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ABSTRACT

Background Triple-negative breast cancer (TNBC) is

the most malignant breast cancer, highlighting the need
for effective immunotherapeutic targets. The immune
checkpoint molecule B7-H3 has recently gained attention
as a promising therapeutic target due to its pivotal role

in promoting tumorigenesis and cancer progression.
However, the therapeutic impact of B7-H3 inhibitors (B7-
H3i) remains unclear.

Methods Transcriptomic and metabolomic analyses
were conducted to explore the underlying mechanisms of
B7-H3 inhibition in TNBC. The therapeutic efficacy of the
combined treatment strategy was substantiated through
comprehensive phenotypic assays conducted in vitro and
validated in vivo using animal models.

Results B7-H3 blockade induces a “primed for death”
stress state in cancer cells, leading to distinct alterations
in metabolic pathways. Specifically, B7-H3 knockdown
activated the AKT signaling pathway and upregulated
sterol regulatory element-binding protein 1 (SREBP1),
which in turn elevated FASN expression. The simultaneous
inhibition of both B7-H3 and FASN more effectively
attenuated the malignant progression of TNBC.
Conclusions Our findings propose an “immune attack-
metabolic compensation” dynamic model and suggest the
feasibility of a dual-targeting strategy that concurrently
inhibits both B7-H3 and FASN to enhance therapeutic
efficacy in TNBC patients.

BACKGROUND

Breast cancer (BC) remains the most preva-
lent malignancy among women, accounting
for 31% of all female cancers according
to recent data from the American Cancer
Society." It is also the second-leading cause
of cancerrelated deaths in women.”> Among
the subtypes, triple-negative BC (TNBC)
represents 10%—20% of cases and is distin-
guished by the absence of estrogen receptor,
progesterone receptor (PR), and human
epidermal growth factor receptor 2 (HER2).?
TNBC is typically more aggressive, with a high
propensity for metastasis and recurrence,
resulting in significantly worse prognosis
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WHAT IS ALREADY KNOWN ON THIS TOPIC

= Triple-negative breast cancer (TNBC) is a highly
aggressive breast cancer subtype, characterized
by limited therapeutic options and poor prognosis.
Targeting B7-H3 holds promise for improving treat-
ment outcomes in TNBC patients. Nevertheless, the
molecular-level impact of targeting B7-H3 specifi-
cally in TNBC remains insufficiently studied.

WHAT THIS STUDY ADDS

= This study not only elucidates the critical role of B7-
H3 in the malignant progression of TNBC but also
proposes viable therapeutic strategies to enhance
the clinical efficacy of B7-H3i. In particular, we pres-
ent the analysis of how B7-H3 inhibition reshapes
the metabolic landscape of TNBC cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= We introduce an innovative therapeutic approach
by combining B7-H3i with the FASN inhibitors,
significantly augmenting the anticancer response.
This novel combinatorial strategy not only provides
a potential avenue for more personalized and ef-
fective treatment options for TNBC patients but
also holds promise for broader application in other

malignancies.

compared with other BC subtypes.* Treat-
ment options for TNBC are limited due to
the lack of well-defined biomarkers,5 under-
scoring the urgent need for effective thera-
peutic strategies.

Immunotherapy has emerged as a prom-
ising approach for TNBC. The US Food
and Drug Administration (FDA) has
approved several immune checkpoint inhib-
itors (ICIs) in combination with other ther-
apies, providing new therapeutic avenues for
TNBC.°” In recent years, immune therapies
centered around PD-LL1 /PD-1 inhibitors have
significantly improved clinical outcomes
in certain TNBC patients. However, the
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objective response rate to PD-L1/PD-1 inhibitors remains
around 20%, leaving a substantial portion of patients
with suboptimal therapeutic responses.® Building on
these challenges, our previous research pioneered an
innovative TNBC subtyping strategy based on the expres-
sion of B7-H3 and PD-L1, revealing that B7-H3 is highly
expressed when PD-L1 expression is low.” B7-H$ is highly
expressed on tumor cells and tumor-associated vascula-
ture, while exhibiting minimal presence in normal tissues.
This distinct and selective expression pattern contributes
to the development of an immune evasion phenotype,
which in turn promotes cancer cell proliferation, metas-
tasis, and drug resistance.'” Notably, T lymphocytes, a
cardinal component of antitumor immunity, are mark-
edly suppressed in the presence of elevated B7-H3 expres-
sion.""™ Given the widespread overexpression of B7-H3
in tumors and its association with an immunosuppressive
microenvironment, various B7-H3-targeted therapies—
including monoclonal antibodies (mAbs), antibody-drug
conjugates, and CAR-T cell therapies—are undergoing
clinical evaluation and have demonstrated promising
preliminary efficacy."”' However, the molecular effects
of B7-H3 inhibition in TNBC remain largely unexplored.

In this study, we conducted transcriptomic and metabo-
lomic analyses of TNBC cells following B7-H3 knockdown,
revealing that B7-H3 suppression activated FASN-
mediated de novo fatty acid (FA) synthesis. Notably, the
dual inhibition of B7-H3 and FASN significantly poten-
tiated anticancer effects, as evidenced by both in vitro
assays and in vivo models. These results highlight a novel
therapeutic strategy that integrates B7-H3 and FASN inhi-
bition, offering a promising avenue for improving treat-
ment outcomes in TNBC.

METHODS

Bioinformatics analysis

The expressions of B7-H3 in normal, BC and -TNBC
tissues were investigated in The Cancer Genome Atlas
(TCGA) database through the UALCAN database
(https://ualcan.path.uab.edu/) while the expression
comparison was analyzed by the Wilcoxon test. The
survival of B7-H3 and FASN was explored through the KM
Plotter database (https://kmplot.com/analysis/), which
was analyzed by the log-rank test. The enrichment anal-
ysis was performed by the “clusterProfiler”, “org.Hs.eg.
db”, “enrichplot,” and “ggplot2” R packages. The correla-
tion analysis was conducted by the Spearman correlation
analysis and was presented via the “ggplot2”, “ggpubr”,
“ggkxtra” R packages.

