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ABSTRACT
Background  Aldehyde dehydrogenase 2 (ALDH2) is 
a crucial enzyme involved in endogenous aldehyde 
detoxification and has been implicated in tumor 
progression. However, its role in tumor immune evasion 
remains unclear.
Methods  Here, we analyzed the relationship between 
ALDH2 expression and antitumor immune features 
in multiple cancers. ALDH2 knockout tumor cells 
were then established using CRISPR/Cas9 system. In 
immunocompetent breast cancer EMT6 and melanoma 
B16-F10 mouse models, we investigated the impact of 
ALDH2 blockade on cytotoxic T lymphocyte function and 
tumor immune microenvironment by flow cytometry, 
mass cytometry, Luminex liquid suspension chip 
detection, and immunohistochemistry. Furthermore, RNA 
sequencing, flow cytometry, western blot, chromatin 
immunoprecipitation assay, and luciferase reporter assays 
were employed to explore the detailed mechanism of 
ALDH2 involved in tumor immune evasion. Lastly, the 
synergistic therapeutic efficacy of blocking ALDH2 by 
genetic depletion or its inhibitor disulfiram in combination 
with immune checkpoint blockade (ICB) was investigated 
in mouse models.
Results  In our study, we uncovered a positive correlation 
between the expression level of ALDH2 and T-cell 
dysfunction in multiple cancers. Furthermore, blocking 
ALDH2 significantly suppressed tumor growth by 
enhancing cytotoxic activity of CD8+ T cells and reshaping 
the immune landscape and cytokine milieu of tumors 
in vivo. Mechanistically, inhibiting ALDH2-mediated 
metabolism of aldehyde downregulated the expression 
of V-domain Ig suppressor of T-cell activation (VISTA) 
via inactivating the nucleotide oligomerization domain 
(NOD)/nuclear factor kappa-B (NF-κB) signaling pathway. 
As a result, the cytotoxic function of CD8+ T cells was 
revitalized. Importantly, ALDH2 blockade markedly 
reinforced the efficacy of ICB treatment.
Conclusions  Our data delineate that ALDH2-mediated 
aldehyde metabolism drives tumor immune evasion by 
activating the NOD/NF-κB/VISTA axis. Targeting ALDH2 
provides an effective combinatorial therapeutic strategy for 
immunotherapy.

INTRODUCTION
Immune evasion plays a key role in tumor 
progression, which implies that tumors have 
potential to establish conditions that resist 
immunosurveillance within the tumor micro-
environment.1 2 Increasing studies reveal that 
tumor cells use various strategies to promote 
immune evasion, such as expressing immune 
checkpoints, altering human leukocyte 
antigen, developing tumor-specific muta-
tions, and inducing chromosomal insta-
bility.3–5 Immune checkpoints are a classic 
suppressive mechanism used by cancer cells 
to evade T-cell recognition and elicit immune 
evasion. These checkpoints, which include 
but are not limited to programmed death-1 
(PD-1), programmed cell death-Ligand 
1 (PD-L1), and cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4), have been 
successfully applicated in the clinic.6 7 Never-
theless, the response rates of patients with 
cancer to immune checkpoint blockade 
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(ICB) therapies are still low,8 underscoring that the deep 
mechanisms of ICB-related immune evasion needed to be 
further elucidated.

Metabolic reprogramming, which is a hallmark of 
tumor initiation and progression, plays a critical role 
in regulating tumor proliferation, survival, and metas-
tasis.9 10 Moreover, emerging evidence exhibits that tumor 
metabolism might also have a significant impact on tumor 
immune evasion by affecting immune molecules expres-
sion, cytokine production and secretion, and immune 
cell composition.11–13 For instance, it has been shown that 
tumor cells could restrict glycolysis in tumor-infiltrating 
immune cells, resulting in T-cell anergy and depletion.14 
Additionally, metabolic impairment of T cells can further 
promote the activation and differentiation of immuno-
suppressive cells in tumor microenvironment (TME), 
leading to immune evasion in multiple tumors.15 16 Never-
theless, while tumor metabolism has been identified as 
a key mediator of immune evasion, the detailed mecha-
nism underlying this process is not yet clear.

Aldehyde dehydrogenase 2 (ALDH2) is a key enzyme 
involved in aldehyde metabolism and various biological 
processes, including fatty acid metabolism, oxidative 
stress, hypoxia, and DNA repair.17 18 Numerous studies 
suggest that ALDH2 serves as a biomarker for cancer stem 
cells and contributes to tumor progression in multiple 
cancers.19–21 A recent study indicates that ALDH2 could 
upregulate PD-L1 expression by inhibiting ubiquitin-
dependent degradation in colorectal cancer, suggesting 
that ALDH2 might mediate alcohol-related immune 
evasion.22 However, the mechanisms underlying ALDH2-
induced immune evasion have not been fully explored. In 
this study, we investigated the impact of ALDH2-mediated 
metabolism of aldehyde on tumor immune evasion and 
its potential therapeutic implications for ICB therapy.

MATERIALS AND METHODS
Supplemental materials and methods can be found in 
online supplemental materials.

Bioinformatics analyses
Functional gene expression signatures (Fges) are used 
to define different cell types in TME. The signature 
scores were calculated using an in-house python imple-
mentation of single-sample gene set enrichment analysis 
(ssGSEA).23 Then, the intensities were median-scaled 
(median-centered and median absolute deviation-scaled) 
for all the samples within the cohort groups. Melanoma 
samples were curated from The Cancer Genome Atlas 
(TCGA). Gene expression signatures of T-cell exhaustion 
were elucidated using a 5-gene signature (TIGIT, CTLA-4, 
HAVCR2, LAG3, PDCD1).24 T-cell dysfunction scores 
based on ALDH2 gene expression level in TCGA breast 
cancer (BRCA) and skin cutaneous melanoma (SKCM) 
were evaluated using the Tumor Immune Dysfunc-
tion and Exclusion (TIDE) system (http://tide.dfci.​
harvard.edu/faq/).25 The correlation between ALDH2 

expression and cytotoxic T lymphocyte (CTL) infiltration 
was also analyzed through the TIDE system. Kaplan-Meier 
survival analysis was conducted to investigate the relation-
ship between ALDH2 gene expression level and overall 
patient survival based on GEPIA 2.26 After quality filtering 
(p<0.05), only samples meeting the criteria were included 
in the analysis.

