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Abstract
Background  Resistance to immune checkpoint inhibitors remains a significant challenge in the treatment of cancer. Emerg-
ing evidence suggests that metabolic reprogramming plays a crucial role in tumor metabolism and progression. Our study 
strived to investigate the role and underlying mechanisms of the glutamate transporter SLC1A6 in resistance to immuno-
therapy of cancer.
Methods  Single-cell RNA sequencing was performed on bladder cancer patients receiving neoadjuvant immunotherapy 
to identify the expression of SLC1A6 in treatment-resistant cases. The clinical prognostic value of SLC1A6 in cancer was 
validated using publicly available lung cancer single-cell datasets, as well as transcriptomic data from both bladder and lung 
cancer cohorts. Flow cytometry was employed to assess the impact of SLC1A6 knockdown on the effector function of CD8⁺ 
T cell. In vivo tumor models were used to evaluate the role of SLC1A6 in immunotherapy resistance, with immunofluores-
cence staining performed to examine GZMB⁺ CD8⁺ T cell infiltration.
Results  SLC1A6 was highly expressed in bladder cancer patients resistant to neoadjuvant immunotherapy, and its expression 
was associated with disease progression, poor prognosis, and low immune infiltration. Knockdown of SLC1A6 in tumor cells 
enhanced CD8⁺ T cell effector function. SLC1A6 knockdown also improved the efficacy of immunotherapy and increased 
the infiltration of GZMB⁺ CD8⁺ T cells within the tumor microenvironment.
Conclusions  SLC1A6 plays a critical role in resistance to immunotherapy in cancer. Targeting SLC1A6 may provide a 
promising therapeutic strategy for improving responses to neoadjuvant immunotherapy and advancing combination treat-
ment approaches.
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Introduction

In recent years, immune checkpoint inhibitors (ICIs), par-
ticularly PD-L1/PD-1 inhibitors, have revolutionized cancer 
treatment, showing significant clinical benefits, especially in Chenchen Li, Yi Lin, Haoran Zheng and Hengda Zeng have 
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patients with metastatic disease [1–3]. The efficacy of these 
therapies is primarily attributed to the high immunogenicity 
of cancer, characterized by elevated PD-L1 expression and a 
high tumor mutation burden (TMB) [4]. Increasing evidence 
underscores the pivotal role of immune regulation in cancer 
initiation and progression, with the immune system main-
taining a dynamic balance between tumor-promoting and 
tumor-suppressing responses [5]. Consequently, immune-
based therapeutic strategies have gained considerable atten-
tion in cancer diagnosis and treatment [6]. Recent advances 
in cancer immunology have provided critical insights 
into the complex immune landscape of various malignan-
cies, elucidating the roles of immune cell populations and 
immune effector molecules within the tumor microenvi-
ronment (TME), which are closely associated with clinical 
outcomes [7, 8]. However, despite these advancements, a 
substantial proportion of patients show unresponsive to cur-
rent immunotherapeutic approaches with limited subsequent 
treatment options [9, 10]. The heterogeneity of the TME 
among individuals contributes to variability in responses to 
immune checkpoint blockade, highlighting the urgent need 
to uncover the mechanisms underlying immunotherapy 
resistance and develop novel precision medicine strategies 
for cancer [11, 12].

SLC1A6 (Solute Carrier Family 1 Member 6) is a 
sodium-dependent glutamate transporter primarily involved 
in neuronal function, neuroprotection, and maintaining glu-
tamate homeostasis [13–15]. Emerging evidence suggests 
that SLC1A6 also plays a crucial role in tumor metabolism 
and progression [16–18]. To sustain rapid proliferation, 
tumor cells often undergo metabolic reprogramming, with 
glutamate acting as a key metabolic intermediate essential 
for tumor growth and survival [19]. According to previous 
studies, glutamate metabolism plays a central role in tumor 
progression by fueling glutaminolysis, supporting the tricar-
boxylic acid (TCA) cycle, and maintaining redox balance 
through glutathione biosynthesis, further influencing tumor 
cell plasticity and immune evasion [20–22]. By modulating 
SLC1A6 expression or function, tumor cells can alter glu-
tamate uptake and metabolism, thereby facilitating tumor 
progression, enhancing therapeutic resistance, and promot-
ing metabolic reprogramming and immune evasion. Thus, 
in addition to its well-established role in the nervous system, 
SLC1A6-mediated metabolic regulation in tumor cells rep-
resents a potential therapeutic target.