Single-cell RNA-seq data acquisition and analysis

Single-cell RNA sequencing was conducted by Shanghai
Genechem Co., using the Illumina HiSeq XTen plat-
form. Data processing, including sample demultiplexing,
barcode assignment, and gene count generation for each
cell, was performed using Cell Ranger V.3.0.2. For cell-type
annotation, the R package “singleR” was used, referencing

the Human Primary Cell Atlas, Blueprint Encode Data,
and Immune Cell Expression Data. Uniform Manifold
Approximation and Projection (UMAP) was used for
dimensional reduction. Cells were classified into major
cell types, including epithelial cells, immune cells, and
stromal cells, based on canonical marker gene expres-
sion. For immune checkpoint expression analysis, B7-H3
expression was overlaid onto the UMAP plot, showing its
distribution across different cell types within the tumor
immune microenvironment. Expression levels were visu-
alized with a color gradient to depict variation in gene
expression, where yellow to purple indicates low to high
expression levels, respectively.

Multiplexed immunohistochemistry and histochemistry
staining

A paraffin-embedded tissue microarray (TMA) (catalog
HBreD180Bc01-1) was obtained from Outdo BioTech
(Shanghai, China). The primary antibodies used for
immunofluorescence staining were: FASN (dilution
1:100, CST, catalog 3180) and B7-H3 (dilution 1:200,
CST, catalog 14058).

Cell culture

The human breast epithelial cell line MCF-10A (catalog
KGG3103-1) and TNBC cell lines MDA-MB-231 (catalog
KGG3220-1) and BT549 (catalog KGG3221-1) were
procured from KeyGEN Biotech (Nanjing, China). All
human cell lines were authenticated via short tandem
repeat (STR) analysis to confirm their identity. The cells
were cultured in their respective recommended media,
supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin, and maintained at 37°C
in a humidified incubator containing 5% CO:. Small
interfering RNA (siRNA) was designed and synthe-
sized by KeyGEN Biotech. Transient transfections were
performed using Lipofectamine 3000 (ThermokFisher,
catalog 1.3000015) at a final concentration of 100 nM.

Proliferation assays

Pretreated cells were resuspended and seeded into
96-well plates for CCK-8 assays. Cell proliferation was
quantified by measuring the absorbance at 450 nm. Addi-
tionally, cells were evenly seeded into six-well plates and
cultured for 1 week in a standard cell culture incubator.
Colonies were subsequently fixed with paraformaldehyde
(Solarbio, catalog P1110) and stained using crystal violet
dye (Solarbio, catalog G1061). Colony formation was
quantified using Image] software for both counting and
documentation.

Migration and invasion assay

The Transwell assay is divided into two parts: the deter-
mination of migratory capacity (without the addition of
Matrigel (Corning) in the chamber and the determina-
tion of invasive capacity (with the addition of Matrigel
in the chamber). Pretreated cells were seeded in FBS-
free medium into the upper chambers, while the lower
chambers received medium supplemented with 10% FBS.
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After 48 hours of incubation, the cells that had migrated
or invaded to the bottom surface of the membrane were
fixed with paraformaldehyde and stained using crystal
violet dye. The stained cells were then visualized and
quantified.

Flow cytometry

The TNBC cells were harvested using 0.25% trypsin
without EDTA and subjected to dual staining with the
Annexin V-APC/7-AAD Cell Apoptosis Detection Kit
(KeyGEN, catalog KGA1106-50). Apoptosis was assessed
using a CytoFLEX flow cytometer.

Immunofluorescence analysis

Cells subjected to various treatments were washed twice
with PBS and fixed with 4% paraformaldehyde at room
temperature for 15 min. After fixation, cells were permea-
bilized using 0.1% Triton X-100 (Solarbio, catalog T8200).
Blocking was performed with 10% goat serum for 30 min,
followed by an overnight incubation with primary anti-
bodies at 4°C. The primary antibody used was SREBP1
(1:400 dilution, Proteintech, catalog 66875-1-Ig). The
next day, cells were incubated with fluorescently labeled
secondary antibodies at room temperature. Nuclei were
counterstained with DAPI (1:1000 dilution, Beyotime,
catalog C1002), and cells were visualized using a confocal
microscope (Nikon Al+, Japan).

RNA extraction and real-time quantitative PCR

Total RNA was extracted from cells using RNA-easy Isola-
tion Reagent (Vazyme, catalog R701-01), following the
manufacturer’s protocol. cDNA was synthesized using
the HiScript II Q RT SuperMix (Vazyme, catalog R222-
01). Real-time quantitative PCR was then performed with
ChamQ Universal SYBR qPCR Master Mix (Vazyme, catalog
0321-02), using B-actin as the normalization control. The
following primer sequences were used: B7-H3: (forward)
5- GGGCTGTCTGTCTGTCTCAT-3’ and (reverse) 5'-
TTTCTCCAGCACACGAAAGC-3’; FASN: (forward) 5'’-
AAGGACCTGTCTAGGTTTGATGC-3’ and (reverse) b’-
TGGCTTCATAGGTGACTTCCA-3’; B-actin: (forward)
5’-GCAGAAGGAGATCACTGCCCT-3’ and (reverse) 5'-
GCTGATCCACATCTGCTGGAA-3’.