Cell lines and culture
The human BRCA cell lines MDA-MB-231 and MCF7, the 
BALB/c murine BRCA cell lines EMT6, and the C57BL/6 
melanoma cell lines B16-F10 were obtained from the 
American Type Culture Collection. All cells were cultured 
in either Roswell Park Memorial Institute (RPMI)-1640 
or Dulbecco's Modified Eagle Medium (DMEM) media 
supplemented with 10% fetal bovine serum and 1% 
penicillin–streptomycin.

Generation of stable cells using lentiviral infection
The human ALDH2-targeting overexpression plasmid 
was purchased from GeneCopoeia Company and trans-
fected into MCF7 cell lines using the Lipo2000 DNA in 
vitro Transfection Reagent (SignaGen Laboratories). 
Both human and mouse ALDH2-targeting sgRNAs were 
synthesized by BGI Genomics and cloned into the pLenti-
CRISP V.2 plasmid through denaturation, annealing, and 
fragment ligation post-digestion with BsmBI. All ligation 
products were transformed into DH5α competent cells 
and spread on solid Amp+ Luria broth medium. After 
single colonies were inoculated into liquid Amp+ Luria 
broth medium and sequenced, the validated plasmids 
were extracted and stored at −20°C. To obtain the system 
to knock out small guide ALDH2 (sgALDH2) in cell line, 
the lentiviral expression vector and lentivirus packing 
vectors were co-transfected into 293 T cells using the 
Lipo293T DNA in vitro Transfection Reagent. After 48–72 
hours transfection, cancer cell lines were stably infected 
with viral particles. After transfection, the target cells 
were diluted to 1 cell/100 µL in medium, and seeded into 
a 96-well plate with a volume of 100 µL per well. Wells 
containing single cells were observed and preliminarily 
identified under a microscope 24 hours after puromycin 
filtration. After 5 days, monoclonal cells were transferred 
to 24-well plates. Once the cells reached approximately 
70–80% confluency, a portion of cells were transferred to 
6-well plates to confirm ALDH2 expression level through 
western blot. The CRISPR sgRNA sequences were listed 
in online supplemental table 1.

Mice and in vivo tumor studies
For the EMT6 and B16-F10 models, BALB/c or C57BL/6 
mice were orthotopically injected with 4×105 or 1.5×105 
tumor cells orthotopically, respectively. At day third post 
tumor induction, disulfiram (HY-B0240, MCE; 50 mg/
kg) were intragastrically administered to the mice.27 
Anti-CTLA-4 antibody (Bio X Cell, Clone:9D9, Catalog 
#: BP0164; 5 mg/kg) and anti-PD-1 antibody (Bio X 
Cell, Clone:29F.1A12, Catalog #: BP0273; 10 mg/kg) 
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were administered intraperitoneally on days 7, 10, 13 
and 16 after tumor inoculation.28 Tumor volume was 
measured using electronic calipers two or three times 
per week and was calculated according to the formula: 
volume=(length×width2/2). Female BALB/c and 
C57BL/6 mice aged between 6-8 weeks old were used in 
all experiments, and all mice were provided by the Labo-
ratory Animal Center of Chongqing Medical University.

Preparation of single-cell suspension from tumors
After tumor inoculation, the tumor-bearing mice were 
sacrificed. EMT6 tumor samples were harvested, chopped 
with scissors, and incubated with 2 mg/mL collagenase A 
(Roche) for 40 min at 37°C. The dissociated cells were 
filtered through 70 µm filters (BD Biosciences) to obtain 
single-cell suspensions. B16-F10 tumor samples were 
directly harvested and filtered with a screen to obtain 
single-cell suspensions. Afterward, erythrocytes were lysed 
with red blood cell lysis buffer for 2 min on ice, and the 
resulting single-cell suspension was washed and re-sus-
pended in either DMEM or phosphate-buffered saline 
(PBS) depending on further use.

Flow cytometry
Tumor cells from the mouse model were stained for 
Live/Dead with Fixable Viability Dye eFluor 450 (eBio-
science) for 30 min at 4°C. After a single wash with flow 
cytometry buffer, cells were stained with various combi-
nations of primary antibodies to cell surface markers, 
including CD45 (APC-CY7), CD11b (BV510), CD4 (PE-
CY5.5), CD8 (PE-CY7/FITC), Gr-1 (PE), F4/80 (APC/
BV605), V-domain Ig suppressor of T-cell activation 
(VISTA) (APC), LY6C (PE-CY7), LY6G (FITC), major 
histocompatibility complex-II (PerCP-CY5.5), T-cell 
immunoglobulin and mucin domain-3 (TIM-3, PE-CY7) 
and PD-1 (PerCP-CY5.5). After that, cells were washed 
with flow cytometry buffer. Intracellular staining was 
performed according to the manufacturer’s protocol, 
where cells were first fixed and permeabilized using the 
Foxp3 staining buffer kit (eBioscience), and then incu-
bated with fluorochrome-conjugated antibodies to Ki67 
(PE) from BioLegend. For intracellular cytokine staining, 
cells were stimulated with cell stimulation cocktail (eBio-
science) for 4 hours at 37°C, followed by staining with 
CD206 (APC), perforin 1 (PRF1, PE), granzyme B 
(GZMB, PerCP-CY5.5), interleukin (IL)-2 (PE), inter-
feron (IFN)-γ (APC) and tumor necrosis factor (TNF)-α 
(PE/Cyanine7). In vitro tumor cell lines were stained with 
dilutions of VISTA (PE or APC). The following agents 
were used in the study: Disulfiram (HY-B0240, MCE; 100 
nM), 4-Hydroxynonenal (4-HNE, HY-113466, MCE; 100 
nM), Alda1 (S5800, Selleck; 20 µM), Nodinitib-1 (ML130, 
HY-18639, MCE; 10 µM) and QNZ (S4902, Selleck; 10 
µM). Cells were washed with flow cytometry buffer after 
staining and fixed with 4% paraformaldehyde. The dilu-
tion ratios for all antibodies were 1:100. Finally, cells were 
acquired using BD FACS Canto II and BD FACSDiva 

software (BD Biosciences) with subsequent analysis 
performed using FlowJo software.

