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Decreased LDHB expression in breast tumor cells causes NK 
cell activation and promotes tumor progression
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ABSTRACT Objective: Abnormal metabolism is the underlying reason for breast cancer progression. Decreased lactate dehydrogenase B (LDHB) 
has been detected in breast cancer but the function of LDHB remains unknown.
Methods: Western blot was used to analyze LDHB expression in breast cancer cells. The impact of LDHB on tumor cell migration 
and invasion was determined using Transwell assays, wound healing assays, and a mouse lung metastasis model. Subcutaneous 
tumor formation, a natural killer (NK) cell cytotoxicity assay, and flow cytometry evaluated NK cell activation. Immunofluorescence 
and quantitative real-time PCR detected NK cell activation markers. Kaplan-Meier analysis evaluated the effect of immune cell 
infiltration on prognosis. Single-sample gene set enrichment analysis determined NK cell activation scores. A support vector 
machine predicted the role of LDHB in NK cell activation.
Results: In this study we showed that LDHB inhibits the breast cancer cell metastasis and orchestrates metabolic reprogramming 
within tumor cells. Our results revealed that LDHB-mediated lactic acid clearance in breast cancer cells triggers NK cell activation 
within the tumor microenvironment. Our findings, which were confirmed in a murine model, demonstrated that LDHB in tumor 
cells promotes NK cell activation and ultimately results in the eradication of malignant cells. Clinically, our study further validated 
that LDHB affects immune cell infiltration and function. Specifically, its expression has been linked to enhanced NK cell-mediated 
cytotoxicity and improved patient survival. Furthermore, we identified LDHB expression in tumors as an important predictor of NK 
cell activation, with strong predictive ability in some cancers.
Conclusions: Our results suggest that LDHB is a promising target for activating the tumor immune microenvironment in breast 
cancer, where LDHB-associated lactic acid clearance leads to increased NK cell activity. This study highlights the critical role of 
LDHB in regulating immune responses and its potential as a therapeutic target for breast cancer.
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Introduction

Breast cancer (BRCA) is the most common and fatal tumor 
affecting women1. The tumor microenvironment (TME) 
 comprises a complex interplay of diverse cellular and 
non-cellular components that exert a pivotal influence on 
BRCA progression2,3. The emergence and progression of 

tumors frequently involve evasion of immune surveillance 
and destruction by immune cells, including T and natural 
killer (NK) cells, within the TME4. Tumor cells within solid 
tumors recruit immunosuppressive cells, such as myeloid-de-
rived suppressor cells (MDSCs), type 2 macrophages (M2), 
and regulatory T cells (Tregs), by secreting chemokines5,6. 
In addition, tumor cells possess the unique ability to exploit 
nutrients and secrete metabolites, thereby effectively modulat-
ing the TME. By orchestrating this complex interaction, tumor 
cells establish an immunosuppressive milieu that fuels tumor 
progression and facilitates metastasis7,8. Recently, although 
immunotherapy using checkpoint inhibitors has shown signif-
icant clinical success9, some patients may still exhibit a poor 
response or treatment failure10,11. BRCA is a malignant tumor 
with poor immunogenicity, forming an “immune-cold” tumor 
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immune microenvironment12,13, which results in insensitivity 
to immunotherapy14,15. Therefore, understanding the state of 
immune cells in the tumor can provide theoretical guidance 
for clinical immunotherapy.

NK cells, an important immune component of the TME, are 
cytotoxic lymphocytes that can effectively eliminate diverse 
tumor cells and modulate adaptive immune responses by 
releasing cytokines16,17. NK cells are activated after the inte-
gration of signals originating from activating receptors on 
target cells and inhibitory receptors that engage MHC I mol-
ecules18,19. However, tumor-infiltrating NK cells often exhibit 
a dysfunctional phenotype, contain fewer activating receptors 
and more inhibitory receptors, and interferon-gamma (IFN-γ) 
secretion is reduced20. An abundance of evidence has emerged 
over the past few years confirming that tumor metabolites are 
central to many aspects of NK cell biology21-23. However, the 
mechanisms by which these metabolites modulate NK cell 
function are poorly understood.

Metabolic reprogramming, a hallmark of tumors24, is char-
acterized by the preferential metabolism of glucose to lactic 
acid via glycolysis. This process enables tumor cells to rapidly 
generate ATP and glycolytic intermediates, thereby support-
ing high tumor cell proliferation rates. This phenomenon, 
commonly referred to as the Warburg effect or aerobic glycol-
ysis, is a key factor that drives tumor growth and survival25,26. 
Lactate dehydrogenase B (LDHB) is a critical subunit of lac-
tate dehydrogenase that is responsible for catalyzing the con-
version of lactic acid to pyruvate via the glycolytic pathway27. 
LDHB has a crucial role in extracellular and intracellular 
lactic acid removal28,29, thereby supporting oxidation during 
the tricarboxylic acid cycle (TCA) and exhibiting a reverse 
Warburg effect in tumor cells30. A recent study demonstrated 
that double knockout of LDHA and LDHB may be neces-
sary to completely inhibit glycolysis in cancer cells31. LDHB 
is thought to be an essential gene in triple-negative BRCA 
but is downregulated in HER2+ and luminal BRCA cells32. 
In addition, LDHB expression is suppressed under hypoxic 
conditions33. Although LDHB is essential for most metabolic 
events, the functional consequences of LDHB in BRCA and 
the relevance in priming NK cell activity within the TME are 
currently unknown.

In this study we assessed the immune profiles of patients with 
BRCA using data from The Cancer Genome Atlas (TCGA). 
We demonstrated the critical function of LDHB in stimulating 
NK cell-mediated tumor eradication by decreasing lactic acid 
levels in the TME. Moreover, our results showed that BRCA 

patients with high LDHB expression exhibit enhanced NK cell 
cytotoxicity, leading to improved patient survival.

Material and methods

Data collection

TCGA transcriptome profiling data were downloaded from 
https://portal.gdc.cancer.gov/. TCGA patient clinical infor-
mation was simultaneously obtained. The single-cell RNA 
sequencing data used in this study were obtained from the 
Gene Expression Omnibus (GEO) database under the acces-
sion number, GSE180286.