Western blot

Cells were harvested and homogenized on ice using
RIPA buffer (Solarbio, catalog R0020) supplemented
with PMSF (Solarbio, catalog P0100) and phosphatase
inhibitors (Abcam, ab201113). The protein concentra-
tion in the supernatant was determined using a BCA assay
(Vazyme, catalog E112-01). Equal amounts of protein
were separated on 8%-12% SDS-PAGE gels (Vazyme,
catalog E302-01, catalog E303-01, catalog E304-01) and
subsequently transferred to polyvinylidene fluoride
(PVDF) membranes (Millipore, catalog IPVH00010).
Membranes were blocked with NcmBlot blocking buffer
(NCM Biotech, catalog P30500) and incubated overnight
with primary antibodies: FASN (1:1000 dilution, Abcam,
catalog ab128856), SREBP1 (1:1000 dilution, Proteintech,

catalog 66875-1-Ig), B7-H3 (1:1000 dilution, Abcam,
catalog ab134161), p-AKT (1:1000 dilution, CST, catalog
4060), AKT (1:1000 dilution, CST, catalog 4691), p-mTOR
(1:1000 dilution, CST, catalog 5536), mTOR (1:1000 dilu-
tion, CST, catalog 2983), B-actin (1:1000 dilution, Affinity
Biosciences, catalog AF7018). The next day, membranes
were incubated with HRP-conjugated secondary anti-
bodies. Specific protein bands were visualized using the
SuperPico ECL Chemiluminescence Kit (Vazyme, catalog
E422-01) and imaged using the ChemiDoc XRS+system
(Biorad, USA). Protein expression levels were normalized
to B-actin.

RNA-sequencing analysis

Six samples, including three biological replicates from
both the control group (si-NC) and the treatment group
(si-B7-H3), underwent RNA sequencing. Illumina’s
second-generation high-throughput sequencing platform
was used with a PE150 sequencing strategy. After quality
control, clean read pairs were obtained. Alignment and
transcript assembly analyses were performed using STAR
and Cufflinks software, followed by quantitative analysis
of all genes. The criteria for differential gene screening
were set at p<0.05. Plant transcription factors were identi-
fied based on the Plant Transcription Factor Database 4.0
(http://planttfdb.cbi.pku.edu.cn/); animal transcription
factors were identified using AnimalTFDB 3.0 (http://
bioinfo.life.hust.edu.cn/AnimalTFDB/).

Metabolome analysis

Raw Liquid Chromatography-Tandem Mass Spectrometry
(LC-MS/MS) data files were processed using the XCMS
package for peak detection, alignment, and retention time
correction of each metabolite. The “SVR” method was
employed to correct peak areas, and peaks with missing
rates exceeding 50% across samples were filtered out.
Data were normalized using unit variance scaling before
performing hierarchical clustering analysis. Orthogonal
partial least squares discriminant analysis (OPLS-DA) was
performed using the the OPLSR. Anal function from the
MetaboAnalystR package in R. Differential metabolites
were further screened based on the variable importance
in projection (VIP) scores from the OPLS-DA model,
combined with univariate analysis P-values. Metabolites
with VIP scores greater than 1.0 and P-values < 0.05 were
considered significantly different between groups.

Dual-Glo luciferase experiment

HEK293T cells were co-transfected with either the pGL3-
FASN promoter MUT or pGL3-FASN promoter WT
constructs, along with pcDNA3.1-NC or pcDNA3.1-OE and
the pRL-TK Renilla luciferase vector, using KeygenMAX
3000 (Keygen, catalog KGA9705-1.5). 48 hours after trans-
fection, firefly luciferase activity was measured by adding
Dual-Glo Luciferase Reagent. After the initial reading,
Dual-Glo Stop & Glo Reagent was added to measure
Renilla luciferase activity. Firefly luciferase activity was
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normalized to Renilla luciferase activity to account for
transfection efficiency.

Animal models

We used female BALB/c mice aged 5—6 weeks, purchased
from the Shanghai Laboratory Animal Center. A suspen-
sion of cultured 4T1 BC cells (concentration of 1x107
cells/mL) was injected subcutaneouslyinto the right axilla
of mice at a volume of 0.1 mL per mouse. Tumor diame-
ters were measured using a caliper, and when the tumor
volume reached approximately 100 mm?® mice were
randomly divided into six groups: control, anti-B7-H3,
anti-FASN, anti-B7-H3+anti FASN, anti-PD-L1, and anti-
B7-H3+anti FASN+anti-PD-L1, with each group consisting
of five mice. Treatment was initiated at this stage, and
therapeutic agents were administered according to the
assigned groups. These agents included the B7-H3 mAb
(BioXCell, Catalog BE0124), the FASN inhibitor (MCE,
HY-120394), and the PD-L1 mAb (BioXCell, Catalog
BE0101). The B7-H3 mAb was intraperitoneally given at
a dosage of 160 pg twice weekly, and the PD-L1 mAb was
intraperitoneally given at a dosage of 200 pg twice weeKkly.
Concurrently, the FASN inhibitor was orally adminis-
tered at a dosage of 30 mg/kg once daily. This treatment
regimen was sustained for a duration of 2 weeks to allow
for a comprehensive assessment of the therapeutic effects.
The antitumor effects were dynamically observed by regu-
larly measuring tumor sizes. At the end of the experiment,
mice were euthanized using carbon dioxide (Euthanex
Chamber). Tumors were then extracted from the uncon-
scious animals, and their weights were recorded. The
excised tumor tissues were subjected to WB analysis and
immunofluorescence staining. Image]J software was used
for quantitative analysis of fluorescence.

Statistical analysis

Statistical analyses and figure presentations were
conducted using R language V.4.3 and GraphPad Prism
V.9.5. Group differences were assessed using the Student’s
t-test or Wilcoxon for two groups, while one-way analysis
of variance with Tukey’s multiple-comparison test or the
Kruskal-Wallis test with multiple comparisons was used
for multiple groups. Prognostic values of categorical vari-
ables were assessed via the log-rank test. A p<0.05 was
considered statistically significant for all analyses.

