO group (Fig. 6C), indicating the significant impact of
the CXCL9-CXCR3 axis on the infiltration capability of
CD8* T cells. Furthermore, we assessed the influence of
different groups of CD8* T cells on the invasive ability
of BRCA cells. After co-culturing for 4 days, the results
demonstrated that in the CXCR3-WT group, CXCL9-
treated CD8* T cells significantly reduced the invasive

(See figure on next page.)
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spread of spheroids, while CXCR3 knockout led to a sig-
nificant increase in invasive spread. However, CXCL9
had no significant effect on the invasive spread capability
in the CXCR3-KO group (Fig. 6D).

To accurately evaluate the cytotoxic effect of CD8* T
cells within multicellular structures, we stained live cells
with calcein AM and dead cells with EthD-1. Micro-
scopic observations revealed that in the CXCR3-WT
group, treating CD8* T cells with CXCL9 resulted in a
substantial cell death rate among tumor cells. Knocking
out CXCR3 reversed the cell death rate, leading to a par-
tial recovery. There was no significant difference in cell
death rate between the two groups within the CXCR3-
WT group, further confirming the crucial role of the
CXCL9-CXCR3 axis in regulating the cytotoxic function
of CD8* T cells (Fig. 6E).

In conclusion, these experimental results demonstrate
the critical regulatory role of the CXCL9-CXCR3 axis in
CD8* T cells, significantly impacting the growth, inva-
sion, and survival of tumor cells through their interaction.

In vivo experiments further indicate the promotion

of CD8* T cell infiltration into tumor cells

through the CXCL9-CXCR3 axis

Previous in vitro cell experiments have demonstrated
the crucial role of CXCL9 in regulating the activity and
cytotoxicity of CD8" T cells, a mechanism that may
involve its impact on tumor cell proliferation and inva-
sion. Subsequently, we intratumorally injected E0771
cells into the mammary fat pads of female C57BL/6 mice
to establish an orthotopic tumor model (Fig. 7A). CD8*
T cells from the CXCR3-WT and CXCR3-KO groups
were then injected intratumorally or intravenously into
the tumor-bearing mice. Injection was performed using
1x10% CFSE-labeled CD8" T cells, with near-infrared
imaging conducted at 6h and 24h post-injection to track
the distribution and infiltration of CD8" T cells in vivo
(Fig. 7B). For imaging, specific wavelengths of lasers and
corresponding filters were employed to detect the labeled
CFSE signal. Mice that did not receive CD8" T cell injec-
tions served as the negative control group.

Fig. 6 Impact of CXCL9 on the cytotoxicity of CD8* T cells on tumor cells. Note A Cell Counting kit-8 (CCK-8) assessment of tumor cell proliferation
at various time points; B Flow cytometry analysis of tumor cell apoptosis, with apoptotic cells marked in red boxes, and the right panel showing

the statistical analysis of apoptotic cells; € Confocal microscopy images depicting the infiltration of CFSE-labeled CD8* T cells in the TME,

with a scale bar of 25 um, and the right panel presenting the statistical analysis of the average CFSE fluorescence intensity (FL) in TME; D Bright-field
mode images of cell culture captured using an inverted microscope, outlining the invasive zone with a white dashed line, scale bar=50 um,

and the right panel displaying the statistical analysis of the invasive area; E Confocal microscopy images of live/dead cell viability assay in the TME,
with live cells stained with calcein-AM (green) and dead cells stained with EthD-1 (red), scale bar=25 um, and the right panel showing the statistical
analysis of live/dead cells in TME. All cellular experiments were repeated thrice, with values presented as mean +standard deviation, **indicating