Cell lines

The mouse mammary carcinoma cell line, 4T1, was obtained 
from the CCTCC (Wuhan, China). Human BRCA cell lines 
(MDA-MB-231, T-47D, MCF-7, ZR-75-30, and BT-549) and 
the normal mammary epithelial cell (MCF10A) were pur-
chased from the ATCC (Manassas, VA, USA). MCF10A was 
cultured in a growth medium comprised of DMEM/F12 
(Gibco, Grand Island, NY, USA) supplemented with 5% horse 
serum, 20 ng/mL of epidermal growth factor (EGF), 10 μg/mL 
of insulin, 0.5 μg/mL of hydrocortisone, 100 ng/mL of cholera 
toxin, and 1% penicillin-streptomycin (Beyotime, Shanghai, 
China). Other cell lines were maintained in Dulbecco’s modi-
fied Eagle’s medium (DMEM; Gibco) supplemented with 10% 
fetal bovine serum (AusGeneX, Molendinar, QLD, Australia) 
and 1% penicillin-streptomycin. All cells were cultured at a 
controlled temperature of 37°C in a humidified incubator with 
5% CO2.

To establish the 4T1-Ldhb and BT-549-LDHB cell lines, a 
lentiviral vector carrying Ldhb or LDHB was stably transfected 
into cells. Following transfection, the cells were subjected to 
puromycin selection to obtain a stable cell line expressing 
Ldhb. As a control, the cells were transfected with an empty 
vector (4T1-Vector and BT-549-Vector).

Human BRCA samples

BRCA tumor samples were collected from consented patients 
during surgery at the University of Chinese Academy of 
Sciences-Shenzhen Hospital (Guangming, China). High-
throughput RNA sequencing (RNA-seq) was performed to 
capture the transcriptome by Benagen (Wuhan, China). The 
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sequencing data underwent quality control, alignment to the 
reference genome, and quantification of gene expression lev-
els. This study was approved by the Ethics Committee of the 
the University of Chinese Academy of Sciences-Shenzhen 
Hospital (Approval No. LL-KT-2022086). The processed tran-
scriptome data is available in Table S2.

Identification of differentially expressed genes 
and functional enrichment analysis

We excluded the healthy group and patients without survival 
information, and stratified breast cancer patients into LDHB-
low and LDHB-high groups based on the level of LDHB 
gene expression. Differential expression analysis between 
these groups was performed using the R package (edgeR) 
with a significance threshold of P < 0.05 and an absolute 
|Log2[fold change (FC)] | >1.45. The biological functions of 
the differentially expressed genes (DEGs) were then assessed 
using hypergeometric enrichment analysis, which included 
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analyses. The ClusterProfiler package was 
used for functional annotation analysis, with a significance 
threshold P-value cut-off = 0.01 and a q-value cut-off = 0.0534.

To identify significantly different biological processes 
between the LDHB-low and LDHB-high groups, we performed 
gene set enrichment analysis (GSEA) using version 4.1.0 soft-
ware. The reference set used was “c2.cp.kegg.v2022.1.Hs.
symbols” from the Molecular Signature Database [MSigDB 
(https://www.gsea-msigdb.org/gsea/msigdb)], and gene set 
permutations with 1,000 times were conducted to achieve a 
normalized enrichment score for each analysis. A false discov-
ery rate < 0.05 was considered significant enrichment.

Immune cell infiltration and function 
estimation

We utilized the xCell algorithm (https://xcell.ucsf.edu/) to 
assess immune cell infiltration in the LDHB-low and LDHB-
high groups35. Activation of NK cells in BRCA patients was 
quantified using single sample gene set enrichment analysis 
(ssGSEA) via the R package, GSVA36. The MSigDB “GOBP 
positive regulation of natural killer cell activation” gene set was 
used as the reference set to evaluate NK cell activation.

We calculated the effects of the immune cell infiltration 
score on overall survival (OS) in the high and low LDHB 
groups. Kaplan-Meier (KM) survival curves with a log-rank 

P-value and hazard ratios (HRs) were generated using the R 
packages, survminer and survival.

Single-cell RNA sequencing data analysis

Single-cell RNA sequencing data from GSE180286 was used 
in this study to analyze primary BRCA samples from five 
patients. Raw count data were processed using R software and 
the Harmony package was used to correct batch effects and 
integrate the datasets. The integrated data were then visual-
ized using Uniform Manifold Approximation and Projection 
(UMAP) analysis, with filtering parameters set to min.cells = 
5 and min.features = 500, and cells with a percent_mito > 15% 
were excluded.

To annotate cell types, we utilized the 
“HumanPrimaryCellAtlasData” dataset in the SingleR pack-
age, which assigns cell types based on reference gene expres-
sion profiles.

Construction of the classification model by SVM

To predict NK cell killing activity, an initial support vector 
machine (SVM) model was trained using the level of LDHB 
expression in BRCA, liver cancer (LIHC), and pancreatic can-
cer (PAAD). The e1071 package was used to perform 10-fold 
cross-validation during the training of the SVM model37, 
which is a supervised classification algorithm in machine 
learning. The diagnostic efficacy of the model was estimated 
using receiver operating characteristic (ROC) curves and the 
area under the ROC curve (AUC) with the pROC package.