RESULTS

Overexpression of B7-H3 in TNBC and its clinical relevance
We initially delineated the expression of B7-H3 in BC.
Analysis of the TCGA database indicated that B7-H3 is
significantly overexpressed in BC tissues (figure 1A).
Subsequently, single-cell sequencing was employed to
further elucidate the expression patterns of B7-H3 within
BC. This analysis revealed that epithelial and stromal
cells were the primary cell types expressing B7-H3, with
the former being the predominant cell type undergoing
malignant transformation in BC and the latter playing a

pivotal role in shaping the tumor environment (TME)
(figure 1B). Notably, tumor cells, cancer-associated fibro-
blasts (CAFs), and myeloid cells were found to highly
express B7-H3 (online supplemental figure 1A). CAFs
are ubiquitous in the TME across various cancer types,
exerting crucial effects on tumor progression and drug
resistance through diverse mechanisms.*”* Myeloid cells
are a crucial group of immune system components
comprising macrophages, dendritic cells, monocytes, and
granulocytes.”” This observation aligns with a previous
study that reported B7-H3 enrichment specifically in
tumor-associated macrophages of TNBC patients.**
Consequently, we explored the correlation between
B7-H3 expression and tumor-infiltrating immune cells
using data from TCGA. Our analysis demonstrated that
high expression of B7-H3 is significantly associated with
the formation of an immunosuppressive TME (online
supplemental figure 1B-E). Given that TNBC is the
most challenging subtype of BC to treat, these findings
prompted us to further explore the expression profile
and functional role of B7-H3 specifically in TNBC.

Compared with normal breast tissues, B7-H3 exhibits
markedly elevated expression levels in TNBC (figure 1C).
The Kaplan-Meier plotter online database analysis
demonstrated that high B7-H3 expression is closely asso-
ciated with reduced overall survival (OS) and relapse-free
survival (RFS) in TNBC patients (figure 1D). Subse-
quently, we employed multiplex immunofluorescence
staining on TMAs to further investigate protein expres-
sion patterns. figure 1E,F presents representative images
illustrating B7-H3 expression in both cancerous and
adjacent non-cancerous tissues. Statistical analysis results
from TNBC microarray tumors (n=150) and adjacent
non-cancerous tissues (n=30) revealed that B7-H3 expres-
sion was markedly higher in TNBC tissues (figure 1G).
Moreover, Western Blot confirmed the elevated expres-
sion of B7-H3 in TNBC cells relative to non-cancerous
breast epithelial cells (figure 1H,I). Collectively, these
data suggested that B7-H3 is markedly overexpressed in
TNBC and is linked to adverse clinical outcomes.

B7-H3 knockdown suppressed the malignant phenotypes of
TNBC cells

Expression analysis, correlation analysis with immune
cells, and survival analysis have established the pivotal
role of B7-H3 in TNBC. Moving forward, our primary
focus is on investigating the impact of B7-H3 on TNBC.
To assess the response of TNBC to B7-H3 knockdown, we
conducted a series of functional assays in TNBC cell lines.
As shown in figure 2A, siRNA-B7-H3-1 was identified as
the most effective in reducing B7-H3 expression levels.
Western blot analysis further confirmed that siRNA-B7-
H3-1 induced a significant reduction in protein levels
(figure 2B,C). We selected this sequence for subsequent
functional studies investigating cellular phenotypic
changes. CCK-8 and colony formation assays revealed that
B7-H3 silencing significantly diminishes the proliferative
capacity of TNBC cells (figure 2D,E,G). Furthermore,
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Annexin V

MDA-MB-231 BT-549

Figure 2 Biological functions of B7-H3 in TNBC cells. (A-C) Transfection efficiency of B7-H3 knockdown in TNBC cells.

(D) B7-H3 knockdown suppressed TNBC cell proliferation as measured by the CCK-8 assay. (E, G) B7-H3 knockdown reduced
colony formation capacity in TNBC cells. (F, H) B7-H3 knockdown impaired TNBC cell motility via transwell assay. Scale

bars: 50 um. (I, J) Downregulation of B7-H3 induced early apoptosis in TNBC cells. Data are presented as mean+SD (n=3).
Significance was calculated using the Student’s t-test. **p<0.01, **p<0.001, ***p<0.0001. TNBC, triple-negative breast cancer.

Transwell migration and invasion assays demonstrated
a striking reduction in the number of migrating and
invading TNBC cells in the si-B7-H3 group compared
with the si-NC group (figure 2F,H). This underscores the
inhibitory effect of B7-H3 downregulation on TNBC cell
motility. Complementing these observations, we discov-
ered that the downregulation of B7-H3 significantly
increased the early apoptotic rate among TNBC cells
(figure 21,]). Collectively, these findings underscore the
pivotal role of B7-H3 in fostering the malignant traits of
TNBC cells.

Metabolic expression profiling of TNBC cells following B7-H3
knockdown

The high expression of B7-H3 in TNBC and its critical
role in promoting malignant progression support the use

of anti-B7-H3 therapies in TNBC treatment. To further
investigate the molecular effects of B7-H3 inhibition
in TNBC, we performed transcriptomic sequencing
on B7-H3-knockdown TNBC cells and control groups.
Sequencing data underwent rigorous quality control
(online supplemental figure 2A), and after quantifying
gene expression, statistical analyses were conducted to
identify genes with significant differential expression
between the groups (online supplemental figure 2B,C).
Then, we employed multiple enrichment analysis tech-
niques to interrogate the RNA-seq data and uncover the
processes altered by B7-H3 knockdown. Gene Ontology
enrichment analysis highlighted dysregulated genes
involved in metabolic remodeling (figure 3A,B). Gene
Set Enrichment Analysis identified the top two metabolic
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differentially expressed genes related to biological processes. (C, D) GSEA plots illustrated significant enrichment of fatty acid
beta-oxidation and fatty acid catabolic processes in the ranked gene dataset. (E) Heat map of the differentially expressed
genes between si-NC and si-B7-H3 cells (n=3). (F) Western blot analysis showed that B7-H3 knockdown leads to an increase
in FASN protein levels. (G) Schematic representation of metabolic enzymes and processes altered after B7-H3 knockdown in
MDA-MB-231 cells. (H) MSEA illustrates the fold enrichment of various metabolic pathways, highlighting significant changes

in metabolic activities. (I) Chord diagram displaying differentially expressed metabolites and their classifications. The different
colors represent various metabolite classes, while the lines indicate Pearson correlation coefficients between metabolites,

with red lines indicating positive correlations and blue lines indicating negative correlations. Fatty acid metabolic products are
highlighted. Statistical significance was calculated with Student’s t-test. “p<0.05, **p<0.01, ***p<0.0001. MSEA, metabolite set
enrichment analysis; TNBC, triple-negative breast cancer.
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pathways ranked by p-value, with FA B-oxidation showing
a significant association (figure 3C,D), underscoring the
impact of B7-H3 silencing on the regulation of FA metab-
olism. Therefore, we explored the key genes driving
these metabolic alterations. The heatmap visualizes the
distribution of differentially expressed genes (figure 3E).
Notably, the transcriptomic analysis revealed a marked
upregulation of the key FA metabolism enzyme FASN in
the B7-H3 knockdown group. Validation through Western
Blot confirmed the elevated expression of FASN, consis-
tent with the RNA-seq data (figure 3F). By integrating
the insights from transcriptomic sequencing, we visually
depicted the crosstalk between FASN-driven FA synthesis,
FA B-oxidation, and ATP generation through the TCA
cycle (figure 3G).