Mass cytometry (CyTOF) and data analysis
EMT6 mouse tumor tissues were mechanically processed 
and digested as previously described.29 The resulting cell 
suspension was filtered through 70 µm (BD Biosciences), 
and cells were then incubated with 25 mM cisplatin for 1 
min (viability staining), followed by staining with mono-
clonal antibody cocktails against intracellular proteins. 
Metal-tagged antibodies used in the mass cytometry anal-
ysis were purchased from Fluidigm. The cells suspen-
sion was diluted to approximately 106 cells per mL using 
ddH2O containing bead standards and then analyzed on 
a CyTOF 2 mass cytometer (Fluidigm). CyTOF data were 
normalized and manually gate using Cytobank software. 
After CD45+ immune cells were gated, the data were 
transformed using the cytofAsinh function before being 
applied to the downstream analysis. Immune subsets were 
generated during PhenoGraph clustering analysis using 
the R cytofkit package. FlowSOM, an unsupervised auto-
mated algorithm, was used to order cells based on their 
phenotypic similarities.

Heatmaps were generated, based on the mean value of 
each marker in clusters. To calculate the cell frequency of 
each cluster, the percent of each cell type was divided by 
the total CD45+ cells in the same sample. The antibodies 
used in the mass cytometry analysis were purchased 
from Fluidigm: 89Y-anti-CD45, 175Lu-anti-CD4, 
141Pr-anti-PD1, 143Nd-anti-CD11b, 144Nd-anti-Siglec F, 
145Nd-anti-CD69, 146Nd-anti-CD206, 148Nd-anti-Tbet, 
114Sn-anti-CD103, 151Eu-anti-CD68, 152Gd-anti-CD3e, 
156Gd-anti-CD14, 159Tb-anti-F4/80, 160Dy-anti-CD62L, 
161Dy-anti-Ki67, 162Dy-anti-Ly-6C, 165Ho-anti-Foxp3, 
149Sm-anti-CD19, 167Er-anti-GATA3, 142Ce-anti-NK1.1, 
168Er-anti-CD8a, 172Yb-anti-CD86, 173Yb-anti-CD117, 
174Yb-anti-ly-6G/Ly-6C (Gr-1), 209Bi-anti-I-A/I-E, 
150Sm-anti-CD11c, 169Tm-CTLA-4.

Measurement of cytokine levels
Luminex liquid suspension chip detection was performed 
by Wayen Biotechnologies (Shanghai, China). The Bio-
Plex Pro Human Chemo kine Panel 31-plex kit (Bio-Rad, 
Austin, Texas, USA) was used according to the manufac-
turer’s instructions. The results were assessed using Bio-
Plex MAGPIX System (Bio-Rad, Austin, Texas, USA).

T cells proliferation and function assays in vitro
The splenic T cells were harvested from wild-type (WT) 
BALB/c mice and filtered through 70 µm filters (BD 
Biosciences) to generate a single-cell suspension. After 
red blood cell lysis, T cells were counted and plated in 
complete 1640 medium supplemented with 50 mM b-mer-
captoethanol and 10 mM 2-[4-(2-hydroxyethyl)piperazin-
1-yl]ethanesulfonic acid onto 12-well plates coated with 
2.5 mg/mL anti-CD3 (clone 145–2C11, BioLegend) and 
3 mg/mL anti-CD28 (clone 37N, BioLegend) antibodies. 
A portion of T cells were labeled with 1 µM of CellTraceTM 
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carboxyfluorescein succinimidyl ester. The splenic T cells 
were then activated for 48 hours before being co-cultured 
with myeloid cells sorted from system to knock out normal 
controls (sgNC) or sgALDH2 tumors or co-cultured with 
sgNC or sgALDH2 tumor cells treated with anti-VISTA 
antibody (Bio X Cell, Clone: 13F3, Catalog #: BE0310; 10 
mg/mL). After co-cultured for another 24 or 48 hours, T 
cells were collected for proliferation and function assays 
by flow cytometry. The data was analyzed and performed 
using FlowJo software.

Metabolites assays
The levels of 4-HNE and malondialdehyde (MDA) in cell 
culture supernatant and tissues were detected by ELISA 
kits (D751041, BBI) and MDA assay kit (D799762, BBI) 
according to the manufacturer’s instructions.

Luciferase reporter assay
The pEZX-PL01‐VISTA was constructed by inserting the 
2100 kb human VISTA promoter (−2000 to +100 nt) into 
the vector of pEZX-PL01‐basic (GeneCopoeia). The 
tumor cells were co-transfected with the above reporter 
plasmid with pM35-P65 overexpression plasmid using 
Lipo2000 DNA in vitro Transfection Reagent (SignaGen 
Laboratories). The luciferase activity was determined 
using the Dual-Luciferase Reporter Assay System 
(Promega, USA).

Chromatin immunoprecipitation (ChIP)-quantitative 
polymerase chain reaction (qPCR) assay
We performed the ChIP assay using the SimpleChIP Enzy-
matic Chromatin IP Kit (CST), according to the manu-
facturer’s instructions. Antibodies against P65 (CST, 
8242), anti-RNA polymerase II (positive control), or 
normal rabbit IgG (negative control) were used for incu-
bation and precipitation. The immunoprecipitated DNA 
fragments were detected by qPCR analysis. The primer 
sequences used for the ChIP assay were listed in online 
supplemental table 1.

Immunohistochemistry (IHC) staining
The EMT6 tumor tissues were fixed in 4% formaldehyde 
solution (pH 7.0) and subsequently embedded in paraffin. 
Immunohistochemical studies were performed using the 
standard streptavidin-peroxidase method with the Ultra-
Sensitive TM SP Kit (Maixin-Bio, Fujian, China) following 
the manufacturer’s instructions. Tumor specimens were 
stained using antibodies against GZMB (Abcam, ab4059, 
1:800) or CD8 (Abcam, ab199016, 1:200). Negative 
controls were performed by replacing the primary anti-
body with PBS. The immunostained slides were blindly 
evaluated by a trained pathologist.

RNA sequencing and data analysis
MDA-MB-231 tumor cells were collected, and total 
RNA was purified using TRIzol (Invitrogen). The RNA 
samples were then sent to the Novogene company for 
library construction and sequencing. Genes with adjusted 
p values<0.05, found by the DESeq2 R package, were 

designated as differential expression analysis (DEGs). 
Pathway analysis of Kyoto Encyclopedia of Genes and 
Genomes (KEGG) was conducted using R to identify 
which remarkably downregulated genes were notably 
enriched in pathways. The gene set enrichment analysis 
(GSEA) analysis was performed by GSEA software V.4.0.3.