Isolation and culture of NK cells

We purified primary NK cells that were identified by the 
marker, CD3−CD49b+, from the spleens of 6-week-old male 
BALB/c mice using flow cytometry. The mice were sacri-
ficed and the spleens were digested in 5 mL of collagenase 
III (C8490; Solarbio, Beijing, China) for 60 min in a shaking 
bed at 37°C, followed by filtration through a 300-mesh fil-
ter membrane. We then added 3 mL of red blood cell lysis 
buffer [C3702 (500 mL); Beyotime, Shanghai, China], cen-
trifuged the cells at 750 g for 5 min at 4°C, and washed the 
cells with PBS. The cell suspension were resuspended in 100 
μL of PBS and a small number of cells were used to estab-
lish blank and single control groups for each fluorescent 
dye to obtain fluorescence complementary data. We added 
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CD3 (100203; BioLegend, San Diego, CA, USA) and CD49b 
(108921; BioLegend) fluorescent antibodies (15 μL each) to 
the experimental group, incubated the cells in the dark for 
30 min, washed the cells with PBS, and centrifuged at 750 g 
for 5 min at 4°C and removed the supernatant. Finally, we 
added a specified volume of NK cell culture medium based 
on the cell number, resuspended the cells in a 15-mL centri-
fuge tube, and sorted the NK cells by flow cytometry (Sony 
MA900; Tokyo, Japan). The isolated NK cells were cultured in 
RPMI-1640 (31800-022; Thermo Fisher Scientific, Waltham, 
MA, USA) supplemented with 10% FBS (FBSCN500-S; 
AusGeneX, Molendinar, QLD, Australia), 100 units/mL of 
penicillin and 100 mg/mL streptomycin (C0222; Beyotime), 
1 × L-glutamine, and 100 U/mL recombinant mouse IL-2 
(CM003-20MP; Chamot Biotechnology, Shanghai, China).

Wound healing assay

The cells were enzymatically dissociated, counted, and seeded 
at a density of 3 × 105 cells per well in a 12-well plate. Upon 
achieving confluence, a straight line was marked on the adher-
ent cells from top-to-bottom using a 200-μL pipette tip. The 
cells were thrice-washed with 1 mL of PBS and replenished 
with an additional 1 mL of PBS. Subsequently, the cells were 
cultured in serum-free DMEM (12800-017; Thermo Fisher 
Scientific) in an incubator at 37°C in 5% CO2. Images were 
acquired at 12 and 24 h post-wounding. The scratch closure 
rate was calculated as follows: (initial scratch area - residual 
scratch area)/initial scratch area × 100%.

Transwell assay

Cells were trypsinized and resuspended in a serum-free 
medium in preparation for the Transwell migration assay. 
Then, the cells in the upper chamber were gently removed 
with cotton swabs. Three random fields of view were chosen 
for image capture.

Animal experiments

All animal protocols were approved by the Animal Care 
and Use Committee of the College of Life Science (Wuhan 
University, Wuhan, China) and were in compliance with 
the National Research Council Guide for the Care and Use 
of Laboratory Animals. BALB/c female mice (6–8 weeks 
old, weighing 18–24 g; Shulaibao Biotech, Wuhan, China), 

immunodeficient NOD-SCID mice (Prkdc−/−, 6 weeks old; 
Cyagen Biosciences, Suzhou, China), and NSG mice (Prkdc−/− 
IL2rg−/−, 6 weeks old; Cyagen Biosciences) were housed in 
standard cages at 22–24°C with a 12 h:12 h light/dark cycle 
and had access to water ad libitum. The subcutaneous tumor 
formation mouse models were established by injecting a 200-
μL 4T1-Vector or 4T1-Ldhb cell suspension (1 × 105) into each 
BALB/c, NOD-SCID, and NSG mouse. Mice were monitored 
every other day for weight and tumor volume, which was cal-
culated using the formula, 0.5 × length × width2. The experi-
ment was terminated and the mice were euthanized when the 
tumor volume reached a diameter of approximately 15 mm.

Control or 4T1-Ldhb-Luciferase cells (1 × 105 in 100 μL) 
were injected intravenously into the tail veins of mice to estab-
lish the BALB/c mouse pulmonary metastasis model. Live 
imaging was subsequently performed 4 weeks post-injection 
to assess pulmonary metastases.

Flow cytometry and sorting

To obtain single-cell suspensions of tumor-infiltrating 
immune cells, we utilized mechanical dissociation and col-
lagenase digestion, followed by resuspension in staining 
buffer (PBS with 1% FBS and 2 mM EDTA). The cells were 
then stained with the following antibodies, as indicated: FITC 
anti-mouse CD3 (100203; BioLegend); PE/Cyanine7 anti-
mouse CD49b (108921; BioLegend); APC anti-mouse CD8a 
(100711; BioLegend); Pacific Blue anti-mouse CD4 (100534; 
BioLegend); and PE anti-mouse Ifng (505807; BioLegend). 
The samples were analyzed by flow cytometry (CytoFLEX; 
Beckman, Brea, CA, USA) and flow analyses were performed 
using FlowJo 10.6.1 software.

NK cell cytotoxicity

NK cells were isolated from the spleens of BALB/c mice and 
pre-activated in 4T1-Vector CM or 4T1-Ldhb CM at 37°C with 
5% CO2 for 17 h supplemented with rIL-2 (1,000 U/mL). Target 
4T1 cells were labeled with 200 nM MitoTracker® Green FM 
(40742ES50; Yeasen, Shanghai, China) at 37°C with 5% CO2 for 
20 min. Co-cultures were prepared with 3 × 104 target cells and 
varying effector-to-target (E: T) ratios (e.g., E:T of 5 with 1.5 
× 105 effector cells) in 300 μL of 4T1-Vector CM or 4T1-Ldhb 
CM along with rIL-2 (1,000 U/mL). These co-cultures were 
initiated in the presence or absence of 10 mM lactic acid in the 
culture medium. Subsequently, the cells were incubated at 37°C 
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in an atmosphere containing 5% CO2 for a duration of 4 h. Cell 
lysis was assessed by adding propidium iodide (PI, 556547; BD 
Pharmingen, San Diego, CA, USA), followed by a 30-min incu-
bation in the dark. After centrifugation, cells were resuspended 
in PBS, filtered, and analyzed using flow cytometry.

Immunohistochemistry and laser confocal 
microscopy experiment

Immunohistochemistry (IHC) was performed using mouse 
tumor tissues to detect CD8+ and CD4+ T cells using APC 
anti-mouse CD8a (100711; BioLegend) and Pacific Blue anti-
mouse CD4 antibodies (100534; BioLegend), respectively. 
Tissue fluorescence confocal microscopy was performed 
using PE anti-mouse Ifng (505807; BioLegend), PE/Cyanine7 
anti-mouse CD49b (108921; BioLegend), and DAPI stain-
ing for nuclear detection. Immunofluorescence staining of 
breast cancer patient tissues using antibodies obtained from 
Servicebio (Wuhan, China). Tissue sectioning and staining 
were performed by Servicebio and imaging was performed 
using a Leica laser scanning confocal microscope (Wetzlar, 
Germany).