In this study, we identified SLC1A6 as a key driver of 
immunotherapy resistance in bladder cancer using single-
cell RNA sequencing analysis. Its clinical relevance was 
further supported by analyses of publicly available lung can-
cer single-cell datasets, as well as transcriptomic data from 
both bladder and lung cancer cohorts. Functional assays 
conducted in vitro and in vivo provided additional evidence 
supporting its role in immune evasion and therapeutic 

resistance. Our findings suggest that targeting SLC1A6 may 
represent a promising strategy for improving the efficacy of 
neoadjuvant immunotherapy in cancer.

Methods

Single‑cell RNA sequencing and data processing

Lung cancer single-cell RNA sequencing data were obtained 
from the Gene Expression Omnibus (GEO) repository 
under accession number GSE189357. Raw single-cell RNA 
sequencing data of bladder cancer samples were aligned 
with the GRCh38 human reference genome and processed 
using the Cell Ranger (v3.0, 10 × Genomics). Unique molec-
ular identifier (UMI) counts were quantified, and a gene-
cell barcode matrix was generated for downstream analysis, 
which was then converted into a Seurat object using the Seu-
rat R package (v5.1.0). Low-quality cells were filtered out 
based on the following criteria: (i) fewer than 200 detected 
genes, (ii) more than 6000 detected genes, and (iii) mito-
chondrial UMI counts exceeding 20%. Genes detected in 
fewer than three cells were also removed. After quality con-
trol, the UMI count matrix was log-normalized and scaled. 
Principal component analysis (PCA) was performed using 
the top 3000 variable genes. Harmony (v1.2.3) was applied 
to mitigate potential batch effects. Then, cell clusters were 
identified using the FindClusters function with a resolution 
of 0.5 and visualized using uniform manifold approximation 
and projection (UMAP) plots. Cluster-specific differentially 
expressed genes were identified using the FindAllMarkers 
function and used for cell type annotation. Tumor cells were 
then subset and reclustered for further analysis.

Transcriptomic data analysis

Transcriptomic sequencing was performed on 47 blad-
der cancer patients from Sun Yat-sen Memorial Hospital 
(SYSMH). The TCGA datasets of bladder cancer and lung 
cancer were downloaded from “https://​www.​cancer.​gov/​
ccg/​resea​rch/​genome-​seque​ncing/​tcga”. The optimal cutoff 
for SLC1A6-based survival grouping was determined using 
the surv_cutpoint function from the survminer R package 
(v0.4.9). Kaplan–Meier survival curves were generated, and 
log-rank tests were used to assess statistical significance. 
Immune infiltration analysis was performed using the 
CIBERSORT (v0.1.0), ESTIMATE (v1.0.13), and GSVA 
(v1.46.0) R packages.

Gene set enrichment analysis (GSEA)

GSEA was performed using the clusterProfiler R package 
(v4.12.6). The ranked gene list was generated based on log2 

https://www.cancer.gov/ccg/research/genome-sequencing/tcga
https://www.cancer.gov/ccg/research/genome-sequencing/tcga
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fold-change values obtained from differential expression anal-
ysis using the DESeq2 package (v1.44.0). The reference gene 
sets were downloaded from “https://​www.​gsea-​msigdb.​org/​
gsea/​msigdb”.

Cell lines and cell culture

HEK293T cell line (RRID: CVCL_0063) and murine Lewis 
lung carcinoma cell line LLC (RRID: CVCL_4358) were 
obtained from the American Type Culture Collection (ATCC), 
and the murine bladder cancer cell line MB49 (RRID: 
CVCL_7076) was obtained from Millipore. HEK293T cells, 
LLC cells, and MB49 cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM), contained 10% fetal bovine 
serum (FBS), 100 U/ml penicillin, and 100 μg/ml streptomycin 
(HyClone, Thermo, USA). All cells were cultured in a humidi-
fied atmosphere of 5% CO2 at 37 °C. All cell lines used in this 
study were tested for mycoplasma contamination and found 
to be negative.

