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Abstract
B cells have become one of the important participants in anti-tumor immunity. Compared with DCs and macrophages, B 
cells have unique advantages in presenting low-abundance antigens to T cells. Fatty acids play a key role in the metabolic 
adaptation of B cells. Whether the APC function of B cells can be enhanced through reprogramming fatty acid metabolism 
in the tumor microenvironment (TME) is worthy of study. Ovarian cancer (OvCa) is a gynecological malignant tumor with a 
high mortality rate. Most patients in the advanced stage often have extensive omental metastasis and ascites formation, which 
are rich in adipocytes and fatty acids. Given reasons including complex TME, the clinical efficacy of new immunotherapies 
such as immune checkpoint blockade (ICB) therapy for OvCa is very limited. Therefore, treatment regimens based on new 
mechanisms are urgently needed to be developed. In this study, we applied the Gene Expression Omnibus (GEO) database, 
clinical specimens, cell lines, and mouse models to investigate whether reprogramming the fatty acid metabolism in B cells 
could enhance their APC function and to explore the underlying mechanisms. We also evaluated the therapeutic effects of 
the combined treatment using APC-enhanced-B cells adoption with low-dose chemotherapy in metastatic OvCa mice. Our 
research provides new clues forB cells-based anti-tumor immunotherapy.
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Introduction

B cells are now recognized as one of the major contributors 
to anticancer immunity and have strong prognostic signifi-
cance in various human cancers [1]. B cells not only directly 
participate in immune responses by secreting antibodies and 
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producing cytokines to affect tumor growth and treatment 
responses, but also act as antigen-presenting cells (APCs) 
by expressing high levels of costimulatory molecules such 
as CD80 and CD86 and major histocompatibility complex 
(MHC) molecules, presenting processed antigen products 
to T cells to activate them and facilitate adaptive immune 
responses against cancer [2–4]. Moreover, B cells have the 
unique advantage of presenting low-abundance antigens to 
T cells more effectively than dendritic cells or macrophages 
[5]. In the TME, B cells engage in intricate crosstalk not 
only with T cells but also with other immune cells, such as 
follicular dendritic cells (FDCs), collectively maintaining 
a “hot” TME characterized by diverse immune infiltrates 
and promoting the formation of tertiary lymphoid structures 
(TLS) [6]. B cells are key components of the lymphoid fol-
licles in TLS, which serve as a predominant niche for APC 
functional B cells. The abundance of B cells demonstrates a 
positive correlation with TLS density in tumors [7]. Recent 
advances research have brought increasing attention to the 
potential application of B cells’ APC function in cancer 
immunotherapy [4].

Fatty acids (FAs) play a critical role in the metabolic 
adaptation of B cells [8]. Fatty acid (FA) metabolic genes 
include uptake genes such as fatty acid binding protein 4 
(FABP4) and CD36 (also known as FA translocase) [9], cat-
abolic genes such as hormone-sensitive lipase (HSL), acyl 
coenzyme A dehydrogenase very long chain (ACADVL), 
carnitine palmitoyltransferase 1A (CPT1A), and the key 
transcription factor peroxisome proliferator-activated recep-
tor gamma (PPARγ) [10]. Florian J. Weisel et al. reported 
that in a normal mouse model immunized with alum, ger-
minal center B cells primarily rely on fatty acid oxidation 
as their major energy source. These cells take up FAs and 
generate ATP through mitochondrial and peroxisomal FA 
oxidation to meet their high metabolic demands [11]. Ger-
minal center B cells with metabolic specificity rely on FA 
oxidation to meet their high proliferative demands [11]. FAs 
in the TME not only affect the metabolism of cancer cells 
but also have a significant impact on immune cells, includ-
ing B cells [12]. The effects of FA metabolism on B cells, 
especially their APC function in TME, remain unclear.

Ovarian cancer (OvCa) is a gynecological malignancy 
with a poor prognosis and high mortality rate [13, 14]. 
Epithelial ovarian cancer (EOC) is the most common his-
tological type of OvCa, accounting for 90% of OvCa cases. 
High-grade serous ovarian cancer (HGSOC) is the main 
subtype of EOC [15]. Due to its insidious onset and rapid 
progression, most EOC patients have been at advanced 
stages (FIGO III–IV) when diagnosed, accompanied by 
extensive peritoneal metastasis and ascites formation [16, 
17]. The omentum in the abdominal cavity is rich in adipo-
cytes, forming a unique adipose-rich microenvironment. The 
standard first-line treatment strategies for EOC are tumor 

reduction and chemotherapy, including platinum or taxane 
derivatives. However, 70%–80% of patients relapse within 
2–5 years and develop resistance to the treatments [18, 19]. 
The efficacy of immune checkpoint blockade (ICB) targeting 
PD-1/PD-L1 varies across tumor types. Due to the complex 
TME of OvCa, ICB demonstrates limited clinical benefits 
[19], making chemotherapy remain the first-line standard 
of OvCa treatment [20]. Although the impact of TME on T 
cell metabolic adaptation has been extensively studied [21], 
research on how TME influences that of B cells remains 
limited. The effects and mechanisms of TME on B cells’ 
APC function, as well as therapeutic strategies targeting B 
cells metabolism, urgently require further investigation and 
development.

In this study, we applied Gene Expression Omnibus 
(GEO) databases, clinical specimens, EOC cell lines, and 
metastatic OvCa mouse models to investigate whether repro-
gramming the FA metabolism of B cells could enhance their 
APC functions and explore the mechanisms. Furthermore, 
we evaluated a novel immunotherapy approach in metastatic 
OvCa mouse models, combining the adoptive transfer of 
APC function-enhanced B cells with low-dose chemother-
apy (LDC), providing new therapeutic insights for B cells-
based cancer immunotherapy.

Materials and methods

Animals

All C57BL/6 mice (17–18 g, 8 w, female) were purchased 
from Beijing Spafu Biotechnology Co., LTD. Mice were 
housed in specific pathogen-free (SPF) conditions under a 
12h light/dark cycle (lights on at 7:00 AM) at 23 ± 3 °C and 
50 ± 10% humidity. Each cage contained ≤ 5 mice with corn 
cob bedding and nesting materials for enrichment. Mice had 
free access to standard rodent chow and sterile water. All 
animal experiments were performed accordance to guide-
lines approved by the animal ethics committee of Tianjin 
Medical University.

Cell lines and cell culture

The mouse ovarian epithelial papillary serous adenocarci-
noma cell line ID8 (C57BL/6 background) was obtained 
from Professor Luyuan Li (Nankai University, Tianjin, 
China). ID8 cells were cultured in DMEM medium (KGI 
Biotechnology Co., LTD.) supplemented with 80 U/mL 
penicillin, 80 μg/mL streptomycin (PS), and 10% (v/v) fetal 
bovine serum (FBS, Gibco). B cells were cultured in RPMI 
1640 medium (KGI Biotechnology Co., LTD.) supple-
mented with 80 U/mL penicillin and 80 μg/mL streptomycin 
(PS) and 10% (v/v) FBS. ID8 cells were routinely tested for 
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mycoplasma contamination and maintained at low passage 
numbers (< 10).

Immunohistochemical (IHC) staining

Tumor tissue samples from HGSOC patients were collected 
at Tianjin Central Obstetrics and Gynecology Hospital, 
and IHC staining was performed according to the previ-
ously described method [22]. In short, the samples were 
incubated overnight at 4 °C with primary antibodies (Abs) 
against CD3, CD19, CD21, CD80, and CD86 (see Table S3), 
then secondary Abs were added, and diaminobenzidine was 
used for detection. Finally, the nucleus was re-stained with 
hematoxylin, and the images were collected under an optical 
microscope (ZEISS) for analysis. The cells in three inde-
pendent regions, adjacent to or distant from adipose tissue, 
in each sample were counted for analysis.