P<0.01, and **indicating P<0.001
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Imaging results revealed a significant increase in the
accumulation of CD8* T cells in the CXCL9-treated
group of CXCR3-WT mice compared to the untreated
control group. Conversely, in CXCR3-KO mice, after
CXCR3 deletion, there was a significant reduction
in CD8" T cell accumulation, and this accumulation
showed no significant difference with or without CXCL9
treatment (Fig. 7D). Subsequently, we performed ex vivo
measurements by excising the tumors 24h after tail vein
injection of different CD8" T cell groups to observe
the infiltration capability of CD8* T cells in the tumor
model. The results indicated that the CXCL9 group in
the CXCR3-WT category had the highest accumulation
of CD8* T cells compared to the Control group. Deple-
tion of CXCR3 led to a significant decrease in CD8* T
cell accumulation, while within the CXCR3-KO group,
there was no significant difference in CD8" T cell accu-
mulation between the two groups (Fig. 7E). To further
assess the infiltration of CD8% T cells, we conducted
immunofluorescence analysis. The results showed that
CXCL9 treatment in the CXCR3-WT group resulted
in widespread distribution of CD8* T cells away from
tumor blood vessels, whereas CXCR3 knockout caused
CD8* T cells to be confined around the vessels. Further-
more, there was no significant difference in CD8" T cell
distribution between the two groups in the CXCR3-KO
category (Fig. 7F). These findings indicate that CXCL9
enhances the infiltration capability of CD8" T cells into
tumor tissues.

The above in vivo animal experiments further con-
firm the significant impact of altered expression of the
CXCL9-CXCR3 axis on CD8" T cell infiltration in BRCA.

CXCR3 knockout reverses the antitumor immunity

of FOLR2+ macrophages

To investigate whether FOLR2+ macrophages impact
BRCA progression through CXCR3-mediated CD8* T
cell activation, CXCR3 gene knockout (CXCR3™/7) mice
were generated, with normal (WT) mice as controls. Sub-
sequently, an orthotopic tumor model was established,
where FOLR2+ or FOLR2— macrophages were injected
into the tumors, and tumor growth in mice was observed

(See figure on next page.)
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(Fig. 7C). CD8" T cell activation was assessed using flow
cytometry and ELISA. The efficiency of CXCR3 knockout
is shown in Fig. S10. Results revealed that in WT mice,
compared to the FOLR2— macrophage group, mice in
the FOLR2+ macrophage group exhibited slower tumor
growth, smaller tumor size, and a lower proportion of
ki67-positive cells. CXCR3 knockout promoted tumor
growth in mice, leading to a higher proportion of ki67-
positive cells. However, in CXCR3™/~ mice, there was no
significant difference in tumor volume or ki67-positive
cell proportion between the two groups (Fig. 8A, B).
These findings suggest that knocking out CXCR3 signifi-
cantly reverses the tumor suppression effect of FOLR2+
macrophages.

Flow cytometry analysis of CD8* T cells within the
tumors and spleens of mice from each group was con-
ducted to determine the percentage of IFN-y-positive
cells, while ELISA was used to measure IFN-y concen-
tration in mouse serum. In WT mice, the group injected
with FOLR2+ macrophages exhibited a higher propor-
tion of IFN-y-positive cells in both tumors and spleens,
along with increased serum IFN-y concentration com-
pared to the FOLR2— macrophage group. Subsequent
CXCR3 knockout resulted in decreased IFN-y-positive
cells in both tumors and spleens, accompanied by
reduced serum IFN-y levels. Notably, in CXCR3™/~ mice,
there was no significant difference in the percentage
of IFN-y-positive cells or serum IFN-y concentration
between the FOLR2— and FOLR2+ macrophage groups
(Fig. 8C-E). These findings support the notion that
knocking out CXCR3 significantly reverses the antitumor
immune function of FOLR2+ macrophages.

Discussion

In recent years, macrophages have garnered significant
attention in BRCA research, particularly regarding the
potential role of FOLR2+ macrophages in regulating
the TME [69-72]. This study utilized scRNA-seq and
bulk RNA-seq techniques to reveal that FOLR2+ mac-
rophages in BRCA tissue exhibit markedly enhanced
interactions with CD8" T cells, aligning with previous
research findings [56, 69-72]. These findings further