Western blot
Western blot was performed as previously described.29 
The following primary antibodies were used at a dilu-
tion ratio of 1:1000: ALDH2 (Abcam, ab108306), NOD1 
(CST, 3545), P65 (CST, 8242), p-P65 (CST, 3033) and 
GAPDH (Proteintech, 60004–1-Ig). The following agents 
were used: Disulfiram (HY-B0240, MCE; 100 nM), 4-HNE 
(HY-113466, MCE; 100 nM) and Nodinitib-1 (ML130, 
HY-18639, MCE; 10 µM).

Statistical analysis
The flow cytometric data were analyzed using FlowJo 
software (V.10; Tree Star), and GraphPad Prism (V.8) 
was used to generate graphs and for statistical analysis. 
One-way or two-way analysis of variance (ANOVA) was 
used when comparing more than two groups, while 
unpaired two-tailed t-test was used when comparing only 
two groups. p<0.05 was considered statistically signifi-
cant (*p<0.05, **p<0.01, ***p<0.001). Mouse survival was 
evaluated using the Kaplan-Meier method and analyzed 
by the Mantel-Cox log-rank test. All experiments were 
performed at least three times, and n refers to biological 
replicates.

RESULTS
ALDH2 correlates with T-cell dysfunction in solid tumors
To classify the tumor immune microenvironment (TIME) 
in human samples, we used a list of Fges representing 
immune-enrich, immunosuppression and tumor stroma 
to reveal the molecular profiles of melanoma based 
on ssGSEA scores. Our analysis revealed that patients 
classified as ALDH2-low versus ALDH2-high exhib-
ited different gene expression involved in adaptive and 
innate immunity, angiogenesis fibroblasts, and immune 
cell traffic (figure 1A). Interestingly, GSEA analysis also 
demonstrated that characteristic molecular components 
of immunosuppressive backgrounds were enriched in 
ALDH2-high versus ALDH2-low melanoma. Specifically, 
ALDH2-high group showed an increase in IL-10 and IL-13 
expression (figure 1B), high transforming growth factor 
(TGF) -β and checkpoint molecules scores (figure 1C), 
indicating that ALDH2 is associated with an immunosup-
pressive TME.30 Furthermore, using a T-cell exhaustion 
signature, we found that ALDH2-high melanoma samples 
exhibited markedly higher T-cell exhaustion score 
compared with ALDH-low samples (figure 1D). Similarly, 
the ALDH2-high group had significantly higher T-cell 
dysfunction score than the ALDH2-low group in mela-
noma and BRCA based on the TIDE system (figure 1E and 
online supplemental figure 1A). Moreover, we analyzed 
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CD8+ T cell-related survival in patients and found that 
the patients with high ALDH2 expression had signifi-
cantly shorter overall survival (figure  1F). Consistently 
with this, high CTL infiltration (CTL-top) patients had 
prolonged survival compared with low CTL infiltration 
(CTL-bottom) patients in ALDH2-low group in multiple 
cancers based on the TIDE system (online supplemental 
figure 1B-C), suggesting that ALDH2 is correlated with 
T-cell dysfunction.

Blocking ALDH2 enhances antitumor activities of CD8+ T cells 
in vivo
To investigate the effect of ALDH2 on the cytotoxic activi-
ties of CD8+ T cells, we first used the CRISPER-CAS9 system 
to knock out ALDH2 (sgALDH2) in WT BRCA EMT6 
tumor cells and melanoma B16-F10 tumor cells, with 
non-targeting constructs as normal control (sgNC). The 
reduction of ALDH2 at the protein level was confirmed 
by western blot (online supplemental figure 2A). Next, 

Figure 1  ALDH2 correlates with T-cell dysfunction in solid tumors. (A) Heatmap of TCGA melanomas (TCGA-SKCM) 
classified into four distinct tumor microenvironment subtypes based on unsupervised dense clustering of the 29 functional 
gene expression signatures. P values were calculated with the χ2 test. (B) IL-10 (left) and IL-13 (right) mRNA levels in ALDH2 
low versus ALDH2 high patients (low: n=229; high: n=243; t-test). r.u., relative units. (C) Enrichments for TGF-β score (left) 
and checkpoint molecules (right) in ALDH2 low versus ALDH2 high samples (low: n=229; high: n=243; t-test). (D) Heatmaps 
depicting ALDH2 expression and expression of genes associated with T-cell exhaustion across TCGA-SKCM samples. P values 
were calculated with the χ2 test. (E) T-cell dysfunction scores of ALDH2 low and ALDH2 high expression are assessed based 
on the TIDE system (low: n=198; high: n=215; t-test). (F) Kaplan-Meier curves of overall survival in ALDH2 low and ALDH2 high 
patient groups, as stratified by CD8 classification, selected in TCGA-SKCM database. P values correspond to two-sided log-
rank analyses. Mean±SEM. DC, dendritic cell; HAVCR2, hepatitis A virus cellular receptor 2; LAG3, lymphocyte-activation gene 
3; mRNA, messenger RNA; PDCD1, programmed cell death protein 1; TIGIT, T cell immunoglobulin and ITIM domain.

https://dx.doi.org/10.1136/jitc-2023-007487
https://dx.doi.org/10.1136/jitc-2023-007487
https://dx.doi.org/10.1136/jitc-2023-007487


6 Chen Y, et al. J Immunother Cancer 2023;11:e007487. doi:10.1136/jitc-2023-007487

Open access�

sgALDH2 or sgNC tumor cells were inoculated into immu-
nocompetent mice to establish syngeneic mouse models. 
Our results showed that knocking out ALDH2 in tumors 
led to an increased release of effector cytokines including 
IFN-γ, TNF-α, PRF1, GZMB, and IL-2 from CD8+ T cells 
as well as retarded tumor growth (figure 2A–C and online 
supplemental figure 2B-C), suggesting that blocking 
ALDH2 could enhance the antitumor activities of CD8+ 

cytotoxic T cells. Consistently, IHC staining also demon-
strated that ALDH2-knockout EMT6 tumors had higher 
expression of the effector molecule GZMB compared 
with control tumors (figure 2E), which provided further 
support for our hypothesis. To be noted, the inhibition 
of EMT6 tumor growth in the ALDH2-knockout group 
was blocked by depleting CD8+ T cells with anti-CD8 anti-
body (figure 2D), showing that ALDH2-related antitumor 