We conducted untargeted metabolomics analyses to
validate these transcriptomic findings. Differential anal-
ysis integrating Variable Importance in Projection (VIP;
VIP>1) scores from the OPLS-DA model and p values
(p<0.05) identified 259 significantly upregulated and 66
downregulated metabolites. Comparison of metabolite
fold changes between groups revealed that among the top
20 metabolites (15 upregulated and 5 downregulated),
three were significantly upregulated lipid metabolism
products (online supplemental figure 3A,B). Metabo-
lite set enrichment analysis highlighted FA biosynthesis
as a significantly impacted pathway (figure 3H). A chord
diagram of differential metabolites showcased the top 50
metabolites with the highest VIP scores, including 6 posi-
tively correlated FA metabolism products with consistent
abundance changes, further reinforcing the activation of
FA metabolic pathways (figure 3I). These findings collec-
tively suggest that B7-H3 knockdown leads to increased
FA synthesis mediated by FASN, accompanied by crosstalk
between enhanced FA B-oxidation and the activation of
the mitochondrial TCA cycle. Literature searches suggest
that both FA synthesis and B-oxidation may coexist and
synergize to meet the heightened metabolic demands of
tumor cells.”” Based on these results, we hypothesize that
B7-H3 silencing triggers compensatory upregulation of FA
metabolic pathways, enabling tumor cells to counteract
apoptosis and sustain survival. Although highly specific
inhibitors of FA oxidation are currently unavailable,
targeting FASN as a key enzyme in FA synthesis represents
a promising therapeutic approach,”® warranting further
functional studies to explore its role in TNBC.

FASN silencing suppressed malignant behaviors in TNBC cells
Despite FASN’s recognized importance in cancer biology,
the specific expression characteristics and functional
roles of FASN in TNBC remain inadequately understood
and warrant further investigation. Our analysis of TCGA
revealed a negative correlation between FASN expres-
sion and Gamma-delta (Y9) T cells (online supplemental
figure 4A). Y0 T cells exhibit unique antigen recognition
capabilities and robust cytotoxicity.?” Clinical responses to
cancer immunotherapies involving ICIs appear to require
the presence of ¥ T cells capable of recognizing tumor

neoantigens,” highlighting a potential interplay between
FASN expression and immunotherapy efficacy in TNBC.
Multiplex immunohistochemistry on tumor microarrays
illustrated a representative image of FASN expression
in both cancerous and adjacent non-cancerous tissues
(figure 4A). Compared with adjacent non-cancerous
tissues, FASN was highly expressed in tumor tissues
(online supplemental figure 4B). Analysis of the Kaplan-
Meier plotter online database revealed that higher FASN
expression is associated with worse OS and RFS in TNBC
patients (figure 4B). Subsequently, we conducted func-
tional validation assays in TNBC cells to further substan-
tiate these findings. The knockdown efficiency of FASN
was validated at both the RNA and protein levels (online
supplemental figure 4C,D). Studies have demonstrated
that FASN knockdown significantly inhibits the clono-
genic ability of TNBC cells (figure 4C,E). Notably, the
downregulation of FASN markedly reduces the migra-
tory and invasive capacities of TNBC cells (figure 4D,F).
Furthermore, FASN depletion enhanced early apoptosis
in TNBC cells, as demonstrated by flow cytometry analysis
(figure 4G,H). These findings collectively underscore the
critical role of FASN in driving TNBC aggressiveness and
survival, positioning it as a promising therapeutic target.

B7-H3 knockdown enhanced the expression of FASN by
upregulating SREBP1

In light of the oncogenic role of FASN and the ampli-
fied FASN overexpression triggered by B7-H3 silencing,
we sought to elucidate the mechanisms responsible for
the dysregulated activation of FASN. Given that B7-H3
silencing upregulates FASN mRNA levels, we hypothe-
sized that this phenomenon might involve alterations in
the expression of transcription factors governing FASN
transcription. Consequently, we conducted a compre-
hensive analysis of transcriptomic profiles to investigate
this possibility. We visualized the distribution of transcrip-
tion factor families to gain insights into their activation
profiles. Figure bA illustrates the top 10 transcription
factor families influenced in the B7-H3 knockdown
group. Building on this foundation, we proceeded to
use the JASPAR database to predict potential transcrip-
tion factors that could be responsible for the activation
of FASN. By selecting the top 12 transcription factors
based on their track scores and intersecting them with
differentially expressed transcription factors from the
RNA-seq data, we identified SREBP1 as a key candidate
of interest (figure 5B). Correlation analysis demonstrated
a strong positive association between SREBP1 and FASN
(figure 5C). To validate the functional role of SREBP1, we
next examined whether it exerts transcriptional activation
on FASN and whether this activity is enhanced following
B7-H3 knockdown. The dualluciferase assay results
revealed a marked increase in luciferase activity in cells
transfected with the wild-type FASN promoter construct,
compared with the mutant construct where the SREBP1
binding site was altered, thus confirming the transcrip-
tional activation role of SREBP1 on FASN (figure 5D).
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Open access