Fig. 7 Impact of the CXCL9-CXCR3 axis on the infiltration of CD8* T cells. Note A-C Schematic diagrams illustrating the in vivo model construction
for each group; D Within 6 h after intratumoral injection of 1x 10° CFSE-labeled CD8* T cells into the mammary gland, in vivo imaging

was performed using a specific wavelength of near-infrared laser to observe the distribution of CD8* T cells in the tumor. The image on the right
semi-quantitatively displays the CD8" T cell signal within the tumor, with mice not receiving CD8* T cells serving as the negative control; E
Twenty-four hours after intravenous injection of labeled CD8* T cells via the tail vein, tumors were excised and imaged ex vivo using the same
wavelength of near-infrared laser. The image on the right semi-quantitatively displays the CD8" T cell signal within the tumor; F Twenty-four hours
after intravenous injection of labeled CD8* T cells via the tail vein, tumor sections were subjected to immunofluorescence analysis, with CFSE
(green) labeling CD8* T cells, Cy3-labeled anti-CD31 antibody (red) staining tumor vasculature, and blue indicating cell nuclei. Scale bars=100 um.
Each group consisted of 10 mice; numerical values represent mean + standard deviation, and ***denotes significance at P<0.001
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substantiate the pivotal role of FOLR2+ macrophages in
modulating the TME.

The TME of BRCA harbors a plethora of immune cells
whose interactions and functional states directly impact
tumor progression and treatment responses [73-75].
This study demonstrates significant alterations in cellu-
lar interactions within BRCA tissue compared to normal
breast tissue, predominantly evident in paracrine/auto-
crine signaling pathways, aligning with previous research
and underscoring the crucial role of the TME in BRCA
initiation and progression [76]. Prior studies have con-
firmed the involvement of the CXCL9-CXCR3 axis in
T cell infiltration and activation across various cancers
[77]. This study unveils, for the first time in BRCA, that
FOLR2+ macrophages primarily activate CD8% T cells
via secretion of CXCL9 to bind with CXCR3, exerting
anti-tumor effects and offering new targets for future
therapeutic strategies.

BRCA is a highly heterogeneous disease, with distinct
subtypes (e.g., ER+, HER2+, and TNBC) exhibiting sig-
nificant differences in the immune microenvironment.
Studies have shown that TNBC typically has higher levels
of immune cell infiltration (e.g., CD8+ T cells and mac-
rophages), and immune-related pathways such as the
CXCL9-CXCRS3 axis are likely more active in this subtype
[78, 79]. In contrast, ER+ and HER2+ subtypes exhibit
relatively weaker immune activity, which may influence
the intensity of the CXCL9-CXCR3 axis. By constructing
a CXCR3 gene knockout mouse model, this study further
validated the antitumor immune role of FOLR2+ mac-
rophages. Compared to previous studies, we have gained
deeper insights into the relationship between FOLR2+
macrophages and the CXCL9-CXCR3 axis in BRCA.
Additionally, the murine BRCA cell line E0771 was
selected due to its high relevance to the TNBC subtype,
particularly its extensive application in immune micro-
environment studies. Although it is biased towards the
TNBC subtype, its immune microenvironment charac-
teristics provide a valuable reference for studying BRCA
immunity. Future studies should incorporate subtype-
specific data to verify whether the CXCL9-CXCR3 axis
has universal regulatory functions across subtypes or is
predominantly active in immunologically active BRCAs
such as TNBC.