Figure 2  Blocking ALDH2 enhances antitumor activities of CD8+ T cells in vivo. (A–B) Flow cytometry analysis of IFN-γ+, 
TNF-α+ and PRF1+ CD8+ T cells from EMT6 tumor (A) and B16-F10 tumor (B) (n=5, t-test). (C) EMT6 (left) and B16-F10 (right) 
tumor growth in ALDH2-knockout and control tumor-bearing mice (n=5 mice/group, two-way ANOVA). (D) EMT6 tumor 
growth with indicated treatment. CD8+ T cells were depleted by anti-CD8 antibodies (n=5 mice/group, two-way ANOVA). 
(E) Representative immunohistochemical images (left) and the quantity of positively stained cells (right) of CD8+ T cells and 
granzyme B in EMT6 tumors (n=5, t-test). Scale bar, 100 µm. (F) Representative quantification of CD8+ T cells ratios in EMT6 
and B16-F10 tumors (n=5, t-test). (G–H) Flow cytometry analysis of Ki-67 expression on CD8+ cells in EMT6 (G) and B16-F10 
(H) tumors (n=5, t-test). The MFI of each molecule was normalized to the MFI of the control group. Mean±SEM; *p<0.05; 
**p<0.01; ***p<0.001; ns, not significant. MFI, mean fluorescence intensity.

https://dx.doi.org/10.1136/jitc-2023-007487
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activity depended on CD8+ T cells. Furthermore, we 
found that the infiltration and proliferation (Ki67+) 
of CD8+ T cells was significantly increased in ALDH2-
knockout tumors (figure  2F–H), indicating that more 
activated CD8+ T cell had been recruited after ALDH2 
inhibition. Intriguingly, ALDH2-knockout also reduced 
the percentage of exhausted CD8+ T cells (PD-1+TIM-3+) 
in tumors, suggesting that the exhausted state of CD8+ 
T cells was reversed by ALDH2 blockade (online supple-
mental figure 2D). However, cell proliferation assay 
showed no statistically difference between sgALDH2 and 
sgNC tumor cells in vitro (online supplemental figure 
2E), indicating that inhibiting ALDH2 did not directly 
affect tumor cell proliferation. Together, these findings 
demonstrate that ALDH2 inhibition might exert anti-
tumor effect by reinvigorating cytotoxic activities of CD8+ 
T cells.

Inhibiting ALDH2 reshapes tumor immune landscape
To gain deeper insights into the global impact of ALDH2 
blockade on TIME, we conducted a comprehensive 
investigation to assess the overall alteration of tumor 
immune landscape after ALDH2 inhibition. Using 
CyTOF, we analyzed CD45+ immune cells in EMT6 
tumors, which revealed the difference in 16 distinct cell 
clusters (figure  3A–B and online supplemental figure 
3A-B). Among these indicated clusters, ALDH2-knockout 
tumors demonstrated significant expansion of CD8+ T 
cell (cluster 1), CD4+ effector T cell (cluster 2), natural 
killer T cell (NKT) (cluster 5), B cell (cluster 6) and 
dendritic cell (DC) 1 (cluster 11), while showing fewer 
M2-like macrophage (cluster 8) and polymorphonuclear 
(PMN)-myeloid-derived suppressor cell (MDSC) (cluster 
10). Consistently, similar changes as observed in CyTOF 
results were detected in EMT6 and B16-F10 tumors by 
flow cytometry. The analysis showed that the infiltration 
of CD4+ T cell and M1-like macrophage was prominently 
increased, accompanied by a notable decrease in the 
proportion of immunosuppressive cells including PMN-
MDSC and M2-like macrophage after ALDH2 inhibition 
(figure  3C and online supplemental figure 3C). These 
findings indicated that inhibiting ALDH2 has the poten-
tial to induce a shift from an immunosuppressive to an 
immune-activating microenvironment.

Furthermore, we used Luminex liquid suspension chip 
detection to compare the cytokine profile differences 
between ALDH2-knockout tumors and control tumors. 
The majority of pro-inflammatory cytokines/chemokines, 
such as IL-2, IL-16, IFN-γ and TNF-α, showed significantly 
higher levels in the ALDH2-knockout tumors compared 
with the control group (figure 3D). In contrast, the levels 
of several known anti-inflammatory/immunosuppressive 
cytokines were decreased. Several of these tested cytokines, 
such as IL-4 and IL-6, had been implicated in recruiting 
MDSCs and influencing on the differentiation of tumor-
associated macrophages (TAMs),31–33 deeply emphasizing 
the significance role of cytokines in reshaping TIME. 
Moreover, to investigate the potential inhibitory effects 

of immunosuppressive cells such as MDSCs and TAMs on 
T-cell activities, we co-cultured CD8+ T cells with myeloid 
cells isolated from sgALDH2 tumors or sgNC tumors. The 
proliferation and cytotoxic activity of CD8+ T cells were 
enhanced in sgALDH2 tumors compared with control 
tumors (figure 3E and online supplemental figure 3D). In 
conclusion, these findings indicate that ALDH2 blockade 
remodels the TIME, potentially leading to enhanced anti-
tumor immunity.

Blocking ALDH2 downregulates VISTA expression on tumor 
cells
To explore the potential mechanism involved in ALDH2-
mediated tumor evasion, we knocked out ALDH2 gene 
expression in the human MDA-MB-231 BRCA cell line, 
which has a high ALDH2 expression level (online supple-
mental figure 4A). Furthermore, we assessed the levels 
of aldehydes, including 4-HNE and MDA, which are 
the major metabolites of ALDH2-mediated aldehyde 
metabolism. It showed a significant increase in ALDH2-
knockout MDA-MB-231, EMT6 and B16-F10 tumor cells 
compared with their respective control medium (online 
supplemental figure 4B). Similarly, the elevated metabo-
lite levels were also detected in ALDH2-knockout EMT6 
and B16-F10 tumors compared with respective control 
tumors (online supplemental figure 4C), underscoring 
the impact of ALDH2 blockade on aldehyde metabolism.

Then, we compared global transcriptomic differences 
between sgALDH2 and control MDA-MB-231 cells using 
RNA sequencing. Knocking out ALDH2 downregulated 
the expression of genes related to negative regulation 
of the immune system, extracellular matrix synthesis 
and T-cell activation. Conversely, genes associated with 
positive regulation of T-cell activation and the immune 
system were upregulated in ALDH2-knockout tumor cells 
(figure 4A). Strikingly, VISTA was one of the major down-
regulated immune checkpoint molecules after ALDH2 
inhibition (figure  4A). In addition, we calculated the 
expression levels of immune checkpoints in BRCA and 
melanoma using bioinformatics analysis based on the 
TCGA data, which showed that immune checkpoints, 
especially VISTA, were highly expressed in ALDH-high 
samples compared with ALDH2-low samples (figure  4B 
and online supplemental figure 4D), suggesting VISTA 
might be a key factor implicated in ALDH2-mediated 
tumor evasion.