Identification of lymphoid aggregates in ascites 
of OvCa mice

The ascites or peritoneal lavage fluid from OvCa mice was 
gently transferred into a petri dish using a syringe and incu-
bated for 2h to allow cancer cells adhesion, and the sus-
pended cells were then carefully collected into a tube and 
allowed to settle at room temperature for 2h. Then, 20 μL of 
cell precipitation was carefully transferred onto a glass slide 
using a 200 μL pipette tip and gently released with the tip 
to make cell smears. Frozen sections were also prepared by 
embedding the cell precipitations. CD3+T cells, CD19+B 
cells, and CD21+FDC were detected by immunofluores-
cence staining and observed under a confocal microscope. 5 
fields in each sample were randomly selected for cell count-
ing. The information on primary Abs is listed in Table S3. 
Secondary Abs included Alexa Fluor™ 647 (Goat anti-rat, 
1:1000, Invitrogen; Cat# A-21247), Alexa Fluor™ 594 (Goat 
Anti-Rabbit, 1:1000, Abcam; Cat# ab150080). Considering 
the integrity of lymphoid aggregates may be affected by 
manipulations, all pipette tips were snipped to ensure the 
lymphoid aggregates were not damaged, and each operation 
was carefully and gently performed. Our laboratory defined 
the cell aggregates of “FDC (≥ 1) + B cells (≥ 2) + T cells 
(≥ 1)” observed under a confocal microscope (the spatial 
positions of the cells are FDC-B-T) as one typical lymphoid 
aggregates.

Magnetic bead sorting (MACS)

The splenic single-cell suspension was prepared, and the 
peritoneal lavage fluid or ascites was collected from meta-
static OvCa mice. The red blood cells were removed using 
red blood cell lysate. The ascitic cells were resuspended 
and cultured at 37 °C for 2h to allow cancer cell adhesion 

to the dish, and then the suspended lymphocytes were col-
lected. ImunoSep mouse CD19+B cell positive selection kit 
(Precision BioMedicals; Cat# 721,920) was used to obtain 
CD19+B cells. ImunoSep mouse CD3+T cell positive selec-
tion kit (Precision BioMedicals; Cat# 720,305) was used to 
obtain CD3+T cells.

In vitro treatment of B cells

Human CD19+B cells, mouse splenic CD19+B cells 
(1 × 106/mL) or mouse ascitic CD19+B cells were treated 
with 150 μM oleic acid (OA) or palmitic acid (PA) for 24h. 
For in vitro pre-activation, mouse ascitic CD19+B cells were 
pretreated with 10 μg/mL CD40L and 10 ng/mL IL-4 for 24h 
[23]. In the mechanistic study, mouse ascitic CD19+B cells 
(1 × 106/ml) were pretreated with fatty acid binding protein 
4 gene (FABP4) inhibitor (BMS309403, MedChemExpress; 
Cat# HY-101903; 50 μM), PPARγ antagonist (GW9662, 
MedChemExpress; Cat# HY-16578; 25 μM), and PPARγ 
agonist (Troglitazone, Trog, MedChemExpress; Cat# 
HY-50935; 10 μM) for 2h, respectively. Then the cells were 
washed with PBS twice, inoculated on a 12-well plate, and 
treated with 150 μM OA for 24h. B cells were then collected 
and analyzed by flow cytometry.

Flow cytometry

The prepared single-cell suspension (1 × 106/ml) of CD19+B 
cells or ascitic cells was resuspended in Zombie NIR live/
dead stain (Biolegend; Cat# 423,105) and incubated for 15 to 
30 min at room temperature. Cells were washed twice, then 
resuspended in 100 μl FACS buffer (2% FBS, 1 mM EDTA 
in PBS), and incubated with fluorescence-labeled Abs listed 
in Table S3. For intracellular detection of IFN‑γ, GZMB, 
IL‑2, and IL‑10, cells were first stimulated with a cell acti-
vation reagent (BioLegend; Cat# 423,303) for 6h and then 
incubated with the corresponding antibodies. Surface anti-
gens (e.g., CD45, CD3, CD19, CD8) were stained, followed 
by fixation with 4% paraformaldehyde. Cells were then per-
meabilized using Intracellular Staining Perm Wash Buffer 
(10 ×) (BioLegend; Cat# 421,002) diluted to 1 × according 
to the manufacturer’s instructions. C16-BODIPY was used 
to detect intracellular FA content in cells. C11-BODIPY was 
used to detect lipid peroxide in cells. The cells were detected 
using Flow Cytometry (BD Bioscience), and the data were 
analyzed using FlowJo V10 software.

Transfection of small interfering RNA (siRNA)

The siRNA targeting mouse FABP4 (siFABP4) and non-
silencing negative control siRNA (siNC) were synthesized 
by Ribobio (Guangzhou, China). The sequences of two 
siFABP4 oligonucleotides are GGG​CTT​TGC​CAC​AAG​
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GAA​A and GGT​GGA​ATG​TGT​TAT​GAA​A. According to 
the manufacturer's instructions, mouse ascitic CD19+B cells 
were collected and resuspended in serum‑free buffer. siRNA 
oligonucleotides were transfected into the cells using the 
ProteanFect Max Mouse Primary Immune Cell Transfection 
Kit (Nanoportal Biotech; Cat# PT03) with a final siRNA 
concentration 200 pmol/100 μL. The transfection complexes 
were incubated with cells for 30 min at 37 °C. Cells were 
harvested 24h after transfection for subsequent analyses.

RNA sequencing (RNA‑seq)

Ascitic CD19+B cells were seeded in a 75 cm2 flask (1 × 106) 
and cocultured with OA for 24h. Suspended CD19+B cells 
were then isolated using a mouse lymphocyte separator 
(Tianjin Haoyang Huake Biotechnology Co., Ltd.; Cat# 
LTS1092). Cells were lysed with 1 mL of TRIzol reagent 
(Tiangen Biotech, Co., Ltd.; Cat# DP424), and the samples 
were sent to Tiangen Biotech, Co., Ltd. for RNA sequencing 
and analysis. According to the manufacturer’s instructions, 
RNA with Poly-A structure was enriched from total RNA 
using the TIANSeq mRNA capture kit (TIANGEN Biotech). 
Then, the captured RNA was used as the starting sample for 
library construction with the TIANSeq rapid RNA library 
construction kit (Illumina Platform, TIANGEN Biotech). 
The RNA library was then analyzed with the Agilent 2100 
Bioanalyzer. After the library test was qualified, PE150 
sequencing was performed using the Illumina Platform to 
obtain 150-bp paired-end sequencing reads. The data can 
be found in Table S1.

Reverse transcription‑polymerase chain reaction 
(RT‑PCR)

Total RNA was extracted from 1 × 106 mouse ascitic 
CD19+B cells using TRIzol. The TransScript® one-step 
gDNA Removal and cDNA Synthesis SuperMix (Beijing 
Quanshi Jin Biotechnology Co., LTD.; Cat# AT311-03) was 
used to remove genomic DNA and synthesize cDNA, fol-
lowed by RT-PCR using primers (see Table S2). PCR prod-
ucts were analyzed by agarose gel electrophoresis. β-Actin 
was used as a reference to calculate the relative mRNA 
levels.

Western blot (WB) analysis

RIPA lysate (Jiangsu Kaiji Biotechnology Co., LTD.; 
Cat# KGB5204) was used to lyse the harvested cells. Pro-
tease inhibitor (Jiangsu Kaiji Biotechnology Co., LTD.; 
KGB5101-100) was used to inhibit the activities of phos-
phatase and protease. According to molecular weights, the 
proteins were separated on an SDS-PAGE gel and then 
transferred to a polyvinylidene fluoride (PVDF) membrane, 

which was incubated with the primary Abs (listed in 
Table S3) overnight at 4 °C, and then the secondary Abs 
were added for incubation. The protein bands were scanned 
using the Odyssey®CLx scanner. The strip density was 
measured using Odyssey 3.0 software.

A‑CoA and ATP levels detected by ELISA

Mouse CD19+B cells were homogenized in cold PBS and 
centrifuged at 12,000 × g at 4 °C for 10 min to collect the 
supernatant. The levels of A-CoA and ATP were quantified 
using a mouse A-CoA ELISA Kit (LunChangShuoBiotech; 
Cat# ED-21683) and ATP ELISA Kit (LunChangShuoBio-
tech; Cat# ED-24959). The absorbance was determined at 
450 nm (OD450) using a microplate reader (BioTek Instru-
ments, Inc.). Standard curves of mouse A-CoA and ATP 
were generated to quantify the concentration of A-CoA and 
ATP.