This study found that FOLR2 is associated with T
cell immune infiltration in the TME of BRCA patients,
consistent with prior findings indicating the beneficial
impact of immune cell infiltration on tumor prognosis
[80, 81]. Patients with high CXCL9 and CXCR3 expres-
sion exhibit better prognosis, providing clues for explor-
ing the potential therapeutic value of this pathway in
other cancers. By integrating scRNA-seq and bulk RNA
sequencing (bulk RNA-seq), this study comprehensively
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analyzed the function of FOLR2+ macrophages at both
macro and micro levels. This combined approach offers
a deeper understanding of cell interactions compared to
prior studies relying solely on a single technique, result-
ing in greater precision and explanatory power. Kumar
et al. focused on macrophage subpopulations specific to
normal breast tissue, such as macro-lipo and macro-IFN
[26]. Complementing this, our study emphasizes the role
of FOLR2+ macrophages in the tumor immune microen-
vironment of BRCA. In terms of data sources, this study
not only relied on single-cell transcriptomic sequenc-
ing data (scRNA-seq), but also validated the findings
using multiple independent public datasets, including
the TCGA-BRCA dataset (overall transcriptomic data),
the METABRIC dataset (overall transcriptomic data),
the CPTAC dataset (proteomics data), the GEO data-
base (transcriptomic data), and qPCR, Western blot, and
immunofluorescence experiments from our own experi-
mental cohort. These consistent data sources collectively
support the important role of FOLR2+ macrophages in
the breast cancer immune microenvironment and vali-
date the expression changes of FOLR2 and its related
signaling pathways in breast cancer patients. Therefore,
this study did not incorporate additional scRNA-seq
datasets for validation. Furthermore, single-cell sequenc-
ing results are often influenced by factors such as sample
size, sequencing depth, and data noise. Direct subtype
classification may lead to small sample sizes, which could
affect the robustness of statistical analyses. Additionally,
breast cancer exhibits significant internal heterogeneity,
with multiple subtypes of cell populations possibly exist-
ing within a single tumor. For example, triple-negative
breast cancer (TNBC) may contain some HER2-positive
or ER+ cells, and HER2+ tumors may also contain ER+
cell populations. Classifying tumors into discrete sub-
types may obscure the transcriptomic diversity within
them. Therefore, the focus of this study was on exploring
the single-cell atlas of breast cancer without delving into
subtype-specific discussions of single-cell differences.
Based on these findings, we preliminarily conclude that
FOLR2+ macrophages activate CD8+ T cells through
the CXCL9-CXCR3 pathway, thereby exerting antitumor
immune effects in BRCA (Fig. 9). This study success-
fully identified a macrophage subpopulation in BRCA,
namely FOLR2+ macrophages, and explored their spe-
cific communication pathways in immune cells through
clinical, cellular, and animal experiments. These find-
ings may provide new theoretical insights into the spe-
cific mechanisms by which FOLR2+ macrophages exert
antitumor immune effects. To better evaluate the clinical
application potential of FOLR2+ macrophages in BRCA
patients, larger-scale clinical studies and more compre-
hensive in vivo and in vitro experiments are needed.
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Fig. 9 Schematic representation of the molecular mechanism by which FOLR2+ macrophages activate CD8" T cells through the CXCL9-CXCR3

pathway to exert antitumor immunity in BRCA

Through scRNA-seq, this study has provided a detailed
understanding of the cell types and their interactions in
the TME of BRCA. The interaction between FOLR2+
macrophages and CD8* T cells has a particularly signifi-
cant impact on the BRCA immune microenvironment.
FOLR2+ macrophages were shown to activate CD8* T
cells through the CXCL9-CXCR3 axis, thereby exert-
ing anti-BRCA effects. This finding aligns with previ-
ous studies demonstrating that macrophages regulate
T cell function via the CXCL family of chemokines [56,
82]. Additionally, research by Bassez et al. suggested that
macrophage PD-L1 expression may further influence
T cell function through immune checkpoint inhibition
pathways [83]. Although this study did not directly exam-
ine PD-L1 expression in FOLR2+ macrophages, it pro-
vides a new direction for future research to explore the
role of FOLR2+ macrophages in immune evasion mecha-
nisms in BRCA.

Despite revealing the potential roles of FOLR2+ mac-
rophages and their CXCL9-CXCR3 axis in BRCA, this
study has several limitations. First, it has not been deter-
mined whether FOLR2+ macrophages influence tumor
immune evasion through PD-L1 expression, which
requires further experimental validation. Second, the
distribution and function of FOLR2+ macrophages
may vary significantly among different BRCA subtypes.
Future research should involve larger sample sizes and
subtype-specific analyses to confirm these findings.
Additionally, the role of FOLR2+ macrophages and the
CXCL9-CXCR3 axis in BRCA immunotherapy, such as
anti-PD-1/PD-L1 therapy, warrants in-depth explora-
tion. Such studies could aid in the development of novel
immunotherapeutic strategies for BRCA patients.

In summary, this study provides new directions for
BRCA immunotherapy but requires further research to
validate and deepen these findings.
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