Metabolite extraction and analysis

Metabolites from 4T1-Vector and 4T1-LDHB cells were 
extracted following established protocols38. High-resolution 
metabolite analysis was performed using the TripleTOF™ 6600+ 
mass spectrometer (Sciex, Framingham, MA, USA). Raw data 
were rigorously processed and analyzed using the MetDNA2 
platform (http://metdna.zhulab.cn/). MetaboAnalyst (https://
www.metaboanalyst.ca/) was used for comprehensive down-
stream analysis and data interpretation. The processed metab-
olomic dataset is presented in Table S1.

Quantitative real-time PCR

RNA was extracted using the standard TRIzol RNA extrac-
tion protocol (R401-01; Vazyme, Nanjing, China) for RT-PCR. 
Complementary DNA was performed using a High-capacity 
cDNA Reverse Transcription kit (11123ES60; Yeason) 
according to the manufacturer’s instructions. Quantitative 
RT-PCR was performed using Hieff qPCR SYBR Green PCR 
Master Mix (11202ES08; Yeason) and gene-specific primers. 
GAPDH was used as a housekeeping gene and relative quan-
tification was calculated as 2−ΔΔCT. The primer pairs were 

as follows: Ldhb, 5-CCTCAGATCGTCAAGTACAGCC-3  
(forward) and 5-ATCCGCTTCCAATCACACGGTG-3 (reverse);  
Mct1, 5-GACCATTGTGGAATGCTGCCCT-3 (forward) and  
5-CGATGATGAGGATCACGCCACA-3 (reverse); Mct4, 5-GA 
TGCCTCCTACCTTGTGTCTG-3 (forward) and 5-GCAAGC 
AGGTTAGTCACACCAC-3 (reverse); Ifng, 5-CAGCAACAGC 
AAGGCGAAAAAGG-3 (forward) and 5-TTTCCGCTTCCT 
GAGGCTGGAT-3 (reverse); Gzmb, 5-CAGGAGAAGACCCA 
GCAAGTCA-3 (forward) and 5-CTCACAGCTCTAGTCCT 
CTTGG-3 (reverse); and Gapdh 5-CATCACTGCCACCCAG 
AAGACTG-3 (forward) and 5-ATGCCAGTGAGCTTCCCG 
TTCAG-3 (reverse).

Glucose absorption and lactic acid 
concentration detection

Cells were cultured in glucose-free DMEM for 1 h to assay glu-
cose uptake. Next, 2-NBDG (11046; Cayman Chemical, Ann 
Arbor, MI, USA) was added at a final concentration of 5 μM 
for 30 min. Cells were then washed with PBS and subjected to 
fluorescence-activated cell sorting (FACS) detection.

To determine lactic acid concentrations, 106 cells were 
seeded in a 6-well plate and allowed to grow for 12 h. Next, the 
cell culture supernatants were harvested and lactic acid was 
quantified using the L-Lactate Assay Kit 1 (A019-2-1; Nanjing 
Jiancheng, Nanjing, China).

Flow cytometric assessment of intracellular 
reactive oxygen species (ROS)

Cells were collected into 1.5-mL EP tubes and centrifuged 
at 400 g for 5 min at room temperature. After discarding the 
supernatant, cells were resuspended in 1 mL of serum-free 
DMEM culture medium. Subsequently, a 10 μM final con-
centration of the C400 probe (Thermo Fisher Scientific), a 
carboxylated H2DCFDA analog, was gently pipetted into the 
cell suspension, followed by a 30-min incubation at 37°C in 
the dark. After centrifugation and resuspension in PBS buffer, 
flow cytometry-specific tubes were employed to transfer the 
cell suspension for intracellular ROS assessment using a flow 
cytometer.

NAD+:NADH ratio detection

For the NAD+:NADH ratio determination, 1 × 106 cells were 
harvested, and after removing the culture medium, 200 μL of 
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NAD+/NADH extraction buffer (S0175; Beyotime) was gently 
added. Following centrifugation at 12,000 g, 4°C for 10 min, 
the supernatant was collected as the test sample. For total 
NAD+ and NADH measurement, 20 μL of the test sample was 
transferred to a 96-well plate. NADH was specifically meas-
ured by heating the samples at 60°C for 30 min to decompose 
NAD+. A 96-well plate was then prepared incorporating blank 
controls and sample wells. A 20-μL test sample and a 90-μL 
ethanol dehydrogenase working solution were then added. 
After a 10-min incubation at 37°C in the dark to facilitate the 
conversion of NAD+ to NADH, a 10-μL chromogenic reagent 
was added and the mixture was further incubated at 37°C in 
the dark for 30 min until an orange-yellow formazan devel-
oped. The concentration of NAD+:NADH in the samples was 
calculated.

Statistical analysis

The statistical analysis and plotting were performed using R 
software (4.1.0). The difference between the two groups was 
evaluated using Student’s t-test. The correlation between two 
continuous variables was determined by Spearman’s correla-
tion coefficient. The mean ± SD was presented for all values. 
All P-values were two-sided, and statistical significance was 
set at a P < 0.05.