FAO rate measurement

Mouse CD19+B cells were homogenized in cold PBS and 
centrifuged at 12,000 × g at 4 °C for 10 min to collect the 
supernatant. FAO rate was evaluated with a colorimetric 
assay kit (Elabscience; Cat# E-BC-K784-M) according to 
the provider’s instruction. After standardizing the protein 
concentration (BCA Protein Assay Kit, KeyGEN; Cat# 
KGB2101-250), the absorbance at 450 nm was measured. 
The amount of enzyme in 1 g protein/min that hydrolyzes the 
substrate to produce NADH at 37 ℃ was defined as 1 unit 
by the following formula: FAO ability (U/gprot) = (ΔA450-
b)/a ÷ T × 1, 000/Cpr (ΔA450: OD sample–OD control. 
T: reaction time, 30 min. Cpr: concentration of protein in 
sample).

Cancer cell‑killing experiment

The cultured ID8 cells were harvested to prepare antigenic 
peptides by water bath at 43 °C for 30 min and frozen in 
liquid nitrogen for 20 min (repeated three times). After cen-
trifugation at 10,000 rpm for 30 min at 4 °C, the superna-
tant was filtered into a 1.5 mL tube and stored in the refrig-
erator at −80 °C for future use to pulse B cells. 2 × 105/
mL antigen-pulsed B cells and 2 × 105/mL T cells per well 
were cocultured in a 12-well plate for 6h. Then, 2 × 105/mL 
ID8-luc cells were directly added and cocultured for 48h. 
The supernatant was collected for the detection of IFN-γ, 
Granzyme B (GZMB), and TNF-α using ElaBoXTMMouse 
IFN-γ ELISA Kit (Solebol; Cat# SEKM-0031), ElaBoXT-
MMouse Granzyme B ELISA Kit (Solebol; Cat# SEKM-
0088), and ElaBoXTMMouse TNF-α ELISA Kit (Solebol; 
Cat# SEKM-0034) by enzyme-linked immunosorbent assay 
(ELISA). The absorbance at 450 nm was measured using a 
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microplate reader (BioTek Instruments, Inc.). The cells at 
the bottom of the wells were washed twice with PBS. Then, 
the cell lysis buffer (Luciferase Assay System with Reporter 
Lysis Buffer, Promega) was used to lyse ID8-luc cells, and 
the luminescence was detected by the Luminescence Detec-
tor (Promega; 2031–000).

In vivo tracing experiment of B cells

1 × 106/mL mouse ascitic CD19+B cells were stained with 
CM-DiI staining solution (Invitrogen; Cat# C7000, 2 μg/
mL), incubated at 37 °C for 5 min and then at 4 °C for 
15 min. The CM-DiI-labeled cells were injected intraperi-
toneally or intravenously into 1 w tumor-bearing recipient 
mice (1 × 106 cells/100 μL/mouse). The mice were killed, 
and the organs and tissues were collected. Anticoagulant 
peripheral blood, ascites, and bone marrow were collected 
to make smears and fixed with 4% paraformaldehyde. Spleen 
and inguinal-draining lymph nodes were collected to prepare 
frozen sections. Nuclei were stained by DAPI (Beyotime), 
and the smears or frozen sections were observed and imaged 
under a fluorescence microscope (Leica-DMi8) for analysis.

Chromatin immunoprecipitation

The B cells were fixed in 1% formaldehyde, lysed, and soni-
cated to shear chromatin into fragments of approximately 
200–500 bp. Chromatin from the resulting cell lysates was 
immunoprecipitated with either an anti-mouse H3K27ac/
PPARγ antibody or a normal IgG control (listed in Table S3). 
The antibody-chromatin complexes were enriched using pro-
tein G-agarose beads, after which the DNA was purified. 
Quantitative PCR (qPCR) was performed using specific 
primers targeting the promoter regions of PPARγ, CD80, 
CD86, and CD83 genes (see Table S2). A 10% aliquot of 
the lysate before immunoprecipitation was used as an input 
control. The data were normalized to the input DNA and 
presented as fold enrichment over the IgG control.

B cell adoptive transfer and chemotherapy 
treatment

ID8-luc cells (3 × 106 cells/200 μL/mouse) were intraperito-
neally injected into C57BL/6 mice to establish a metastatic 
mouse OvCa model. Then, the mice were randomly divided 
into five groups (n = 3 each) and received intraperitoneal 
injections as follows: control group (PBS, 200 μL/mouse), 
group of OA-treated B cells (BOA, 1 × 106/200 μL/mouse, 
administrated every 3 days [24] and started on the 8th day 
after tumor-bearing), low-dose cisplatin (L-DDP) group 
(Qilu Pharmaceutical Co., LTD.; 1 mg/kg [25], adminis-
trated once a week and started 1 day after BOA administra-
tion), combined group (L-DDP and BOA), and high-dose 

chemotherapy (H-DDP, 2 mg/kg, administrated same as 
L-DDP). Bioluminescence imaging (BLI) was performed 
once a week to monitor tumor development. On the 28th day 
after tumor-bearing, the mice were killed. Peritoneal lavage 
fluid or ascites was collected for the analysis of ascitic T 
cells of B cells. OCT embedding of immune cells in ascites 
was performed to prepare frozen sections. A parallel survival 
experiment was performed (n = 7 in each group). The weight 
and status of the mice were monitored daily. The survival 
time point was set when the weight of mice reached the cut-
off value of 35 g [26]. All mice were anesthetized with 2% 
isoflurane for 10 min and then killed by cervical dislocation.

Bioinformatics analysis

For RNA-seq, we incorporated paired RNA-seq data 
(CD19+B group, n = 1; CD19+B + OA group, n = 1). After 
quality control, a total of detectable genes were obtained. 
Subsequently, edgeR v3.40 was used to perform differential 
analysis on the RNA-seq count matrix. The raw counts were 
structured into a DGEList object, followed by TMM nor-
malization using calcNormFactors to correct for sequencing 
depth variations. A fixed dispersion strategy was applied, 
setting the common dispersion to 0.1. The exactTest (exact 
negative binomial test in edgeR) was then employed to 
compare gene expression levels between the two groups, 
with multiple testing corrected by the Benjamini–Hochberg 
method. Differentially expressed genes (DEGs) were identi-
fied based on the criteria of |log2FC|> 1 and p < 0.05. Next, 
the cpm function was used to transform TMM-normalized 
counts into log2-CPM values, and genes with no expression 
variation across all samples were filtered out to reduce noise. 
PCA analysis (centered and scaled) was performed using 
prcomp, and sample group information was mapped to the 
dimensionality reduction results. Finally, GSEA enrichment 
analysis was conducted using the fgsea package.

Datasets GSE281120, GSE184880, GSE235329, 
GSE276563, GSE290141, GSE242271, GSE235931, 
GSE147082 and GSE154600 in the GEO database were 
analyzed. These nine datasets comprise single-cell RNA 
sequencing data from 48 patients with HGSOC. Datasets 
GSE235931, GSE147082 and GSE154600 in the GEO data-
base were analyzed. These three datasets comprise single-
cell RNA sequencing data from 13 patients with metastatic 
OvCa. After performing uniform quality control (QC) and 
batch effect correction across all datasets, integrated analysis 
was conducted using Seurat v4.3. Differential expression 
analysis of B cells was performed using the FindMarkers 
function to identify differentially expressed genes (crite-
ria: |log2FC|> 1, p < 0.05, Wilcoxon rank-sum test). Gene 
set enrichment analysis (GSEA) was carried out using the 
fgsea package, while fatty acid (FA) metabolic pathway 
enrichment was analyzed with the GSVA package. Gene 
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Ontology (GO) analysis was performed using the cluster-
Profiler package.

Protein interaction prediction analysis was conducted 
through the STRING website (http://​www.​string-​db.​org/). 
Correlation analysis between TLS gene sets [27] or PPARγ 
and representative B cell genes (CD79A, MZB1, MS4A1, 
and CD79B), B cell APC functional genes (CD80, CD86, 
CD83, and MHC II), and fatty acid (FA) metabolism-
related genes (FABP4, FATP4, CD36, FASN, HSL, CPT1A, 
ACADVL, and PPARγ) was performed using the GEPIA2 
website (http://​gepia2.​cancer-​pku.​cn/#​index).