For in vitro experiments, exogenous glutamate (MCE, 
HY-14608) was added to the culture system at a concentra-
tion of 1 mM.

Lentivirus preparation and transduction

The forward sequence of the shRNA targeting SLC1A6 is 
CCG​GCG​GCA​TCC​TAA​TGG​TTA​CCA​TCT​CGA​GAT​GGT​
AAC​CAT​TAG​GAT​GCC​GTT​TTTG, and the reverse sequence 
is AAT​TCA​AAA​ACG​GCA​TCC​TAA​TGG​TTA​CCA​TCT​
CGA​GAT​GGT​AAC​CAT​TAG​GAT​GCCG. shRNA sequence 
targeting SLC1A6 was encoded in pLKO.1-puro lentiviral 
vectors. For lentiviral production, HEK293T cells were co-
transfected with the pLKO.1-shRNA plasmid, the packaging 
plasmid psPAX2, and the envelope plasmid pMD2.G at a 
ratio of 4:3:1, using polyethyleneimine (PEI) reagent (Sigma-
Aldrich) according to the manufacturer’s protocol. After 48 h 
post-transfection, lentiviral supernatants were collected, fil-
tered through a 0.45-µm membrane, and concentrated using 
ultracentrifugation.

For lentiviral transduction, MB49 cells or LLC cells were 
seeded at a density of 5 × 105 cells per well in a 6-well plate, 
and transduced with lentiviral supernatants in the presence 
of 8 µg/mL polybrene. After 48 h of incubation, the cul-
ture medium was replaced with fresh complete DMEM to 
remove residual viral particles. Transduction efficiency was 
validated by qRT-PCR and western blot to confirm SLC1A6 
knockdown.

Isolation and culture of primary mouse T cells

Primary mouse T cells were harvested from the spleens of 
C57BL/6 mice under sterile conditions. Single-cell suspen-
sions were prepared by gently pressing the organs through a 
70-µm mesh filter. Red blood cells were lysed using RBC lysis 
buffer. T cells were isolated using a CD3 T cell isolation kit 
(BioLegend) following the manufacturer's protocol. Briefly, 
the cell suspension was incubated with biotin antibody cock-
tail specific for non-CD3+ cell markers, followed by incuba-
tion with magnetic beads coated with anti-biotin antibodies. 
CD3+ T cells were then separated using a magnetic column 
and eluted.

Isolated CD3+ T cells were eluted from the column and 
resuspended in complete RPMI-1640 medium (containing 
10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, 100 
U/ml mouse recombinant IL-2) and plated in 24-well or 6-well 
plates. The cells were activated by adding 1 µg/mL anti-CD3 
(Biogems Cat# 05112-25, RRID: AB_3099697) and 1 µg/mL 
anti-CD28 (Biogems Cat# 10312-25, RRID: AB_3099698). 
The cells were cultured in a humidified incubator at 37 °C 
with 5% CO2. After 3–4 days, the cells were harvested for 
downstream analyses.

qRT‑PCR

RNA was extracted from cells by TRIzol reagent (Thermo 
Fisher Scientific).  RNA concentration and quality were 
assessed using a NanoDrop 2000 (Thermo Fisher Scientific). 
RNA was reverse-transcribed with HiScript III RT Super-
Mix (Vazyme), and ChamQ Universal SYBR qPCR Master 
Mix (Vazyme) was used to amplify cDNA according to the 
manufacturer’s standard protocol. LightCycler 480 real‐time 
instrument (Roche, Germany) was applied to perform the real‐
time qPCR. Relative gene expression levels were determined 
using the 2−ΔΔCt method after normalizing to β-actin levels. 
All primer sequences are provided in Table 1.