Results

Activation of NK cytotoxic pathways in BRCA 
patients with elevated LDHB expression

To determine the potential role of LDHB in BRCA, we divided 
BRCA patients from TCGA into two groups based on high 
and low levels of LDHB expression. Subsequently, a compre-
hensive analysis was performed to identify DEGs between 
these two groups (Figure 1A). Notably, GSEA revealed a sig-
nificant upregulation of the NK cell-mediated cytotoxicity 
pathway in the high LDHB group (Figure 1B). Additionally, 
we noted a significant pathway upregulation known for vital 
contributions to immunity and inflammation in the high 
LDHB group. Specifically, the chemokine signaling, the NF-κB 
signaling, and the cytokine-cytokine receptor interaction 
pathways demonstrated notable increases in activity (Figure 
1B, C). The GO analysis consistently yielded similar results 
(Figure S1A). Moreover, the second- (graft-versus-host dis-
ease) and third-ranked pathways (rheumatoid arthritis) were 

disease-associated with well-established links to NK cells39,40 
(Figure 1B). To further assess the effect of LDHB on NK 
cell-killing function, a comparative genetic analysis was per-
formed between patients with high and low LDHB expression. 
The analysis revealed a significant upregulation of genes asso-
ciated with NK cell cytotoxicity in the high LDHB expression 
group (Figure 1D). In addition, the genes involved in NK 
cell-killing functions, such as GZMB, IFNG, ULBP3, FNAR2, 
TNF, and ULBP1, were highly expressed in the high LDHB 
group of patients with BRCA (Figure S1B-G). These findings 
collectively support the hypothesis that BRCA patients with 
high LDHB expression exhibit an inflammatory phenotype 
and activate NK cytotoxic pathways.

Ldhb inhibits BRCA metastasis in vitro 
and in vivo

To determine how Ldhb activates NK cell-killing function in 
our model, we initially assessed the impact of Ldhb on the 
functional properties of BRCA cells. In our study, we initially 
observed a notable reduction in LDHB expression among 
patients with BRCA (Figure 2A, B), which emphasized the 
potential role of LDHB expression in BRCA pathogenesis. We 
established the stable cell lines, 4T1-Ldhb and BT-549-LDHB, 
which express LDHB in murine and human BRCA cells, 
respectively. Additionally, a control group was generated using 
a vector construct (Figures 2C and S2A). We systematically 
examined phenotypic characteristics in vitro. Specifically, our 
results showed that Ldhb suppresses the migration and inva-
sion of BRCA cells (Figure 2E, F) without affecting prolifera-
tion and viability (Figures 2D and S2B, C). Furthermore, we 
demonstrated the inhibitory effect of LDHB on 4T1 pulmo-
nary metastasis in vivo using a murine model (Figure 2G-K). 
In summary, these findings indicated that Ldhb does not affect 
the proliferation of 4T1 cells. However, Ldhb also has a crucial 
role in suppressing tumor cell migration and invasion.

Ldhb promotes the tumor reverse Warburg 
effect and reduces lactic acid secretion

As a crucial subunit of lactate dehydrogenase (LDH) at the end 
of glycolysis, LDHB has a pivotal role in metabolism. To com-
prehensively show the influence of Ldhb on metabolic path-
ways, we performed metabolomic profiling of 4T1-Vector and 
4T1-Ldhb cells. The partial least squares (PLS) plot demon-
strated distinct metabolic clustering patterns, highlighting the 
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disparities between the two cell populations (Figure 3A). We 
carefully illustrated the disparities among the top 25 metab-
olites in 4T1-Ldhb and 4T1-Vector cells with a heatmap rep-
resentation, effectively accentuating the profound impact of 
Ldhb on tumor cell metabolism (Figure 3B). We determined 
that Ldhb orchestrated the multifaceted modulation of met-
abolic pathways within BRCA cells through an exhaustive 
analysis of differential metabolites. Specifically, Ldhb exerted 
a stimulating influence on pivotal pathways, such as sphin-
golipid metabolism, glutathione metabolism, and the citrate 

cycle (Figure 3C), concomitantly downregulating the tyros-
ine metabolism pathway as well as porphyrin and chlorophyll 
metabolism (Figure S3A). Notably, the influence of Ldhb on 
sphingolipid metabolism suggests that Ldhb has a role in reg-
ulating cell membrane composition. Furthermore, in agree-
ment with previous observations emphasizing the dominant 
Warburg effect in tumor cells, a phenomenon typically asso-
ciated with citrate cycle inhibition, our findings elucidated the 
active role of Ldhb in promoting the citrate cycle, resulting in 
the augmentation of metabolites within the citric acid pathway 
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(Figures 3D, E and S3B). Consequently, Ldhb promoted a shift 
in BRCA cells towards the reverse Warburg effect. Moreover, 
we examined several important metabolic indices and observed 
that Ldhb overexpression further reduced lactic acid secretion 
and enhanced glucose uptake by tumor cells (Figures 3F, G and 
S3C). Notably, the NAD+:NADH ratio, which reflects intracel-
lular metabolism and redox status, was significantly reduced 
in tumor cells overexpressing Ldhb (Figure 3H), which may be 
responsible for a significant increase in reactive oxygen species 
(ROS) levels (Figure 3I).

Monocarboxylate transporter 1 (MCT1) and monocar-
boxylate transporter 4 (MCT4) are important carriers of 
cells41,42. Analysis of BRCA in TCGA and the Cancer Cell 
Line Encyclopedia (CCLE) confirmed that MCT1 but not 
MCT4 had a strong positive correlation with LDHB (Figure 
3J, K). In addition, real-time PCR indicated significant 
upregulation of Mct1 expression in 4T1-Ldhb and BT-549-
LDHB cell lines (Figure 3L, M), which supported the prop-
osition that LDHB has a dual role in lactic acid clearance. 
Functioning as a molecular sponge, LDHB efficiently erad-
icates lactic acid by facilitating the intracellular conversion 
to pyruvate. Concurrently, LDHB orchestrates the upregu-
lation of MCT1, thereby amplifying extracellular lactic acid 
uptake. In summary, LDHB drives the reverse Warburg effect 
in BRCA cells, culminating in a reduction in lactic acid levels 
within the TME.