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
9.5 software. One-way analysis of variance (ANOVA) was 
used to compare groups. The statistical difference between 
the two groups was evaluated using the unpaired T-test. 
Two-factor ANOVA was used for the analysis of IHC stain-
ing and TLS analysis. Survival time was analyzed using 
a logarithmic rank test (Mantel–Cox test) with data pre-
sented as median survival time (MS). Data are presented 
as mean ± standard deviation (SD). p < 0.05 was considered 
statistically significant.

Results

The APC function of B cells decreases 
with the progression of FIGO staging in patients 
with OvCa

To examine the APC function of B cells in patients with 
OvCa as the disease progresses, we conducted bioinfor-
matics analysis. We integrated and analyzed the single-cell 
transcriptome data of clinical specimens from 48 HGSOC 
patients in nine datasets of the GEO database. A total of 
217,294 cells were obtained from these samples. Based on 
the established list of gene markers (Table S4), these cells 
were clustered and annotated. Cell visualization is achieved 
through UMAP (Fig. S1 A). B cells were divided into two 
groups based on the FIGO stage of the source patients, 
namely FIGO I/II and FIGO III/IV. Subsequently, two 

groups of B cells were subjected to pathway enrichment 
analysis through AUCell. The results showed that com-
pared with stage I/II, the APC function-related pathways 
of B cells in HGSOC patients with stage III/IV decreased 
significantly (Fig. 1A). Meanwhile, representative genes of 
APC function-related pathways in B cells in the above two 
different groups were also compared. The results showed 
that with tumor progression, the expression of costimula-
tory molecules (including CD80 and CD86) and MHC class 
II molecules (such as HLA-DPA1, HLA-DPB1, and HLA-
DQA1) decreased significantly (Fig. 1B). This is in line 
with the trend observed in the results of pathway enrichment 
analysis. The above results suggest that with the progression 
of FIGO staging in OvCa patients, the APC function of B 
cells significantly declines.

The APC function of B cells is closely associated 
with their FA metabolism in metastatic OvCa

Given the critical role of FAs in B cells metabolic adaptation 
[12] and the unique lipid-rich microenvironment of meta-
static OvCa [16, 17], the first point we consider is whether 
the APC function of B cells is related to their FA metabolism 
within TME? To solve this problem, we first utilize bioin-
formatics data to analyze the relationship between them. We 
integrated and analyzed the single-cell transcriptome data of 
13 patients with metastatic OvCa from three datasets in the 
GEO database. A total of 66,863 cells were obtained from 
these samples. According to the established list of marker 
genes (Table S5), these cells were clustered and annotated 
(Fig. S1 B). A total of 3563 B cells were extracted for gene 
expression difference analysis and gene set variation analy-
sis (GSVA). According to the mRNA expression levels of 
CD80, CD86, and CD83 (the marker for activation of B 
cells), these B cells were divided into APC function low and 
APC function high B cell groups (Fig. S1 C-E). Gene set 
variation analysis (GSVA) was then performed on these two 
B cell groups. Correlation analysis revealed that compared 
with the APC function low B cell group, the FA pathway 
was significantly enriched in the APC function high B cell 
group (Fig. 2A). These results indicate that in metastatic 
OvCa, the APC function of B cells is positively correlated 
with its FA metabolism.

Recently, it has been reported that B cells that perform 
APC functions are generally located in TLS in solid can-
cers. Therefore, we also analyzed the correlation between 
TLS and APC function and FA metabolism of B cells using 
sequencing data from 426 OvCa patients in the TCGA 
database. We found that TLS-related gene expression was 
positively correlated not only with the expression of genes 
related to the number of B cells, the APC function of B cells 
but also with that of genes related to FA transport, lipolysis, 
and FA metabolism of B cells (Fig. S2 A). Moreover, to 

Fig. 1   The APC function of B cells decreases with the progression 
of FIGO staging in patients with OvCa. A AUCell pathway enrich-
ment analysis of B cells in patients with HGSOC (GSE281120, 
GSE184880, GSE235329, GSE276563, GSE290141, GSE242271, 
GSE235931, GSE147082 and GSE154600 dataset in the GEO data-
base, n = 48). B Analysis of differences in the expression of APC 
function-related genes of B cells in 48 HGSOC patients (dataset 
GSE281120, GSE184880, GSE235329, GSE276563, GSE290141, 
GSE242271, GSE235931, GSE147082 and GSE154600). 
***p < 0.001

◂
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preliminarily verify this correlation, we conducted immuno-
histochemical (IHC) staining on HGSOC clinical specimens 
targeting TLS markers (including CD3+T cells, CD19+B 
cells, and CD21+FDC) (n = 20) and APC function markers 
(including CD80, CD86) (n = 5). We found that in the fol-
lowing four different tissue localization groups, the expres-
sion levels of APC functional markers and the TLS area 
decreased successively: (1) tumor-distal/adipose-proximal 
group, (2) tumor-proximal/adipose-proximal group, (3) 
tumor-distal/adipose-distal group, and (4) tumor-proximal/
adipose-distal group (Fig. 2B). These data suggested that 
the APC function of B cells and TLS structure are closely 
associated with the adipocyte-rich microenvironment in 
OvCa patients.

To further explore the correlation between APC func-
tion of B cells and their FA metabolism within TME, we 
established a metastatic OvCa mouse model and focused 
on the ascitic B cells (AS-Bs). Interestingly, we found the 
existence of the lymphoid aggregates in the ascites in 3-w 
tumor-bearing mice (3 weeks after intraperitoneal injec-
tion of ID8) [5, 28, 29]. However, the lymphoid aggregates 
was not detected in the ascites in 6 w tumor-bearing mice 
(6 weeks after intraperitoneal injection of ID8) (Fig. 2C). 
Meanwhile, the median fluorescence intensity (MFI) of 
CD80 and MHC II in AS-Bs decreased as OvCa progressed, 
whereas those of CD86 and CD83 (the marker for activation 

of B cells) did not show significant changes (Fig. S2 C and 
Fig. 2D). Then, we examined the representative genes in FA 
metabolism of AS-Bs. The mRNA and protein levels of the 
main FA uptake genes including FABP4 and CD36, lipolysis 
genes including HSL, and transport genes including CPT1A, 
and β-oxidization genes including ACADVL, and nuclear 
transcription factor gene PPARγ, were significantly down-
regulated as OvCa progressed (Fig. 2E, F). However, FATP4 
did not show significant changes. Both APC functions and 
FA metabolism of AS-Bs decreased with the progression 
of metastatic OvCa, suggesting that FA metabolism may be 
closely related to the APC functions of AS-Bs.

Furthermore, we detected the FA content and its meta-
bolic products in AS-Bs and ascites-derived tumor cells The 
intracellular FA content and lipid peroxidation levels were 
assessed by BODIPY C16 and C11 uptake assays, and the 
levels of acetyl-CoA (A-CoA) and ATP were measured by 
ELISA. The results showed that AS-Bs at 6 w after tumor 
injection had decreased intracellular FA content, lower levels 
of A-CoA and ATP (Fig. S2 D, Fig. 2G–I), and significantly 
higher lipid peroxidation levels compared with those at 3 w 
(Fig. S2 E, Fig. 2J). Meanwhile, we found that intracellular 
FA content, A-CoA, and ATP levels in tumor cells at 6 w 
after tumor injection were significantly higher than those at 3 
w after tumor injection (Fig. S2 F–G). These results indicate 
that ascites-derived tumor cells may compete for FA uptake, 
leading to dysfunction in AS-Bs FA metabolism. In addition, 
the decreased FA metabolism of AS-Bs may be a key driver 
of their impaired APC function.

B cells are not a homogeneous subpopulation of cells 
and the identity and diversity of B cells might evolve 
during tumor growth. To examine the changes in B cell 
subsets during tumor progression, we examined the 
changes in the proportions of B cell subsets—includ-
ing naïve B cells (CD19+IgD+CD27−), unswitched 
memory B cells (CD19+IgD+CD27+), switched mem-
ory B cells (CD19+IgD−CD27+) and regulatory B cells 
(CD19+IL-10+)—in the ascites of mice at 3 w and 6 w after 
intraperitoneal injection of ovarian cancer cells [30]. The 
results showed that, compared with the 3 w time point, none 
of the B cell subsets in the ascites changed at 6 w, indicating 
that in our mouse model, the alteration in B cell APC func-
tion during tumor progression is not associated with changes 
in B cell subset composition (Fig. S2H-I).