Western blotting

Lysates of cells were prepared in RIPA buffer (CW2333S, 
CWBio) supplemented with protease and phosphatase inhibi-
tors. Protein concentration was measured by BCA Protein 
Assay (Thermo Fisher, 23227). Then, proteins were resolved 
by SDS-PAGE after adding loading buffer and transferred 
onto polyvinylidene difluoride (PVDF) membranes. The 
PVDF membranes were blocked with 5% skimmed milk for 

Table 1   Primer sequences for 
qRT-PCR

Gene Forward (5′–3′) Reverse (5′–3′)

β-Actin CAT​TGC​TGA​CAG​GAT​GCA​GAAGG​ TGC​TGG​AAG​GTG​GAC​AGT​GAGG​
Slc1a6 AGC​AGC​CAC​GGC​AAT​AGT​C ATG​CCA​AGC​TGA​CAC​CAA​TGA​

https://www.gsea-msigdb.org/gsea/msigdb
https://www.gsea-msigdb.org/gsea/msigdb
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1 h at room temperature and incubated with the corresponding 
primary antibodies at 4 °C overnight. The primary antibod-
ies used for western blot consisted of anti-SLC1A6 (1:2000, 
Proteintech Cat# 12876-1-AP, RRID: AB_10642147) and 
anti-GAPDH (1:50,000, Proteintech Cat# 60004-1-Ig, RRID: 
AB_2107436). The next day, PVDF membranes were incu-
bated with secondary antibodies, and protein signals were 
visualized using the UltraSignal ECL reagent (4AW011, 4A 
Biotech) to determine expression levels.

Flow cytometry

Cells were harvested and washed with ice-cold PBS. For 
surface staining, cells were incubated with fluorophore-
conjugated antibodies targeting specific surface markers 
for 30 min at 4 °C protected from light. For intracellular 
staining, the Foxp3/Transcription Factor Staining Buffer Set 
(Thermo Fisher Scientific) was used for fixation and permea-
bilization. After permeabilization, cells were stained with 
antibodies targeting intracellular targets for 30 min at 4 °C. 
The following antibodies were used: anti-CD8a APC (Bio-
Legend Cat# 162305, RRID: AB_2927947) and anti-GZMB 
FITC (BioLegend Cat# 515403, RRID: AB_2114575). 
Prior to acquisition, samples were filtered through a 40-μm 
cell strainer to ensure a single-cell suspension. Data were 
acquired and analyzed on CytoFLEX (Beckman Coulter).

CCK8 assay

Cell proliferation was assessed using the CCK8 assay 
(Biosharp). MB49 cells or LLC cells were seeded into 
96-well plates at 5 × 103 cells per well and incubated over-
night. Cells were then treated with different conditions. 
After incubation, 10 µL of CCK8 solution was added to each 
well at different time points, and cells were further incubated 
for an additional 2 h. Absorbance was measured at 450 nm 
using a microplate reader.

Transwell migration assay

For migration assays, MB49 cells or LLC cells were sus-
pended in 200 µL serum‐free medium and seeded in the 
upper chambers (8-μm pore, Corning). A total 700  µL 
medium with 10% FBS was added into the lower chambers. 
After incubation for 24 h with 5% CO2 at 37 °C, the cells 
in the upper chamber were removed. Then, the cell culture 
inserts were gently washed by PBS and invaded cells on the 
lower surface were fixed by 4% paraformaldehyde. Finally, 
the cells were stained with crystal violet for photographing 
and counting.

Detection of glutamate

Glutamate levels were quantified using a Glutamic acid 
ELISA Kit (CB10320-Mu) according to the manufacturer's 
protocol. Briefly, 50 µL of cell lysates, supernatants, or 
standard solutions, along with 100 µL of HRP-conjugate 
reagent, were added to pre-coated 96-well plates and incu-
bated for 1 h at 37 °C. After washing, chromogen solution 
was added and incubated for 15 min at 37 °C. The reaction 
was stopped with 50 µL of stop solution, and the absorbance 
was measured at 450 nm. Glutamate levels were determined 
by comparing the OD values of samples with the standard 
curve.