Next, we investigated the effect of ALDH2 on VISTA 
expression in multiple tumor cells. We overexpressed 
ALDH2 (ALDH2OE) in MCF7 BRCA cell, which has low 
ALDH2 expression (online supplemental figure 4A). 
Blocking ALDH2 significantly reduced VISTA tran-
scriptional and membrane expression in MDA-MB-
231, EMT6 and B16-F10 tumor cells, whereas VISTA 
expression was increased in ALDH2OE MCF7 cells, 
compared with respective controls (figure 4C–D and 
online supplemental figure 4E-H). Consistently, treat-
ment with ALDH2 inhibitors, disulfiram and 4-HNE, 
markedly inhibited VISTA expression in tumor cells 
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(figure  4E and online supplemental figure 4I). In 
contrast, Alda-1, a selective ALDH2 agonist, enhanced 
VISTA expression (figure  4F). Similarly, we demon-
strated the relationship between ALDH2 and VISTA 
expression in EMT6 and B16-F10 mouse models, where 
reduced VISTA expression was detected on ALDH2-
knockout or disulfiram-treated tumors compared with 

respective controls (figure  4G–H and online supple-
mental figure 4J). Functionally, when sgALDH2 tumor 
cells were co-cultured with T cells, the antitumor 
activity of cytotoxic CD8+ T cell was significantly 
increased compared with those co-cultured with sgNC 
tumor cells. However, it had no additional effect after 
pretreating tumor cells with VISTA blocking antibody 

Figure 3  Inhibiting ALDH2 reshapes tumor immune landscape. (A) T-SNE plot of tumor-infiltrating leukocytes overlaid with 
color-coded clusters from ALDH2-knockout and control EMT6 tumors. (B) Frequency of clusters in indicated immune cell 
subsets from ALDH2 knockout and control tumors (n=5, t-test). (C) Representative quantification of CD4+ T cell, M-MDSC, 
PMN-MDSC, M1-like macrophage and M2-like macrophage of CD45+ live cells in EMT6 (left) and B16-F10 (right) tumors (n=5, 
two-way ANOVA). (D) Heatmap showing the average relative secretion of cytokines/chemokines enriched in ALDH2 knockout 
tumors compared with controls (n=3/group). (E) Representative quantification of IFN-γ+ cell, TNF-α+ cell and PRF1+ cell of 
CD8+ T cell co-cultured with myeloid cell isolated from ALDH2 knockout or control tumors (n=3, two-way ANOVA). Mean±SEM; 
*p<0.05; **p<0.01; ***p<0.001. GM-CSF, granulocyte-macrophage colony-stimulating factor; Tregs, regulatory T cells; t-SNE, 
t-distributed Stochastic Neighbor Embedding.
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(figure 4I and online supplemental figure 4K). These 
results suggested that VISTA acts as a major down-
stream factor of ALDH2 to affect the function of T 
cells. Collectively, all these data indicate that ALDH2 
might upregulate VISTA expression in tumor cells.

ALDH2 maintains VISTA expression by activating the NOD/NF-
κB signaling pathway
In order to identify the regulatory mechanism involved 
in ALDH2-mediated VISTA expression, we reanalyzed 

RNA sequencing results by KEGG and GSEA. We 
found that NOD-like receptor signaling pathway and 
NF-κB signaling pathway were significantly correlated 
with ALDH2 expression (figure  5A–B). The inac-
tivation of the NOD1 pathway was confirmed in 
ALDH2-knockout or ALDH2 inhibitors (disulfiram 
and 4-HNE)-treated tumor cells compared with 
respective controls (figure  5C–D and online supple-
mental figure 5A). Consistently, the expression 

Figure 4  Blocking ALDH2 downregulates VISTA expression on tumor cells. (A) Gene ontology analysis by RNA sequencing 
of ALDH2 knockout and control MDA-MB-231 tumor cells (n=3/group). Heatmap shows the DEGs and associated signatures. 
(B) Expression of immune checkpoints among ALDH2 low and ALDH2 high groups in patients with breast cancer based on the 
TCGA database. (C) Flow cytometry analysis of VISTA expression on ALDH2 knockout and control breast cancer cells (one-way 
ANOVA). (D) Flow cytometry analysis of VISTA expression on ALDH2 overexpression and control breast cancer cells (t-test). 
(E) Flow cytometry analysis of VISTA expression on breast cancer cells treated with ALDH2 inhibitors (disulfiram and 4-HNE) or 
vehicle (one-way ANOVA). (F) Flow cytometry analysis of VISTA expression on breast cancer cells treated with alda1 or vehicle 
(t-test). (G) Flow cytometry analysis of VISTA expression on CD45− cells in ALDH2 knockout and control EMT6 tumors (n=5, t-
test). (H) Flow cytometry analysis of VISTA expression on CD45− cells in disulfiram or vehicle-treated EMT6 tumors (n=5, t-test). 
(I) Percentages of IFN-γ+ cell and PRF1+ cell of CD8+ T cells co-cultured with EMT6 tumor cells pretreated with IgG or anti-
VISTA (10 mg/mL) antibodies (n=3, two-way ANOVA). All in vitro experiments were performed at least three times. Mean±SEM; 
**p<0.01; ***p<0.001, ns, not significant. ICOS, inducible Co-Stimulator.
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of phosphorylated-P65 (p-P65) was significantly 
decreased after the ALDH2 blockade while total P65 
expression showed no change (figure 5C–D and online 
supplemental figure 5A), suggesting that ALDH2 
could activate the NF-κB signaling pathway in tumor 
cells. Furthermore, ML130, an inhibitor of NOD1, 
downregulated the expression of VISTA and p-P65 
in tumor cells (figure  5E and online supplemental 
figure 5B-D). The reduction of VISTA expression 
was also validated by adding QNZ, an NF-κB activa-
tion inhibitor (figure  5F and online supplemental 
figure 5B,E). According to the JASPAR database, the 

VISTA gene promoter was predicted to cover the 
P65 binding site (online supplemental figure 5F). 
To identify this prediction, we performed ChIP assay 
and observed direct bounding of NF-κB to VISTA 
promoter (figure 5G). Additionally, through the lucif-
erase reporter assay, we demonstrated that the expres-
sion of luciferase activity driven by the promoter was 
upregulated on overexpression of P65 (figure  5H). 
However, when mutating the P65 binding site in the 
VISTA promoter, the activity remarkably decreased 
(figure  5H), suggesting that the p65 binding site is 
critical for the basal activity of the VISTA promoter. 