The APC function and resulting anticancer immunity 
of B cells can be enhanced by oleic acid (OA) 
via reprogramming FA metabolism in vitro

The above results have already indicated that the APC func-
tion of B cells in metastatic OvCa is closely positively cor-
related with its FA metabolism. Then, can the APC function 
of B cells be enhanced by reprogramming its FA metabolism 

Fig. 2   The APC function of B cells is closely associated with their 
FA metabolism in metastatic OvCa. A GSVA pathway enrich-
ment analysis of APC function low and APC function high B cells 
in patients with metastatic OvCa (GSE235951, GSE147082 and 
GSE154600 dataset in the GEO database, n = 13). B Representative 
images of the IHC staining of TLS structure (composed of CD3+T 
cells, CD19+B cells, and CD21+FDC), CD80, and CD86, respec-
tively, in the area adjacent to or away from tumor or adipose tissues 
in clinical HGSOC specimens (n = 20 for TLS and n = 5 for CD80 
or CD86). Red dashed line area: TLS structure. Magnification × 200. 
C Representative image of lymphoid aggregates (white dashed line 
area) by immunofluorescent staining in ascites of OvCa mice with 
3 w and 6 w in tumor-bearing mice. D Mean fluorescence intensity of 
CD80, CD86, CD83, and MHC class II molecules in ascitic CD19+B 
cells of OvCa mice were detected by flow cytometry. E Comparison 
of mRNA levels of FA metabolic genes in ascitic B cells in OvCa 
mice. The relative expression of each gene was calculated using 
β-actin as the internal reference. F Protein expression of β-actin and 
FA metabolic proteins in ascitic B cells in OvCa mice was assessed 
by WB. β-Actin was used as the internal control to calculate the rela-
tive expression level of FA metabolic proteins. G Mean fluorescence 
intensity of Bodipy C16 in ascitic B cells of OvCa mice detected by 
flow cytometry. H Expression of A-CoA in ascitic B cells of OvCa 
mice detected by ELISA. I Expression of ATP in ascitic B cells of 
OvCa mice detected by ELISA. J Mean fluorescence intensity of 
intracellular oxidized lipid in ascitic B cells of OvCa mice detected 
by flow cytometry. I Comparison of mRNA levels of FA metabolic 
genes in ascitic B cells in OvCa mice. The relative expression of each 
gene was calculated using β-actin as the internal reference. Data are 
presented as the mean ± SD of three independent experiments. FA, 
fatty acid; TLS, tertiary lymphoid structure. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001, ns, not significant

◂
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within TME? To address this question, we first treated B 
cells from the peripheral blood of healthy volunteers with 
a typical unsaturated FA (oleic acid, OA) and saturated FA 
(palmitic acid, PA) for 24h, respectively. We found that both 
FAs significantly increased the MFI of CD80 in CD19+B 
cells (Fig. S3A and Fig. 3A) and did not cause changes in 
the MFI of MHC II. Based on Fig. 3A, we chose OA as 
the FA candidate to promote the APC functions of B cells. 
Then, we applied splenic B cells (SP-Bs) from wild-type 
(WT) C57BL/6 mice to conduct above experiments. Simi-
lar results were obtained. In detail, OA increased the MFI 
of CD80, CD86, and CD83 in CD19+ B cells and did not 
affect the MFI of MHC II or Ki67 (Fig. S3 B and Fig. 3 
B), indicating that OA could promote APC function and 
activation of B cells via costimulatory molecules, not affect-
ing the proliferation. In addition, we examined changes in 
the proportions of B cell subsets derived from peripheral 
blood mononuclear cells (PBMCs) and splenocytes of wild-
type C57BL/6 mice following treatment with OA or PA. 
The results showed that treatment with OA or PA did not 

change the proportions of B cell subsets in either PBMC- 
or SP-derived B cells (Fig. S3C-D). Subsequently, we used 
the AS-Bs obtained from OvCa-bearing and confirmed a 
similar conclusion as Fig. 3B (Fig. 3C). We also carried out 
the dose–effect and time-effect experiments and confirmed 
150 μM and 24h as the optimal concentration and time for 
OA treatment (Fig. S3E).

As mentioned earlier, FA metabolism involves many 
steps, and each step has many molecules. Which molecule 
plays a key role in OA-induced remodeling of FA metabo-
lism, thereby enhancing the APC function of B cells within 
the TME? To address this question, we conducted experi-
ments using AS-Bs from OvCa-bearing mice (3 w post-
tumor loading). We treated AS-Bs with OA meanwhile 
treated AS-Bs with PBS as the control. After 24h of treat-
ment, RNA was extracted from both the OA-treated and 
control groups for subsequent RNA sequencing (RNA-seq). 
The results revealed that, compared with the control group, 
OA-treated AS-Bs exhibited a significant upregulation of 
FA metabolic pathways. These included positive regulation 
of fatty acid transport, regulation of fatty acid transport, 
etc. (Fig. 3D). These findings suggest that the pathway of 
FA transport (including FA uptake) may play an important 
role in the OA-induced reprogramming of FA metabolism 
in AS-Bs. To validate the above bioinformatics analysis 
results, we detected the mRNA levels of genes related to FA 
metabolism in AS-Bs using RT-PCR experiments (Fig. 3E). 
Additionally, to better mimic the interaction between CD4+T 
cells and B cells within the TME, B cells were treated with 
CD40L and IL-4. The results showed that after AS-Bs 
exhibited significant upregulation of key FA metabolism 
genes (such as FABP4, FATP4, FASN, HSL, CPT1A, and 
ACADVL) and the important lipid metabolism transcrip-
tion factor PPARγ, while the expression of CD36 remained 
unchanged. Notably, FABP4, a core regulatory factor in FA 
metabolism including FA uptake, showed the most signifi-
cant increase (Fig. 3E).

Subsequently, to verify the crucial role of FABP4 in OA-
induced enhancement of APC function of AS-Bs mentioned 
above, we first conducted experiments using CD40L, IL-4, 
and the FABP4 inhibitor BMS309403 (BMS), followed by 
related detection (Fig. 3F). The results of the western blot-
ting assay showed that the molecular proteins involved in 
FA metabolism in AS-Bs were significantly upregulated 
after OA treatment and downregulated when pretreated with 
BMS (Fig. 3G). In addition, we detected the intracellular 
FA content and lipid peroxidation levels in AS-Bs using 
BODIPY C16 and C11 uptake assays, and measured the 
levels of A-CoA, ATP and the FAO activity in B cells using 
ELISA, respectively. We found that OA treatment signifi-
cantly upregulated intracellular FA content, A-CoA levels, 
ATP production and the FAO activity in AS-Bs, while lipid 
peroxidation levels remained unchanged. After pretreatment 

Fig. 3   The APC function and resulting anticancer immunity of B 
cells can be enhanced by oleic acid (OA) via reprogramming FA 
metabolism in  vitro. A Mean fluorescence intensity of CD80 and 
MHC Class II molecules in CD19+B cells from peripheral blood of 
healthy volunteers (n = 3) treated with OA and PA (both 150  μM), 
respectively. B Mean fluorescence intensity of CD80, CD86, CD83, 
MHC Class II molecules, and Ki67 in splenic CD19+B cells of WT 
mice treated with 150  μM OA. C Mean fluorescence intensity of 
CD80, CD86, CD83, and MHC Class II molecules in ascitic CD19+B 
cells from 3  w OvCa-bearing mice when treated with 150  μM OA. 
D Analysis of FA metabolism-related signaling pathways based on 
RNA-seq results. GSEA was used to analysised the FA metabolic 
pathways. E Comparison of mRNA levels of main FA metabolic 
genes in ascitic B cells from 3  w tumor-bearing mice when treated 
with 150  μM OA. The relative expression of each gene was calcu-
lated using β-actin as the internal reference. F Experimental scheme 
to detect the influence of inhibiting OA uptake on ascitic B cells. G 
Comparison of protein expressions of main FA metabolic molecules 
in 3 w OvCa-bearing mouse ascitic B cells pretreated with BMS and 
treated with OA. β-Actin was used as the internal control to calcu-
late the relative expression level of the main FA metabolic molecules. 
H Mean fluorescence intensity of Bodipy C16 in 3 w OvCa-bearing 
mouse ascitic B cells pretreated with BMS and treated with OA was 
detected by flow cytometry. I The expression of A-CoA, ATP and the 
FAO activity in 3 w OvCa-bearing mouse ascitic B cells pretreated 
with BMS treated with OA was detected by ELISA. J Mean fluores-
cence intensity of intracellular oxidized lipid in 3  w OvCa-bearing 
mouse ascitic B cells pretreated with BMS and treated with OA was 
detected by flow cytometry. K Mean fluorescence intensity of CD80, 
CD86, and CD83 in 3 w OvCa-bearing mouse ascitic CD19+B cells 
pretreated with BMS and treated with OA was detected by flow 
cytometry. L Mean fluorescence intensity of Bodipy C16, CD80, 
CD86 and CD83 in FABP4-knockdown CD19+B cells, which are 
from the ascites of 3  w OvCa-bearing mice, treated with OA, was 
detected by flow cytometry. PBMC, peripheral blood mononuclear 
cell; SP, spleen; AS, Ascites; OA, oleic acid; PA, palmitic acid; BMS, 
BMS309403. Data are presented as the mean ± SD of three independ-
ent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, 
ns, not significant