Ldhb drives NK cell activation through lactic 
acid reduction in the TME

Next, we determined whether and how LDHB in BRCA cells 
affects the activity of NK cells. LDHA and LDHB are the key 
LDH subunits that regulate the conversion of pyruvate to 

lactic acid43. LDHB is also thought to be a scavenger of intra-
cellular lactic acid28, while previous studies have defined the 
critical contribution of lactic acid as an effector metabolite 
associated with the inactivation of NK and T cells23. Based 
on previous studies and our findings, we hypothesized that 
LDHB may have a regulatory role in mitigating lactic acid 
secretion, ultimately potentiating the cytotoxic efficacy of 
NK cells. To test this hypothesis, we isolated primary NK 
cells from the spleens of BALB/c mice using flow cytometry 
(Figure 4A). Subsequently, the cells were exposed to a condi-
tioned medium derived from the 4T1-Vector and 4T1-Ldhb 
cells, which were untreated, pretreated with 10 mM sodium 
oxamate, or supplemented with 10 mM lactic acid. The lactic 
acid levels in 4T1-Ldhb and BT-549-LDHB CM were reduced 
and sodium oxamate effectively suppressed lactic acid secre-
tion (Figure 4B, C). Treating NK cells with 4T1-Ldhb CM 
promoted cell viability, which was counteracted by the exog-
enous addition of lactic acid. Conversely, inhibition of lactic 
acid secretion by sodium oxamate enhanced these effects 
(Figure 4D). Furthermore, after exposure to 4T1-Ldhb CM, 
NK cells demonstrated increased expression of IFN-γ and an 
augmented cytotoxic potential. Notably, this enhancement 
was significantly inhibited by lactic acid addition (Figure 4E). 
Next, we co-cultured NK cells with 4T1 cells and exposed the 
combined cells to 4T1-Vector CM or 4T1-Ldhb CM to assess 
NK cell cytotoxicity against BRCA cells. Notably, 4T1-Ldhb 
CM significantly potentiated the cytotoxicity of NK cells 
against 4T1 tumor cells. This enhanced cytotoxic effect was 
effectively attenuated by the addition of exogenous lactic acid 
(Figure 4F). These findings confirmed the pivotal role of lac-
tic acid in 4T1-Ldhb CM by modulating the effector functions 
of NK cells. Our results underscore the pivotal role of BRCA 
cell LDHB in modulating NK cell activity through lactic acid 

Figure 1 Activation of NK cytotoxic pathways in breast cancer patients with elevated LDHB expression. (A) Volcano plot displaying the dif-
ferential gene expression between the LDHB low and high groups from the TCGA-BRCA dataset. The x-axis represents the log2 fold-change 
and the y-axis represents the negative log10 P-value. The red dots indicate upregulated genes, while the blue dots indicate downregulated 
genes. (B) Gene Set Enrichment Analysis (GSEA) was performed to identify differentially enriched pathways between the LDHB low and high 
group. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used for pathway annotation. The top enriched pathways were 
shown in the bar plots with the normalized enrichment score (NES) and q-values indicated. (C) Upregulated GSEA signatures in LDHB-high 
group are depicted using data from TCGA-BRCA dataset (P < 0.001). Four representative pathway diagrams were displayed. (D) Heatmap of 
gene expression profiles related to NK cell cytotoxicity in two groups with differential LDHB expression. Each row represents a gene and each 
column represents an individual sample. Gene expression is color-coded according to the key on the right. The LDHB-high group is indicated 
in red and the LDHB-low group is indicated in green.
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regulation, emphasizing the significance of LDHB in regulat-
ing NK cell-mediated anti-tumor responses.

High expression of Ldhb activates NK cells and 
suppresses tumor growth in vivo

Further, we established a subcutaneous tumorigenesis model 
in BALB/c mice to investigate the in vivo impact of Ldhb to 
functionally confirm the significance of Ldhb in BRCA for NK 
cell-mediated cytotoxicity. We administered 4T1-Vector and 
4T1-Ldhb cells into the subcutaneous tissues of BALB/c mice. 

The results obtained from the in vivo experiments differed 
from the results of in vitro experiments. Notably, we observed 
a substantial reduction in tumor size in the 4T1-Ldhb group 
(Figure 5A-C). To determine whether lymphocytes and/or 
NK cells in the TME contribute to tumor growth inhibition, 
we injected 4T1-Ldhb and control cells into immunodeficient 
NOD-SCID mice (Prkdc−/− lacking T and B cells) and NSG 
mice (Prkdc−/− IL2rg−/− lacking T, B, and NK cells). Tumors 
in the 4T1-Ldhb group of NOD-SCID mice were consist-
ently reduced in size compared to the control group (Figure 
5D-F). However, no significant difference in tumor size was 
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observed between the 4T1-Ldhb and control groups in NSG 
mice (Figure 5G-I). These findings highlight the functional 
involvement of NK cells in Ldhb-induced inhibition of tumor 
growth. Next, we used flow cytometry to evaluate immune 
cell populations in tumor tissues. We observed no significant 
changes in the number of CD4+ T cells, CD8+ T cells, or NK 
cells between the 4T1-Ldhb and control (Figures 5J, K and 
S4A, B). Our previous bioinformatic analysis identified the 
activation of NK cell-mediated cytotoxicity in the LDHB-high 

group. In agreement with our previous findings, flow cytom-
etry and immunofluorescence analyses revealed an elevation 
in IFN-γ and granzyme B at the protein level within NK cells, 
which confirmed the increased activation of NK cell-mediated 
cytotoxicity in the 4T1-Ldhb group (Figures 5L, M and S4C, 
D). Moreover, real-time quantitative PCR revealed upregula-
tion of genes related to NK cell activation, such as Infg and 
Gzmb, in the 4T1-Ldhb group (Figure S4E, F). Furthermore, 
we observed a significant reduction in lactic acid levels in the 
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4T1-Ldhb group (Figure S4G), accompanied by an increase 
in the expression of the lactic acid transporter receptor, Mct1 
(Figure S4H), which is consistent with our in vitro cell experi-
ments. Collectively, these data support a model in which Ldhb 
overexpression in tumor cells enhances NK cell-mediated 
cytotoxicity and inhibits tumor progression.