Figure 5  ALDH2 maintains VISTA expression by activating NOD/NF-κB signaling pathway. (A) KEGG enrichment analysis 
of downregulated genes in ALDH2 knockout tumor cells compared with control tumor cells. (B) Enrichment plot of NOD-like 
receptor signaling pathway and NF-κB signaling pathway, identified by gene set enrichment analysis from ALDH2 knockout 
and control tumor cells. (C–D) Western blot analysis of NOD1, total P65 and phosphorylated-P65 expression on ALDH2 
knockout (C) and ALDH2 inhibitors (disulfiram and 4-HNE)-treated (D) tumor cells. GAPDH was used as loading control. (E) Flow 
cytometry analysis of VISTA expression on breast cancer cells treated with ML130 or vehicle (t-test). (F) Flow cytometry analysis 
of VISTA expression on breast cancer cells treated with QNZ or vehicle (n=3, t-test). All in vitro experiments were performed at 
least three times. (G) Chromatin immunoprecipitation analysis of P65 binding to VISTA promoters in tumor cells overexpressing 
P65 (n=3, t-test). (H) Dual luciferase analysis of the effect of P65 expression on the VISTA-mutant promoter in tumor cells 
(n=3, one-way analysis of variance). Mean±SEM; *p<0.01; **p<0.01; ***p<0.001.FDR, false discovery rate; NES, Nintendo 
entertainment system.
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Altogether, these findings demonstrate that ALDH2 
upregulates VISTA expression by stimulating NOD/
NF-κB signaling pathway activation.

Targeting ALDH2 synergizes with ICB therapy
Based on our in vitro evidence that ALDH2 induced 
immune evasion, we sought to investigate whether 

ALDH2 blockade could enhance response to immu-
notherapy. In the EMT6 BRCA mouse model, ICB-
treated ALDH2-knockout tumors exhibited effective 
inhibition of tumor growth compared with other 
groups (figure  6A). Remarkably, mice survival was 
prolonged compared with ICB alone (figure 6A). The 

Figure 6  Targeting ALDH2 synergizes with ICB therapy. (A–B) EMT6 (A) and B16-F10 (B) tumor growth (left) and survival 
analysis (right) of control, ALDH2 knockout, ICB-treated (anti-PD-1 antibody or anti-CTLA-4 antibody) or ICB-treated ALDH2-
knockout mice. n=5 mice/group for tumor volume analysis; n=8 mice/group for survival analysis; two-way ANOVA for tumor 
volume comparison; log-rank test for survival comparison. (C) Quantification of CD8+ T-cell ratios in EMT6 (left) and B16-F10 
(right) tumors (n=5, one-way ANOVA). (D) Percentages of Ki-67+ CD8+ cells in EMT6 (left) and B16-F10 (right) tumors (n=5, one-
way ANOVA). (E–F) Flow cytometry analysis of IFN-γ+CD8+ T cells from EMT6 tumor (E) and B16-F10 tumor (F) (n=5, one-way 
ANOVA). Mean±SEM; *p<0.05; **p<0.01; ***p<0.001; ns, not significant.
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B16-F10 melanoma model showed similar results, 
where combination treatment inhibited tumor growth 
and extended mice survival (figure  6B). Further-
more, ALDH2 blockade plus ICB therapy drastically 
increased the infiltration and proliferation of CD8+ 
T cells (figure 6C–D). Notably, the secretion of IFN-γ 
in CD8+ T cells was significantly increased in combi-
national therapy (figure 6E–F). Additionally, in both 
EMT6 and B16-F10 tumors, CD4+ T cells were also 
markedly increased and MDSCs were decreased with 
combinational therapy compared with control group 
or ICB-treated group (online supplemental figure 
6A,B). These results indicate that ALDH2 inhibi-
tion could synergize with ICB to enhance antitumor 
activity.

Disulfiram enhances the efficacy of ICB therapy
Disulfiram, an inhibitor of ALDH2, has been approved 
by the US Food and Drug Administration for clinical 

application.34 Accumulating studies support that disul-
firam can be repurposed as an adjunctive drug for cancer 
treatment.35–37 Given the synergistic efficacy of ALDH2 
blockade with ICB therapy, we questioned whether disul-
firam would have a similar influence on immunotherapy 
response. In the EMT6 and B16-F10 tumor-bearing mice 
models, we treated the animals with vehicle, ICB, disul-
firam, and combinatorial treatment of disulfiram plus 
ICB, respectively. Disulfiram or anti-CTLA-4 treatment 
both delayed tumor growth in EMT6 tumor model, and 
combinatorial treatment of disulfiram plus anti-CTLA-4 
achieved better efficacy (figure  7A). Remarkably, disul-
firam prolonged mice survival in the EMT6 tumor 
model, and its combination with ICB further extended 
it (figure  7A). Moreover, in the B16-F10 tumor model, 
disulfiram combined with anti-PD-1 also achieved higher 
therapeutic response, which dramatically suppressed 
tumor growth and prolonged mice survival compared 

Figure 7  Disulfiram enhances the efficacy of immune checkpoint blockade therapy. (A) EMT6 tumor growth (left) and survival 
analysis (right) of mice treated with vehicle, disulfiram, anti-CTLA-4, or disulfiram+anti-CTLA-4. n=6 mice/group for tumor 
volume analysis; n=8 mice/group for survival analysis; two-way ANOVA for tumor volume comparison; log-rank test for survival 
comparison. (B) Quantification of CD8+ T cells ratios in EMT6 tumors treated with indicated treatments (n=5, one-way ANOVA). 
(C) B16-F10 tumor growth (left) and survival analysis (right) of mice treated with vehicle, disulfiram, anti-PD-1, or disulfiram+anti-
PD-1. n=6 mice/group for tumor volume analysis; n=8 mice/group for survival analysis; two-way ANOVA for tumor volume 
comparison; log-rank test for survival comparison. (D) Quantification of CD8+ T cells ratios in B16-F10 tumors treated with 
indicated treatments (n=5, one-way ANOVA). (E–F) Representative flow cytometry images and percentages of IFN-γ+ CD8+ T 
cells from EMT6 (E) and B16-F10 (F) tumors (n=5, one-way ANOVA). Mean±SEM; *p<0.05; **p<0.01; ***p<0.001.
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with disulfiram or ICB alone (figure 7C). Then, we inves-
tigated the TIME of these tumor models and found that 
CD8+ T-cell infiltration was significantly increased in 
the disulfiram-treated group compared with the vehicle 
group, and combination therapy further improved this 
effect (figure 7B and D). Notably, the combination therapy 
remarkably enhanced the secretion of IFN-γ in CD8+ T 
cells compared with other groups (figure 7E–F). In addi-
tion, total CD4+ T cells were significantly increased, while 
MDSCs and TAMs were decreased in the combination 
therapy compared with the other groups (online supple-
mental figure 7A,B). In summary, these results suggest 
that disulfiram could enhance the antitumor immune 
response of ICB therapy.