◂
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with BMS, the intracellular FA content, the levels of A-CoA 
and ATP, as well as the FAO activity in AS-Bs, were all 
downregulated (Fig. S4 B and Fig. 3H–J). Meanwhile, flow 
cytometry analysis showed that BMS pretreatment blocked 
the OA-induced upregulation of the MFI of CD80, CD86, 
and CD83 in CD19+B cells (Fig. S4C and Fig. 3K); neither 
OA nor BMS treatment altered the proportions of B cell 
subsets (Fig. S4D). Secondly, we also conducted the experi-
ments using FABP4 siRNA instead of BMS (Fig. S4E). 
The results showed that, with the same treatment with OA, 
compared with the control cells (siNC), the knockdown of 
FABP4 in AS-Bs significantly decreased the intracellular FA 
content (Fig. S4F and Fig. 3L). Meanwhile, FABP4 knock-
down significantly downregulated the MFI of CD80, CD86, 
and CD83 in CD19+B cells (Fig. S4 F and Fig. 3L). These 
findings indicate that OA promotes APC functionality of 
AS-Bs primarily through the FABP4 molecule.

To determine whether enhancing the APC function of 
B cells within the TME—whose FA metabolism has been 
reshaped by OA—can ultimately improve anti-tumor immu-
nity, we established an in vitro coculture model. This model 
consisted of antigen-pulsed AS-Bs, splenic T cells from 
OvCa-bearing mice, and ID8-Luc cells. We first used anti-
genic peptides prepared by ID8 cells to pulse AS-Bs obtained 
from OvCa mice together with OA treatment. Then we mixed 
the AS-Bs with splenic T cells also from OvCa mice to exert 
APC functions and finally added ID8-Luc cells as the target 
cells in the system (Fig. 4). We used flow cytometry to assess 
AS-Bs CD80/CD86/CD83 expression, ELISA to quantify T 
cell effector molecules (including IFN-γ, GZMB, TNF-α), 
and luciferase assays to evaluate T cell cytotoxicity against 
ID8-Luc cells. The results showed that antigenic peptide 
stimulation upregulated the MFI of CD80, CD86, and CD83 
in CD19+B cells, which was further elevated by OA treat-
ment (Fig. S4 G and Fig. 4B). Among T cell effector mol-
ecules in the supernatant, OA treatment induced a significant 
elevation in TNF-α levels, while IFN-γ and GZMB showed 
no significant changes (Fig. 4 C). TNF-α upregulation was 
accompanied by a corresponding about 70% increase in T 
cell cytotoxicity against ID8-Luc cells, which was reversed 
by BMS pretreatment. The above results indicate that OA 
treatment enhanced the APC function of AS-Bs, which in 
turn improved anticancer immunity in vitro (Fig. 4 D).

The enhanced APC function of AS‑Bs by OA 
in vitro is achieved through H3K27ac‑mediated 
upregulation of PPARγ expression

Subsequently, we investigated the mechanisms by which OA 
promotes the expression of genes related to the APC func-
tion of AS-Bs. Our previous results showed that OA treat-
ment in vitro increased the level of A-CoA in AS-Bs (Fig. 3I). 
Given that A-CoA serves as the essential acetyl donor for 

H3K27 acetylation (H3K27ac), an epigenetic modification 
that reduces chromatin compaction and enhances DNA acces-
sibility for transcription factors, we first examined H3K27ac 
levels in OA-treated AS-Bs using WB. The results showed 
that the OA treatment group exhibited significantly elevated 
H3K27ac levels in B cells compared with the control group 
(Fig. 5A). Then, we used chromatin immunoprecipitation 
(ChIP) assays to examine the enrichment of H3K27ac at the 
promoter regions of APC function-related genes (such as 
CD80, CD86, and CD83) and the key lipid metabolism tran-
scription factor PPARγ. The results showed that, compared 
with the control group, H3K27ac was significantly enriched 
only at the PPARγ promoter region after OA treatment, while 
H3K27ac enrichment at the promoter region of CD80, CD86, 
and CD83 showed an upward trend but no significant changes 
(Fig. 5B). Then, we analyzed the correlation between PPARγ 
expression and APC functional molecules (such as CD80, 
CD86, and CD83) in OvCa using sequencing data from 426 
OvCa patients in the TCGA database. The results showed 
a significant positive correlation between PPARγ expression 
and APC functional molecules (such as CD80, CD86, and 
CD83) in OvCa (Fig. 5C). These findings suggest that OA 
treatment enhances the expression of genes related to the APC 
function of AS-Bs not through direct H3K27ac-mediated reg-
ulation, but rather via significant transcription factor PPARγ.

Building on our prior findings that the use of a FABP4 
inhibitor and siFABP4 significantly downregulated the OA-
enhanced APC function of AS-Bs, we next sought to clarify 
whether OA could promote the expression of CD80, CD86, 
and CD83 in AS-Bs via FABP4-PPARγ. We conducted 
a protein–protein interaction analysis between FABP4, 
PPARγ, CD80, CD86, and CD83. The results show that 
FABP4 may influence CD80, CD86, and CD83 expression 
via PPARγ (Fig. 5D). We next performed a ChIP assay to 
examine the enrichment of PPARγ at the promoter regions 
of APC function-related genes, such as CD80, CD86, and 
CD83. The results demonstrated that OA treatment led to a 
significant increase in PPARγ enrichment at the promoter 
regions of CD80, CD86, and CD83 compared with the con-
trol group (Fig. 5E). To validate the above results, we pre-
treated AS-Bs with the PPARγ inhibitor GW9662 and the 
PPARγ agonist Trog, and then detected the MFI of CD80, 
CD86, and CD83 in CD19+B cells using flow cytometry. 
The results showed that the enhancing effects of OA treat-
ment on the MFI of CD80, CD86, and CD83 in CD19+B 
cells were inhibited by GW9662 (the PPARγ inhibitor, 
Fig. S5 and Fig. 5F). Additionally, the inhibitory effects of 
BMS on OA-increased the MFI of CD80, CD86, and CD83 
in CD19+B cells were reversed by Trog (the PPARγ ago-
nist, Fig. S5 and Fig. 5F). These findings suggested that 
OA enhances the expression of genes related to the APC 
function of AS-Bs by promoting PPARγ expression through 
H3K27ac-mediated epigenetic regulation.
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The combination of adoptive immunotherapy 
with APC function‑enhanced AS‑Bs and low‑dose 
chemotherapy (LDC) improved anticancer immunity 
in metastatic OvCa mice

To detect whether reprogramming of the FA metabolism of 
AS-Bs by OA could improve anticancer immunity in vivo, 
we combined the adoptive transfer of OA-treated AS-Bs 

(BOA) with chemotherapy (DDP) in the metastatic OvCa 
mice (Fig. 6A). While chemotherapy remains the primary 
treatment modality for OvCa, its clinical application is lim-
ited by dose-dependent cytotoxicity toward both malignant 
and normal cells, resulting in significant adverse effects. 
Consequently, low-dose chemotherapy was strategically 
selected for subsequent research. Rather than administering 
OA directly to mice (in vivo intervention), we treated B cells 