Figure 4 FASN affects the progression of TNBC cells. (A) Representative immunohistochemical staining images showing
FASN expression in TNBC and adjacent non-cancerous tissues from tissue microarrays. (B) Kaplan-Meier Plotter analysis
demonstrated that elevated FASN expression is linked to poorer prognosis in TNBC patients. (C, E) Knockdown of FASN
reduced colony formation ability in TNBC cells. (D, F) Knockdown of FASN diminished TNBC cell motility, as shown by the
transwell assay. Scale bars: 50 um. (G, H) FASN downregulation triggered early apoptosis in TNBC cells. Data presented as
mean=SD (n=3). Significance was calculated using the Student’s t-test. **p<0.001, ***p<0.0001. TNBC, triple-negative breast
cancer.
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Figure 5 B7-H3 knockdown regulates FASN via the AKT pathway. (A) Visualization of TF family distribution by comparing all
differentially expressed genes from transcriptomic data using BLAST against transcription factor databases. (B) Venn diagram
showing candidate transcription factors selected from the JASPAR database and transcriptomic data. (C) Correlation between
SREBP1 and FASN expression in TNBC. (D) The wild-type FASN promoter construct (pGL3-wt) exhibited significantly increased
luciferase activity when cells were transfected with the pcDNA3.1 vector containing the SREBP1 gene. (E, F) B7-H3 knockdown
upregulated SREBP1 expression. (G) Immunofluorescence assay showing nuclear translocation of SREBP1 following B7-

H3 knockdown. Scale bars: 50 pm. (H, I) Western blot analysis confirmed the nuclear translocation of SREBP1 after B7-H3
knockdown. (J, K) Western blot analysis showed that protein levels of the Akt-mTOR signaling pathway were elevated in the
si-B7-H3 group. (L-N) Western blot analysis demonstrating that inhibition of the Akt pathway suppressed the activation of both
SREBP1 and FASN. Data are presented as mean+SD (n=3). Significance was calculated using the Student’s t-test. ns: non-
significance, **p<0.01, **p<0.001, ***p<0.0001.
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Additionally, Western blot analysis validated the increased
activation of SREBP1 in the context of B7-H3 knockdown
(figure BE,F). Nuclear-cytoplasmic fractionation and
immunofluorescence assays further demonstrated that
B7-H3 knockdown increased nuclear SREBP1 expres-
sion and promoted its translocation from the cytoplasm
to the nucleus (figure 5G-I). These findings indicated
that the activation of FASN might be mediated by the
transcription factor SREBP1. To elucidate the mecha-
nisms underlying the aberrant activation of SREBP1 and
FASN, a deeper exploration of dysregulated pathways
following B7-H3 silencing is warranted. Given the well-
established link between the Akt signaling pathway and
lipid metabolism,” * we have focused our research on
the Akt pathway. Western blot analysis confirmed signif-
icant activation of the Akt signaling pathway on B7-H3
knockdown (figure 5],K). Rescue experiments showed
that inhibition of the Akt pathway suppressed the acti-
vation of both SREBP1 and FASN (figure 5L.-N). These
results established that B7-H3 knockdown upregulated
SREBP1 expression by activating the Akt pathway, which
subsequently promoted the transcriptional activation of
FASN.

FASN modulation augments the inhibitory impact of B7-H3
knockdown on cancer cells

The data presented above substantiated the activation
of FASN subsequent to B7-H3 inhibition, and this acti-
vation may partially offset the tumor-suppressive effects
of B7-H3 inhibition. To address this potential limita-
tion, the primary focus of this section was to investigate
whether the combined knockdown of B7-H3 and FASN
could yield enhanced anti-tumor effects in TNBC cells.
qPCR and Western blot analyses confirmed comparable
knockdown efficiencies in both single-gene and dual-
gene knockdown groups (figure 6A-C). Notably, in
vitro proliferation assays demonstrated that dual knock-
down of FASN and B7-H3 significantly suppressed TNBC
cell proliferation compared with single-gene targeting
(figure 6D,E). Furthermore, transwell migration and
invasion assays revealed a striking attenuation of both
migratory and invasive capacities in TNBC cells on combi-
natorial knockdown (figure 6F-I). Consistently, apoptosis
assays demonstrated that the combined gene knockdown
led to a higher rate of early-stage apoptosis in cancer cells
(figure 6]-M). In conclusion, the co-silencing of B7-H3
and FASN elicited the most potent therapeutic effects.

Modulation of FASN enhances the anticancer effect of B7-H3
inhibition in vivo

To evaluate the efficacy of the dual therapeutic approach
in vivo, we developed a mouse model of TNBC using the
4T1 cell line (figure 7A). On completion of the treat-
ment, we first assessed the physiological parameters of the
mice, confirming that cardiac, hepatic, and renal func-
tions were normal across all treatment groups (online
supplemental figure 5A-D). Additionally, no significant
weight loss was observed in the treated groups compared

with the untreated group, underscoring the tolerability
of the treatments (online supplemental figure 5E). We
confirmed the expression of B7-H3 and FASN in the 4T1
cells, as well as the inhibitory effects of the corresponding
antibody and inhibitor (online supplemental figure 6A,B).
Tumor volume growth curves and tumor weight analysis
revealed that both anti-B7-H3 and anti-FASN monothera-
pies exhibited notable tumor-inhibitory effects, while the
combination treatment produced a synergistic enhance-
ment of these effects (figure 7B,C). Furthermore, protein
extracted from tumor tissues not only supported but also
extended the in vitro findings, revealing that B7-H3 inhi-
bition leads to increased FASN expression, as evidenced
by Western Blot analysis (figure 7D,E). Additionally, Oil
Red O staining revealed the accumulation of lipid drop-
lets within tumor cells specifically in the group treated
with anti-B7-H3 (online supplemental figure 6C-F). HE
staining further confirmed extensive necrosis of tumor
cells in the group subjected to the combined treatment
regimen (figure 7F). Moreover, immunofluorescent
TUNEL staining and quantitative analysis demonstrated
that the combination treatment significantly increased
tumor cell apoptosis (figure 7G,H). Consistent with
this, immunofluorescent analysis for CD8 revealed that
higher levels of CD8" T cells were detected in the group
receiving the combination treatment (figure 71]). As key
“end effectors” of cancer immunity, the recruitment and
activation of CD8" T cells are critical for eliciting effective
antitumor immune responses.?’1