DISCUSSION
ALDH2 is a metabolic enzyme of aldehyde that plays a 
vital role in regulating various biological processes.17 18 
Accumulating studies indicate that ALDH2 has a bidi-
rectional effect on cancer progression. On the one 
hand, aldehydes can activate antigen presentation of 
immune cells and help eliminate tumor cells, which is 
beneficial for tumor regression.38 On the other hand, 
several other lines of evidence support that ALDH2 
deficiency may promote the activation of oncogenic 
signaling pathway and cause cancer progression.39 40 
In our study, we demonstrated that ALDH2 is crit-
ical for tumor growth in BRCA and melanoma mouse 
models. Since T cell-dependent antitumor immu-
nity plays a key role in defensing against cancer,41 we 
found that cancer cell-intrinsic ALDH2 has a powerful 
immune suppressive effect on T-cell function. More-
over, inhibiting ALDH2 could remodel the TIME, 
leading to a shift in TME from immunosuppression to 
immune activation, potentially resulting in the inhibi-
tion of T-cell proliferation and function. Altogether, 
ALDH2 inhibition improved prognosis via reversing 
T-cell suppression and promoting tumor immunity in 
multiple tumors, suggesting that ALDH2 could serve 
as a promising therapeutic target for cancer.

The immune checkpoint is a well-known mechanism used 
by cancer cells to evade immune surveillance.42 VISTA, an 
important immune checkpoint molecule resembling PD-L1, 
has been identified as a selective ligand for immune co-in-
hibitory receptor on T cells, which blocks the activation of 
T cells.43 44 Moreover, VISTA expression correlates with 
poor overall survival in cancer, and might be a novel diag-
nostic biomarker and immunotherapy target for cancer.45 46 
However, the detailed mechanisms involved in VISTA regula-
tion remain unclear. Studies have suggested that VISTA can 
be induced by JAK/STAT pathway-mediated IFN-γ signaling, 
or regulated by NF-kB signaling pathway.47 48 In addition, 
hypoxia can upregulate the expression of VISTA, leading 
to immune suppression and tumor progression.49 In our 
previous study, we proved that histamine, an allergic medi-
ator, promotes VISTA membrane localization by binding to 
histamine receptor H1 on macrophages.28 Here, we found 

that ALDH2 knockout and disulfiram treatment resulted in 
a reduction of both transcriptional and membrane levels of 
VISTA expression, suggesting that ALDH2 could be a crucial 
factor in sustaining VISTA expression on tumors. To be 
noted, we confirmed a significant increase in the essential 
endogenous aldehydic products of ALDH2, such as 4-HNE 
and MDA, following ALDH2 inhibition. Additionally, 4-HNE 
also demonstrated an inhibitory effect on VISTA expression, 
emphasizing that ALDH2-mediated aldehyde metabolism 
facilitates VISTA expression (figure 8).

Increasing evidence has expanded the concept that inflam-
mation is a hallmark of cancer, contributing to the prolifera-
tion, survival, and migration of cancer cells.50 The NOD-like 
receptor (NLR) plays a vital role in inflammation and immu-
nity.51 It participates in the NOD-like receptor signaling 
pathway, which leads to the activation of NF-κB and promotes 
the production of pro-inflammatory cytokines.52 53 More-
over, the NOD/NF-κB pathway has been implicated in the 
regulation of immune checkpoints such as PD-L1.54 55 Here, 
our study demonstrated that inhibiting ALDH2-mediated 
aldehyde metabolism inactivated the NOD/NF-κB signaling 
pathway and resulted in the downregulation of VISTA expres-
sion. Subsequently, we explored the impact of NF-κB on 
VISTA expression. It has been demonstrated that the absence 
of NF-κB reduced the expression of checkpoints such as 
PD-L1.56 Using ChIP and luciferase assays, we identified a 
functional NF-κB binding site in the core promoter region 
of the human VISTA gene, and disrupting this binding site 
significantly reduced the VISTA promoter activity. These 
results highlighted the crucial involvement of inflammatory-
related signaling pathways, especially the NOD/NF-κB 
pathway, in regulating immune checkpoint expression and 
inducing tumor immune evasion.

Now, ICB has been widely used in cancer therapy, but 
unfortunately, most patients with cancer get limited benefit 
from this treatment.8 Accumulating studies are focusing 
on combination treatments to surmount immunotherapy 
resistance and broaden the clinical utility of ICB.57 58 In our 
study, we found that targeting ALDH2 might be an effective 
strategy for improving ICB response via decreasing VISTA 
expression. Disulfiram is a well-established drug that targets 
ALDH2-mediated aldehyde metabolism and has been used 
for decades to treat alcohol dependence due to its safety and 
tolerability.34 It has been reported that the combination of 
disulfiram and copper could inhibit cancer progression by 
modulating cancer stem cell-like properties, inducing oxida-
tive stress, or enhancing DNA damage.59–61 Furthermore, 
it has been demonstrated to enhance biological activity of 
chemotherapeutic or molecular targeted drugs and improve 
the treatment efficacy.62–64 Our data showed that disulfiram 
sensitizes BRCA and melanoma to ICB therapy. It not only 
significantly improved the infiltration of antitumor immune 
cells but also boosted the cytotoxic activities of CD8+ T cells. 
These findings underscore that the potential of ALDH2 
as a therapeutic target for overcoming immunotherapy 
resistance.
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CONCLUSIONS
In conclusion, ALDH2-mediated aldehyde metabolism in 
tumors promotes VISTA expression by activating NOD/
NF-κB signaling pathway, leading to tumor immune 
evasion. Targeting ALDH2 could enhance CD8+ T-cell 
function, retard tumor growth, and improve the response 
to ICB therapy.
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