Fig. 4   Reprogramming of the FA metabolism of B cells by OA can 
improve anticancer immunity in  vitro. A Experimental scheme to 
detect the in vitro effects of ascitic B cells treated with OA on anti-
cancer immunity. B Mean fluorescence intensity of CD80, CD86, 
and CD83 in 3  w OvCa-bearing mouse ascitic CD19+B cells after 
pulsed with ID8-Luc-cell-prepared antigenic peptides and pretreated 
with BMS and treated with OA, T cells and ID8-Luc. C Levels of 
IFN-γ, GZMB, and TNF-α in the supernatant of the coculture system 

constructed by ID8-Luc cells and 3 w OvCa-bearing mouse ascitic B 
and splenic T cells were detected by ELISA. D Cytotoxicity of T cells 
in the coculture system mentioned above was detected by luciferase 
assay. AS, Ascites; Ag, Antigen; OA, oleic acid; BMS, BMS309403. 
Data are presented as the mean ± SD of three independent experi-
ments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not 
significant
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(isolated from ascites of 3 w OvCa-bearing mice) with OA 
ex vivo for 24h and then performed adoptive transfer into 
recipient OvCa mice. To select the optimal injection route 
for AS-Bs adoptive immunotherapy, we labeled AS-Bs with 
CM-Dil and performed the in vivo tracing experiment of 
AS-Bs (Fig. S6A). The results showed that most intraperito-
neally injected AS-Bs were detected in the peritoneal lavage 
fluid, and the intravenously injected AS-Bs were distributed 
into multiple organs or tissues and mainly circulated into 
the bone marrow (Fig. S6B). Therefore, we applied intra-
peritoneal injection for the adoptive transfer of AS-Bs to 
exert APC functions in TME. At 4 w post-tumor inoculation, 
bioluminescence imaging and dissection analysis revealed 
that mice in the combination therapy group (L-DDP + BOA) 

exhibited significantly reduced tumor burden (Fig. 6B) and 
fewer abdominal tumor nodules (Fig. 6C) than those in the 
L-DDP group. Meanwhile, no significant differences were 
observed between the combination therapy group and the 
H-DDP group. We then analyzed the ascitic T and B cells. 
There were many more ascitic CD3+T cells, CD8+T cells, 
Ki67+CD3+T cells, Ki67+CD8+T cells, CD19+B cells, 
CD19+CD80+B cells, CD19+CD86+B cells, and lymphoid 
aggregates in the combination therapy group than those in 
the other groups (Fig. S7 and Fig. 6D). It is noteworthy that 
in the analysis of samples presented in Fig. 2, no lymphoid 
aggregates were observed in the ascites at the 6-w tumor 
burden time point, compared to the 3 w time point. We also 
detected the percentages of the cells and the MFI of Ki67, 

Fig. 5   The enhanced APC function of B cells by OA in  vitro is 
achieved through H3K27ac-mediated upregulation of PPARγ expres-
sion. A Protein expression of β-actin and H3K27ac in 3  w OvCa-
bearing mouse ascitic CD19+B cells pretreated with BMS and treated 
with OA was assessed by WB. β-Actin was used as the internal con-
trol to calculate the relative expression level of H3K27ac. B The 
enrichment percentage of H3K27ac at the PPARγ, CD80, CD86, 
and CD83 promoter regions was quantified using ChIP-seq analysis. 
C Correlation analysis of PPARγ and APC function-related genes 
(CD80, CD86, CD83, MHC II) in B cells in OvCa patients in the 

TCGA database (n = 426). D Analysis of protein interaction among 
FABP4, PPARγ, CD80, CD86, and CD83. E The enrichment percent-
age of PPARγ at the CD80, CD86, and CD83 promoter regions was 
quantified using ChIP-seq analysis. F Mean fluorescence intensity of 
CD80, CD86, and CD83 in 3 w OvCa-bearing mouse ascitic CD19+B 
cells pretreated with BMS, GW9662/Trog, and treated with OA was 
detected by flow cytometry. AS, Ascites; Ag, Antigen; OA, oleic 
acid; BMS, BMS309403. Data are presented as the mean ± SD of 
three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001, ns, not significant
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CD80, CD86, CD83, etc. by flow cytometry (Fig. S8C and 
Fig. 6E), further confirming the results in Fig. 6D. MFI anal-
ysis showed that, in the combination therapy group, the MFI 
of IL‑2, IFN‑γ, and GZMB in CD8+ T cells was significantly 
higher than that in the other groups. CTLA-4, an impor-
tant immune negative regulatory molecule, in CD8+T cells 
from the mice of the combination therapy group was lower 
than that in other groups (Fig. S8D and Fig. 6F). A parallel 
survival experiment demonstrated that the combination of 
L-DDP and BOA significantly extended the survival time of 
mice (MS: 101 d) compared with the L-DDP group (MS: 90 
d) (Fig. 6G). There was no significant difference between the 
combination therapy group and the H-DDP group (MS:95 
d). The above data confirmed that the combination of APC 
function-enhanced AS-Bs adoptive transfer with LDC 
improved anticancer immunity in metastatic OvCa mice.

Discussion

Metabolic reprogramming is an essential driving force for 
the functional differentiation of B cells [31, 32]. The pre-
sent study demonstrated that in vitro oleic acid (OA) treat-
ment of AS-Bs isolated from tumor-bearing mice promotes 
their APC function through FA metabolic reprogramming, 
which in turn improves tumor cell killing mediated by T 
cells. Mechanistically, we found that OA enhanced the APC 
function of AS-Bs through H3K27ac-mediated upregula-
tion of PPARγ expression. Our study also demonstrated 
that adoptive immunotherapy with APC function-enhanced 
AS-Bs combined with low-dose chemotherapy (LDC) sig-
nificantly prolongs survival in mouse models of metastatic 
ovarian cancer (OvCa).

Eighty percent of HGSOC patients develop severe ascites, 
which is rich in fatty acids [13, 14]. However, in the OvCa 
mouse model, with tumor progression and ascites accumula-
tion, FA metabolism of ascitic B cells exhibited a decreasing 
trend. Xu et al. found that elevated lipid oxidation in TME 
increases the uptake of oxidized lipids by CD8+ tumor-infil-
trating lymphocytes (CD8+TILs), thereby promoting lipid 
peroxidation accumulation and inducing functional impair-
ments in CD8+TILs [33]. We also observed elevated lipid 
peroxidation and reduced ATP levels in AS-Bs during OvCa 
progression in the mouse model, whereas in vitro OA treat-
ment did not affect the lipid peroxidation levels of AS-Bs. 
These fundings suggest that in TME, B cells are unable to 
use FAs to meet their cellular energy demands, which may 
reduce the expression of genes related to the APC function 
(such as CD80, CD86, and CD83), impairing the APC func-
tion of B cells within TME.

FA metabolism plays a crucial role in regulating B cell 
activation, differentiation, and functional modulation. The 
principal FA transport proteins involved include FABPs, 

FATPs, and CD36. Woong-Jai Won et al. reported that in a 
normal C57BL/6 mouse B cells model with LPS immuniza-
tion, CD36-mediated FA uptake supports antibody produc-
tion in B cells [34]. Shuhei Kobayashi et al. reported that 
FABP3 deficiency impairs B cells activation and plasma 
cell differentiation in the same murine model [35]. In this 
study, using both FABP4 inhibitors and endogenous knock-
down approaches, we demonstrated that OA-treated AS-Bs 
of OvCa-bearing mice primarily rely on FABP4-mediated 
FA uptake to sustain their APC function. The underlying 
mechanisms warrant further investigation. PPARγ acts as 
a master transcriptional regulator of FA metabolism [36]. 
Our results show that in vitro, OA enhances H3K27 acetyla-
tion levels by promoting FAO, thereby increasing chromatin 
accessibility, upregulating PPARγ expression, boosting the 
expression of APC-related molecules (such as CD80, CD86) 
and ultimately improving the APC function of AS-Bs.