In 2020, the FDA approved the combination of the
anti-PD-1 therapy pembrolizumab with nab-paclitaxel
as a firstline treatment for metastatic TNBC.”* ** In this
context, we further investigated and validated the sensi-
tizing effect of a combination therapy targeting B7-H3
and FASN on anti-PD-L1 therapy (figure 7K). Tumor
volume growth curves and tumor weight analysis unequiv-
ocally demonstrated that the combination therapy
significantly enhanced the effects of PD-L1 therapy
(figure 7L,M, (online supplemental figure 6G-H). In line
with these findings, HE staining demonstrated that the
combination therapy, when administered alongside an
anti-PD-L1 mAb, induced a more pronounced disrup-
tion in the overall architecture of the tumor tissue, char-
acterized by extensive necrosis and apoptosis of tumor
cells (figure 7N). TUNEL staining confirmed that this
combined treatment, when used with anti-PD-L1 mAb,
led to a significantly higher rate of apoptosis (figure 70).
Moreover, IHC analysis for CDS8" T cells showed that,
compared with anti-PD-L1 monotherapy, the combina-
tion therapy substantially increased the infiltration of
CDS8" T cells (figure 7P, online supplemental figure 61).

Together, these findings suggest two key implications.
First, for TNBC patients eligible for anti-B7-H3 therapy,
experiments both in vitro and in vivo consistently demon-
strated that targeting FASN enhances the tumor-inhibitory
effects of anti-B7-H3 therapy. Second, this combination
therapy significantly improves the efficacy of anti-PD-L1
therapy, and triple therapy may further enhance the overall
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Figure 6 Combined knockdown of B7-H3 and FASN more effectively suppresses TNBC cell growth. (A-C
and Western blot analyses confirmed the knockdown of B7-H3 and FASN at both mRNA and protein Ievels in MDA-MB-231
and BT-549 cells. (D, E) Combined knockdown of B7-H3 and FASN significantly inhibited colony formation capacity in TNBC
cells. (F, G) Co-silencing of B7-H3 and FASN more effectively reduced TNBC cell migration. Scale bars: 50 ym. (H-1) Combined
knockdown further suppressed the invasive ability of TNBC cells. Scale bars: 50 pm. (J-M) Co-knockdown of B7-H3 and
FASN promoted early apoptosis in TNBC cells more significantly. Data presented as mean+SD (n=3). Statistical significance
was calculated with one-way ANOVA with Tukey’s multiple-comparison test. ns: not significant, *p<0.05, ** p<0.01, **p<0.001,

*hkk

p<0.0001. ANOVA, analysis of variance; TNBC, triple-negative breast cancer.

) Quantitative PCR

12

Jiang Y, et al. J Immunother Cancer 2025;13:€010924. doi:10.1136/jitc-2024-010924

'salfojouyoal Jejiwis pue ‘Buiurel) |y ‘Buluiw elep pue 1xa1 01 palelal sasn Joj Buipnjoul ‘1ybluAdoos Aq paloslold

" jooyasaboysnwseig
V11-Z39 uswiiedaq 1e G20z ‘02 Ae uo /wod fwg only:dny woiy papeojumod ‘5z0z 11dy 2T U0 $260T0-7202-0U[/9ETT 0T Se paysiignd 1s.1j (18oued Jsylounwwi ¢


http://jitc.bmj.com/

a Open access

A B
A 2.0 " Anti-B7-H3+
Anti-B7-H3 160ug biw. i.p.  Sacrifice Control Anti-BT-H3 Anti-FASN anti-FASN
~ A Anti-FASN 30mg/kg qd.p.o.g. o 15
Anti-PD-L1 200ug biw. i.p. g
BALB/c mouse T 1 “g
implantation o 5
Group1:Control 2 10
1d Group2:Anti-B7-H3 15d o
[— Group3:Anti-FASN E 05
Group4:Anti-B7-H3+anti-FASN 2
4T1 mouse Group5:Anti-PD-L1
TNBC cell Group6:Anti-PD-L1+anti-B7-H3+anti-FASN 00
. 1d—15d 1d—15d E 1d—15d 1d—15d
Control = Anti-B7-H3 == Anti-FASN Control Anti-B7-H3
Anti-B7-H3+anti-FASN Kk
okkk Anti-FASN - - + + - - 4+ 4+ - - 4+ + 2.5
o >
20m  EEE AMIB7-H3 -+ -k -k -k - - G| S
g 2
50
_ B7—H3|'..-.-.-.-'-l o<
315 SO 154
L= 80
. FASNI.. PEE L DT -| g8 10
g 25
205 GAPDHiml e 0.5
14
0.0 0.0-

Control - Anti-B7-H3 == Anti-FASN
F Control Anti-B7-H3 Anti-FASN Anti-B7-Ha+anti-FASN  H 15ANU-B7-H3*BN\-FASN
*

TUNEL-positive area (%)

Control - Anti-B7-H3 == Anti-FASN
Anti-B7-H3+anti-FASN
sk

3 Ty
Ak

2 *kk

1

0-

CDB8-positive area (%)

L M Control == Anti-PD-L1
== Anti-PD-L1+
2.0 Control Anti-PD-L1 o~ Anti-PD-L1+ anti-B7;t|*3*+anh-FASN
anti-B7-H3+ 2.0 .

o anti-FASN
£ 15
S 215
£ z
% 1.0 2 _
> =10
5 0.5 Sos

0.0

1d—15d 1d—15d 1d—15d 00
o TUNEL P c

D8
»