Enhanced LDHB expression in BRCA patients 
is correlated with NK cell activation

To verify the ability of LDHB to promote NK cell activation 
in clinical samples, we performed transcriptome sequencing 
of nine patients with BRCA. We grouped patients according 
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to LDHB expression based on the sequencing results (Figure 
6A). Patients with elevated LDHB expression had a cor-
responding marked increase in the level of NK cell activ-
ity marker (GZMB and IFNG) expression (Figure 6B, C). 
Moreover, ssGSEA further confirmed the pronounced acti-
vation of NK cells (Figure  6D). Immunofluorescence anal-
ysis of the tissue revealed a pronounced elevation in CD16 
expression, an activating receptor in NK cells, along with 
an increased granzyme B protein level in patients with high 
LDHB expression (Figures 6E and S5A). To gain further 

insight into the immune cell landscape within the TME, we 
analyzed single-cell RNA sequencing (scRNA-seq) data from 
five breast cancer tissues. A uniform manifold approximation 
and projection (UMAP) clustering plot and heatmap were 
used to identify distinct cell populations based on known cell 
type-specific markers (Figure 6F, G). Primary BRCA patients 
were stratified into two groups based on the expression of 
LDHB in tumor cells (Figures 6H and S5B). Our data revealed 
a significant increase in T and NK cell infiltration in the high 
LDHB group compared to the low LDHB group (Figure 6I). 
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Additionally, analysis of the single-cell map indicated a signif-
icantly higher frequency of IFNG+ NK cells in the high LDHB 
group (Figures 6J and S5C, D), implying a potential role of 
LDHB in modulating immune responses in BRCA. In sum-
mary, these results further validated that BRCA patients with 
high LDHB expression promoted NK cell activation, poten-
tially boosting anti-tumor immune function.

LDHB facilitates the formation of a tumor 
immune-enhancing microenvironment in 
TCGA

Immune cells are an essential part of the TME and have an 
important role in tumor development and inhibition. To fur-
ther investigate if LDHB affects immune cells in the TME, we 
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conducted a comprehensive analysis of a cohort of 1,072 patients 
with BRCA obtained from TCGA. By integrating clinical prog-
nostic information with immune cell infiltration data, we derived 
patient survival profiles that reflected the anti-tumor function-
ality of immune cells (Figure S6A). The majority of immune 
cells responsible for tumor suppression, such as T cells and M1 
macrophages, exhibited increased levels of infiltration in patients 
with high LDHB expression. Conversely, immune cells associ-
ated with tumor promotion, such as Tregs and M2 macrophages, 
were downregulated (Figure 7A). These findings indicate a shift 
in the immune cell landscape towards enhanced anti-tumor 
immunity in patients with high LDHB expression. Moreover, 
correlation analysis revealed a robust association between dis-
tinct immune cell populations within the high LDHB group 
(Figure S6B), suggesting an increased interplay between diverse 

immune cells in patients with high LDHB expression. Our data 
showed that NK cells exhibit distinct functionalities between the 
two groups. In the low LDHB group, NK cell infiltration did not 
significantly affect the OS of patients (HR = 1.2231, P = 0.3827). 
However, upregulation of NK cell infiltration significantly pro-
longed patient survival in the high LDHB group (HR = 0.5942, 
P  =  0.0235; Figure 7B, C), indicating that NK cells may kill 
tumors and prolong the lives of patients. Furthermore, Kaplan–
Meier survival curves indicated that patients with elevated 
LDHB expression have enhanced activation of immune cells, 
including CD8+ T cells, conventional dendritic cells (cDCs), and 
Tregs, which together reflect increased immunologic function 
(Figure 7D-I). These results demonstrated that LDHB in BRCA 
modulates immune cell infiltration and function, thereby shap-
ing a TME that promotes immunogenicity.
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Clinical correlations with LDHB and NK cell 
activation in tumors

Finally, to evaluate the clinical relevance of our findings, we 
analyzed LDHB expression in other tumors using publicly 
available TCGA data. We utilized a gene signature related to NK 

cell activation and performed ssGSEA to evaluate NK cell acti-
vation in each patient (Figure 8A). Patients with high LDHB 
expression had higher NK cell activation scores in BRCA, 
LIHC, and PAAD (Figures 8B-D and S7A). Furthermore, 
compared to LDHA, LDHB demonstrated superior precision 
in forecasting NK cell activation, with AUC values of 0.654, 
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0.728, and 0.752 for BRCA, LIHC, and PAAD, respectively 
(Figure 8E-G). Moreover, Kaplan–Meier curves indicated 
that high levels of NK cell activation significantly prolong the 
lifespan of patients with high LDHB expression (BRCA: HR = 
0.5818, P = 0.0180; LIHC: HR = 0.5157, P = 0.0037; PAAD: HR 
= 0.6043, P = 0.0944; Figure 8H-M). Therefore, our findings 
suggest that LDHB has good specificity and sensitivity for pre-
dicting NK cell activation in patients, and this model is poten-
tially applicable to pan-carcinomas.

Discussion

Herein we evaluated immune infiltration patterns in patients 
by analyzing data from TCGA and clinical samples. Our 

results revealed that elevated LDHB expression is associated 
with improved NK cell-mediated cytotoxicity. Moreover, our 
findings demonstrated that Ldhb expression within tumors 
attenuates lactic acid secretion, thereby stimulating NK cells 
to impede tumor progression (Figure 9).

Previous studies have suggested that LDHA in melanoma 
cells impedes T and NK cell functions by promoting lactic acid 
secretion23. Similarly, our results revealed that LDHA hindered 
NK cell activity in BRCA cells (Figure S6C), demonstrating 
the high predictability and accuracy of our model. However, 
the role of LDHB in the immune microenvironment of BRCA 
has not been described. Our data demonstrated the presence 
of LDHB in BRCA-activated NK cells. TCGA and RNA-seq 
data from BRCA patients revealed that LDHB promotes 
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infiltration of T and NK cells. However, murine experiments 
did not reveal a significant effect of Ldhb on T and NK cell 
infiltration. We believe that differences may exist between 
subcutaneous mouse tumor models and the human tumor 
environment. Additionally, factors, such as the experimental 
time points and injection sites, could potentially influence the 