In the in vitro coculture system of this study, the enhance-
ment of T cell-mediated tumor cytotoxicity by OA-treated 
B cells was accompanied by a significant increase in the 
level of TNF-α in the culture supernatant, whereas the levels 
of IFN-γ and GZMB showed no significant change. This 
observation suggests that under these conditions, the T cell 
effector response elicited by OA-treated B cells may prefer-
entially kill tumor cells via TNF-α-mediated cell death path-
ways (e.g., apoptosis/necroptosis), rather than the classical 
perforin/granzyme pathway[37, 38]. TNF-α, a key effector 
molecule produced by both activated CD4+ and CD8+ T 
cells, can directly induce target cell death, providing a plau-
sible explanation for the observed increase in tumor cell kill-
ing [39, 40]. Future studies could employ specific blockade 
of signaling pathways such as TNF-α to further dissect the 
precise contribution and synergistic relationships of differ-
ent effector molecules in the antit-umor immunity elicited 
by this combination therapy.

While our study elucidates the immunometabolic mecha-
nisms of OA action on B cells in vitro, an important transla-
tional question arises: could an oleic acid-rich diet modulate 
B cell function and anti-tumor immunity in vivo? Existing 
evidence suggests a plausible link. Epidemiological and 
clinical studies have associated Mediterranean diets, rich 
in OA from sources like olive oil, with reduced cancer risk 
and improved outcomes, which may partly be attributed to 
immunomodulatory effects [41]. In animal models, diets 
high in OA have been shown to influence immune cell pro-
files and function. For instance, a study by Carrillo et al. 
(2012) demonstrated that feeding mice an OA-enriched diet 
altered lymphocyte distribution and activation states in sec-
ondary lymphoid organs [42]. More specifically, research 
by Moro-García et al. (2013) indicated that oleic acid can 
influence human lymphocyte activation and function, poten-
tially through modulation of membrane fluidity and signal-
ing pathways [43]. Although direct evidence linking OA-rich 
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diets to enhanced B cell APC function in cancer is still evolv-
ing, our finding that OA reprograms B cell metabolism via 
PPARγ to upregulate costimulatory molecules (CD80/86) 
provides a mechanistic hypothesis for such dietary effects. 
It is conceivable that dietary OA, by similarly promoting a 
metabolic and transcriptional program favoring FA oxida-
tion and PPARγ activity in B cell precursors or mature B 
cells within lymphoid tissues or the TME, could sustain their 
APC capacity and support TLS formation. Future studies 
employing controlled OA dietary interventions in tumor-
bearing models are warranted to directly test this hypothesis 
and to determine if nutritional strategies could adjuvant B 
cell-based immunotherapies.

In recent years, adoptive immunotherapies based on B 
cells have gradually attracted attention, mainly focused on 
activating B cells via stimulating CD40/CD40L signaling 
[44, 45]. However, once B cells activate, proliferate, and dif-
ferentiate into plasma cells, they will lose APC functions due 
to the disappearance of B cell receptor (BCR), MHC class II 
molecules, and costimulatory molecules. Therefore, taking 
full advantage of the APC function of B cells before they 
differentiate into plasma cells may be a better therapeutic 
strategy [46]. The present study emphasized the influence 
of reprogramming FA metabolism on the APC functions of 
AS-Bs without causing changes in plasma cells (Fig. 6E).

Up to now, chemotherapy remains the primary treatment 
for ovarian cancer [20]. In recent years, low-dose chemo-
therapy (LDC) has attracted increasing attention. LDC can 
induce cancer cell apoptosis and release intracellular anti-
gens, including tumor-specific antigens and tumor-associated 

antigens, which can be taken up by APCs. Céline M. Lau-
mont et al. (Cancer Cell, 2023) reported that BCRs on B 
cells within TME primarily bind endogenous antigens rather 
than exogenous antigens [47]. LDC further promotes the 
maturation and function of dendritic cells and upregulates 
the expression of surface APC-related molecules (such as 
MHC II and CD86.) [48], thereby more effectively activat-
ing T cells. By reducing chemotherapy dosage to mitigate 
side effects and optimizing synergistic efficacy, the com-
bination of LDC with immune checkpoint blockade (ICB) 
has demonstrated encouraging outcomes across multiple 
tumor models and clinical trials [49, 50]. In this study, the 
combination of LDC with adoptive immunotherapy using 
APC -function-enhanced AS-Bs significantly prolonged sur-
vival in metastatic OvCa mouse models. However, further 
research is required to optimize LDC dosing and combina-
tion strategies for clinical translation.

Recent studies have demonstrated that tertiary lymphoid 
structures (TLS) play a pivotal role in anti-tumor immu-
nity and are associated with a favorable prognosis [51–53], 
although the prognostic effect may be influenced by the loca-
tion and maturation stage of the TLS [54]. Over the past 
five years, emerging evidence has linked glucose, amino 
acid, and lipid metabolism to TLS formation. Notably, lipid 
metabolism promotes TLS assembly by expanding CD20+B 
cell populations. In this study, we identified a significant 
association between TLS (the primary niche for B cells) 
and FA metabolism. Our analysis of RNA-seq data from 
426 OvCa patients revealed positive correlations between 
TLS signature genes and FA metabolic pathway genes. Fur-
thermore, immunohistochemical staining of clinical OvCa 
specimens (n = 20) demonstrated a progressive decrease in 
both TLS area and expression of B cells APC functional 
markers (CD80, CD86) across four distinct tissue localiza-
tion groups, in sequence. (1) tumor-distal/adipose-proximal, 
(2) tumor-proximal/adipose-proximal, (3) tumor-distal/adi-
pose-distal, and (4) tumor-proximal/adipose-distal. These 
results suggest that TLS formation and APC function of 
B cells in the adipocyte-rich TME are lipid-dependent. In 
OvCa mouse models, the combination therapy of adoptive 
immunotherapy using OA-treated AS-Bs (enhanced APC 
function) and LDC showed significantly increased lymphoid 
aggregates in ascites and elevated expression of B cell APC 
functional markers (CD80, CD86, and CD83) compared 
with other control groups. These results suggest that in vitro 
OA-mediated reprogramming of B cells FA metabolism pro-
motes B cell APC function and enhances TLS formation, 
but the underlying dynamic mechanisms require further 
investigation.

In summary, our study demonstrates that in vitro OA 
treatment promotes the APC function of B cells from 
OvCa mice via metabolic reprogramming. Mechanisti-
cally, OA enhances the APC function of B cells through 

Fig. 6   The combination of adoptive immunotherapy with APC 
function-enhanced B cells and LDC improved anticancer immunity 
in metastatic OvCa mice. A Experimental scheme to evaluate the 
effects of combining adoptive immunotherapy with APC function-
enhanced B cells and LDC in metastatic OvCa mice. B Representa-
tive BLI images and comparison of OvCa progression in each group 
(n = 3). C Representative images (a) and the number of tumor nod-
ules (b) in the abdominal wall of mice in each group (n = 3). Areas 
marked by yellow dashed lines: Representative tumor nodules in the 
abdominal wall. D (a) Representative images of lymphoid aggregates 
(composed of CD3+T cells, CD19+B cells, and CD21+FDC) in the 
ascitic cells of mice in each group. (b) Comparison of the amount of 
CD3+T, CD8+T, Ki67+CD3+T, Ki67+CD8+T, CD19+B, CD80+B, 
CD86+B, and lymphoid aggregates respectively in the ascitic cells 
of mice in each group (n = 3) in frozen sections detected by immu-
nofluorescence. E Comparison of the proportion of CD3+T, CD8+T, 
CD19+B, CD19−CD138+B cells, mean fluorescence intensity of Ki67 
in CD3+T and CD8+T, and mean fluorescence intensity of CD80, 
CD86, CD83, MHC II in CD19+B, respectively, in ascitic cells of 
each group of mice (n = 3) detected by flow cytometry. F Mean flu-
orescence intensity values of IL-2, IFN-γ, GZMB, and CTLA-4 in 
CD8+T cells, respectively. G Kaplan Meier analysis of survival time 
of each group of mice (n = 7). LDC, low-dose chemotherapy; BOA, B 
cells that have been treated with OA for 24h; L-DDP, low-dose DDP 
(1 mg/kg); H-DDP, high-dose DDP (2 mg/kg); BLI, bioluminescence 
imaging. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not 
significant

◂
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a FAO-dependent increase in histone H3K27 acetylation, 
which subsequently upregulates of PPARγ expression within 
TME. The therapeutic combination of transferring APC 
function-enhanced B cells with LDC significantly improved 
anti-tumor immunity in metastatic ovarian cancer models 
(Fig. 7). These findings provide novel mechanistic insights 
for developing B cell-based immunotherapies.
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