Figure 7 Anti-B7-H3 and anti-FASN combination therapy enhances antitumor activity in vivo. (A) Schematic representation

of the treatment protocol using anti-B7-H3, anti-FASN, anti-PD-L1, and combination therapy in BALB/c mice implanted with
4T1 cells (n=5). (B) Tumor growth curves showing tumor volume over time in each treatment group. (C) Comparative analysis
of tumor weight among different treatment regimens. Mean+SD is shown (n=5). (D-E) Evaluation of FASN protein expression
via Western Blot analysis. Anti-B7-H3 treatment significantly upregulated FASN compared with the control group. Mean+SD is
shown (n=3). (F) Representative H&E staining of tumor sections. Scale bars: 50 pm. (G-H) TUNEL staining to assess apoptosis
in tumor tissues. The combination therapy induced a higher level of apoptosis, as seen by the increased fluorescence ratio in
H. Scale bars: 50 pm. Mean+SD is shown (n=3). (I-J) CD8 immunofluorescence staining to evaluate immune cell infiltration. The
combination therapy group showed significantly enhanced CD8" T cell infiltration, as quantified in panel |. Mean+SD is shown
(n=3). (K) Visual pictures showing representative tumor volumes of each treatment group. (L) Tumor growth curves showing
tumor volume in control, anti-PD-L1, and combination treatment groups. (M) Effect of anti-PD-L1 and combination therapy on
tumor weight in balb/c mice bearing 4T1 cells. Mean+SD is shown (n=5). (N) Representative HE staining of tumor sections.
Scale bars: 50 um (left) and 20 um (right). (O) TUNEL staining to assess apoptosis in tumor tissues. Scale bars: 50 um (left) and
20 um (right). (P) Immunofluorescence staining for CD8* T Cell Infiltration in Tumor Section. Scale bars: 50 um (left) and 20 ym
(right). Statistical significance was calculated using the Student’s t-test for FASN expression and one-way ANOVA with Tukey’s
multiple-comparison test for other comparisons. **p<0.01, **p<0.001, ***p<0.0001. ANOVA, analysis of variance.
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effects, addressing the potential issue of PD-L1 resistance.
These results highlight the potential of this approach to
enhance immunotherapy efficacy in TNBC.

DISCUSSION

TNBC is characterized by its aggressive behavior, poor
differentiation, and rapid progression, which collectively
drive its therapeutic resistance and contribute to poor
survival outcomes.** Current treatment options for TNBC
are limited, and the absence of hormone receptors and
HER2 expression excludes the use of targeted therapies
that have proven effective in other BC subtypes. The
growing elucidation of tumor immune evasion mecha-
nisms has driven the evolution of cancer treatment para-
digms, transitioning from conventional modalities such as
surgery, chemotherapy, and radiotherapy to molecularly
targeted therapies.” The application of ICIs has ushered
in a new era of cancer treatment, offering the potential
for durable and effective antitumor immunity.*®*/

B7-H3, an emerging immune checkpoint molecule,
has garnered significant attention for its critical role in
regulating tumor immune evasion, modulating immune
responses, and influencing tumor behavior.™* A range of
B7-H3i is currently being tested in clinical trials to ensure
both efficacy and safety in tumor suppression. However,
the majority of existing research has concentrated on the
epigenetic modulation of B7-H3, leaving a significant gap
in understanding the molecular-level effects of B7-H3
inhibition, particularly in the context of TNBC.

Building on our previous research, which proposed
a TNBC subtype management strategy based on B7-H3
expression, we extended our investigation through in
vitro and in vivo experiments to elucidate its role in TNBC.
Our findings confirm that B7-H3 is highly expressed in
TNBC, correlating with poor prognosis and increased
tumor malignancy. Existing evidence suggests that B7-H3
may play a role in tumor cell metabolism.* *' We discov-
ered that inhibiting B7-H3 also led to abnormal activa-
tion of FA metabolism, which we identified as a potential
factor that could weaken the anticancer efficacy of B7-H3-
targeted therapies.

Many cancer cells preferentially rely on increased de
novo FA synthesis, whereas normal cells primarily use
exogenous FA sources.”™ This metabolic reprogram-
ming supports the high proliferative demands of cancer
cells.*®*” The key metabolic multienzyme FASN is respon-
sible for the terminal catalytic step in FA synthesis.*
Unlike typical anabolic energy storage pathways, tumor-
driven lipogenesis mediated by FASN is intricately linked
to the progression of several malignancies.”™ In our
study, we found that B7-H3 knockdown triggered the acti-
vation of the Akt signaling pathway, consequently upreg-
ulating the transcription factor SREBP1, which in turn
drove FASN expression.

These findings suggest that addressing the unin-
tended upregulation of FASN following B7-H3 inhi-
bition could be a promising strategy to enhance

the efficacy of B7-H3-targeted therapies. To test this
hypothesis, we combined B7-H3 and FASN inhibitors in
our final experiments, observing significantly improved
antitumor efficacy when both oncogenes were inhibited
simultaneously. By uncovering the metabolic vulnera-
bilities conferred by B7-H3 inhibition, our study lays the
groundwork for combination therapies that can maxi-
mize therapeutic efficacy.

However, this study has several limitations: While
B7-H3 has shown promise as an immunotherapy target
in clinical studies, its clinical application remains
uncertain. Additionally, whether the FASN activation
observed in the lab will manifest similarly in clinical
settings requires further validation. The study includes
an investigation of B7-H3’s effects on proliferation,
invasion, and apoptosis but does not assess its metastatic
potential in vivo. Furthermore, while the combination
therapy successfully recruited CD8" T cells in animal
models, the underlying mechanisms driving this recruit-
ment remain insufficiently elucidated, warranting
further investigation.

CONCLUSIONS

Our study establishes B7-H3 as a promising prognostic
biomarker and immunotherapy target for TNBC, high-
lighting its pivotal role in shaping tumor progression and
immune evasion. Moreover, our findings unveil a novel
link between FA metabolism and the therapeutic modu-
lation of B7-H3, providing fresh insights into enhancing
treatment efficacy. We propose a translational strategy

to bridge the gap between benchside discoveries of

B7-H3 blockade and its anticipated clinical applications,
addressing potential challenges in achieving optimal
therapeutic outcomes.
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