infiltration of T and NK cells. In addition, we showed that 
LDHB gene expression serves as a reliable predictor of NK cell 
activity in BRCA, LIHC, and PAAD, highlighting the critical 
role in shaping the tumor immune microenvironment across 
multiple cancer types. Indeed, LDHA and LDHB have oppos-
ing functions in NK cell activation, which is consistent with 
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the respective roles in glycolysis. While LDHA promotes the 
conversion of pyruvate to lactic acid, LDHB tends to bind to 
lactic acid and convert lactic acid into pyruvate, thereby pro-
moting the TCA44. In our subsequent analysis, we observed 
a significant positive correlation between LDHB and MCT1 
expression, indicating that LDHB eliminates intracellular 
lactic acid and absorbs excessive lactic acid from the TME, 
leading to the creation of an immune-promoting microen-
vironment. However, what was incomprehensible was the 
ability of LDHB to diminish lactate secretion while concur-
rently enhancing glucose uptake in 4T1 and BT-549 cells. 
Beyond pyruvate generation, glucose-derived metabolites 

have a pivotal role in various biosynthetic pathways, such as 
nucleic acid and lipid synthesis45. Furthermore, LDHB facil-
itates the TCA cycle in 4T1 cells. This metabolic process in 
tumors exhibits a pronounced inclination toward lactate con-
sumption46. Therefore, in the overexpressed LDHB cell lines, 
we hypothesized that increased LDHB levels lead to a pro-
nounced surge in lactate absorption and utilization, thereby 
surpassing production. The Warburg effect is a well-known 
manifestation of metabolic reprogramming in tumor cells 
and is considered a key factor in the modulation of immune 
cells within the TME through metabolic substances47-49. A 
new aspect of this study was the link between immune cell 
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activation, LDHB expression in tumor cells, and the Warburg 
effect in the TME.

Immune cells in the TME have a critical role in promot-
ing or inhibiting tumor development. Macrophages are vital 
components of the TME50. While M1 macrophages hinder 
tumor development, M2 macrophages promote tumor pro-
gression51,52. Compared to M0 macrophages, M2 macrophages 
exhibit lower LDHB expression accompanied by elevated lac-
tic acid secretion53. Our data suggest that BRCA LDHB affects 
the polarization of macrophages, promoting the polarization of 
M1 macrophages and inhibiting the polarization of M2 mac-
rophages (Figure 7A). Similarly, lactic acid has been reported 

to act directly as a signaling molecule. Tumor-derived lactic 
acid promotes the development of macrophages toward immu-
nosuppression54. Moreover, our results revealed that tumor 
LDHB affects NK cell activity as well as activated CD8+ T cells, 
cDCs, and Tregs. Tregs are activated in modulated immune 
cells of patients with high LDHB expression. This finding 
indirectly suggests that immune cell activation is occasionally 
accompanied by Treg cell activation, which may be a signifi-
cant factor contributing to the poor therapeutic efficacy of 
immunotherapy. Immunotherapy is effective only in patients 
with good immune infiltration14,55. Our results suggest that 
LDHB promoted activation of tumor-infiltrating NK cells and 
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the reaction tends to be dominated by LDHA converting pyruvate to lactate that causes decreased tricarboxylic acid (TCA) cycles as well as 
increased secretion of the elevated intracellular lactate through MCT4, which is otherwise a relatively weak lactate exporter. Excess extracel-
lular lactate may suppress NK cell activity, reduce IFN-γ and granzyme B production, and promote tumor immune escape. As a combined 
effect, tumor cells may exhibit an enhanced Warburg effect accompanied by increased growth, migration, and invasion. High LDHB, however, 
triggers a reverse conversion of lactate to pyruvate that should promote lactate import from extracellular environment through MCT1, which 
further releases NK cell activity and enhances immune surveillance. In addition, the TCA cycle and glucose uptake are upregulated, resulting 
in a diminished Warburg effect and suppressed tumor growth and metastasis.
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infiltration of most immune cells, indicating that LDHB may 
convert “immune-cold” tumors to “immune-hot” tumors and 
improve the response of patients to immune checkpoint block-
ade therapy. Assessing LDHB expression in patients is prom-
ising for elucidating the immune microenvironment within 
tumors, potentially guiding clinical treatment decisions.

LDHB is frequently silenced by DNA methylation in pros-
tate56 and gastric cancers57. Additionally, low expression of 
LDHB promotes claudin-1-mediated invasion of hepatoma 
cells58. Consistent with these findings, our study demonstrated 
that overexpression of LDHB in BRCA cells significantly inhib-
its tumor cell migration and invasion. We propose that tumor 
invasion requires a significant amount of ATP to sustain the 
high-energy demand59. However, the reverse Warburg effect 
caused by LDHB impedes the rapid acquisition of ATP and 
intermediate metabolites by tumor cells, which consequently 
inhibits their migration and invasion. Moreover, the attenua-
tion of tumor invasion may also be attributed to a reduction in 
lactic acid, which promotes tumor migration and invasion44,60. 
Therefore, our study provides evidence that LDHB overexpres-
sion inhibits tumor cell migration and invasion by disrupting 
the Warburg effect.

Although our study provides new insight into the role of 
LDHB in the regulation of immune responses in BRCA, some 
limitations should be noted. For example, use of the xCell algo-
rithm to evaluate immune infiltration may not be completely 
accurate and the bulk transcriptome data from TCGA data-
base may not fully represent the real expression of immune 
cells. Additionally, we proposed that lactic acid plays a crucial 
role in suppressing NK cell activation; however, additional 
investigations are required to determine whether other factors, 
such as cytokines or inflammatory factors, may also modulate 
NK cell function. Further experiments and extensive evidence 
are necessary to explore these possibilities and highlight the 
underlying mechanisms.

Conclusions

In summary, we demonstrated an association between LDHB 
and activation of tumor-infiltrating NK cells in BRCA. Our 
findings revealed that LDHB exerts an inverse Warburg effect, 
reducing lactic acid secretion, and promoting NK cell activa-
tion. Overall, our study suggests that LDHB may serve as a 
potential target for enhancing anti-tumor immune responses 
in patients with BRCA.
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