Animals

Female C57BL/6 mice (4–5 weeks old) were maintained in 
a specific pathogen-free (SPF) barrier facility at the Labora-
tory Animal Center, Guangzhou LingFu TopBiotech. Co., 
LTD (Guangzhou, China). MB49 or LLC cells were trypsi-
nized, counted, and subcutaneously injected into the dorsal 
flank of each mouse (5 × 105 cells per mouse) to establish 
a tumor model. Starting on day 3, mice received intraperi-
toneal injections of 200 μg PD-1 blocking antibody (Bio 
X Cell Cat# BE0146, RRID: AB_10949053) or 200 μg 
PD-L1 blocking antibody (Bio X Cell Cat# BE0101, RRID: 
AB_10949073) every three days for a total of six doses, 
and an equal dose of isotype antibody (Bio X Cell Cat# 
BE0089, RRID: AB_1107769) was used for control. Tumor 
growth was monitored every three days using a caliper, and 
tumor volume was calculated as 0.5 × L × W2, where L rep-
resents tumor length and W represents tumor width. Mice 
were killed on day 21, and tumor tissues were harvested and 
weighed for subsequent analysis.

Immunofluorescence staining

All tissue sections were deparaffinized in xylene and rehy-
drated through a graded series of ethanol. Antigen retrieval 
was conducted using citrate buffer (pH 6.0) in a pressure 
cooker for 20 min. To minimize nonspecific binding, the 
sections were blocked with 5% BSA for 30 min at room 
temperature. Primary antibodies diluted in blocking solu-
tion were incubated with the sections overnight at 4 °C in a 
humidified chamber. The tissues were then incubated with 
fluorochrome-conjugated secondary antibodies for 1 h at 
room temperature protected from light. Subsequentially, 
DAPI was used for counterstaining the nuclei. Automated 
Quantitative Pathology Imaging System (Akoya Vectra 
Polaris) was used to obtain the images. Three random 
fields of view per section were analyzed. The primary 
antibodies used for immunofluorescence staining consisted 
of anti-CD8α (1:2000, Cell Signaling Technology Cat# 
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98941, RRID: AB_2756376), anti-GZMB (1:1000, Cell 
Signaling Technology Cat# 44153, RRID: AB_2857976).

Statistical analysis

All statistical graphs and corresponding statistical analyses 
were performed using GraphPad Prism 9 software, and 
error bars indicate S.E.M. or S.D., unless otherwise indi-
cated. The statistical significance of differences between 
groups was determined by unpaired Student's t test, one‐
way ANOVA, or two‐way ANOVA. All other statistical 
analyses in the present study were performed using R 
(version 4.4.0). Calculated P values were given by num-
ber and asterisk(s). *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001.

Results

Single‑cell RNA sequencing analysis of neoadjuvant 
immunotherapy in bladder cancer patients

To investigate the factors associated with resistance to neo-
adjuvant immunotherapy in bladder cancer, we performed 
single-cell RNA sequencing analysis on eight bladder can-
cer patients who underwent neoadjuvant immunotherapy, 
including four immunotherapy-sensitive cases and four 
immunotherapy-resistant cases (Fig. 1A). Following strict 
quality control measures and standard single-cell analysis 
workflows, including batch effect correction and dimen-
sionality reduction, unsupervised clustering identified 20 
cell clusters in total (Fig. S1A). These clusters were classi-
fied into eight major cell types based on canonical markers: 

Fig. 1   Single-cell transcriptomic profiling of neoadjuvant immuno-
therapy response in bladder cancer. A Overview of the study design 
and flowchart of the single-cell RNA sequencing analysis of eight 
bladder cancer samples (therapy-sensitive, n = 4; therapy-resistant, 
n = 4). B Uniform Manifold Approximation and Projection (UMAP) 
plot displaying the major cell types from all samples. Each dot rep-

resents an individual cell, with eight distinct colors indicating differ-
ent cell populations. C UMAP plot of patient grouping based on the 
outcome of neoadjuvant therapy. D Stacked bar plot illustrating the 
proportions of major cell types in the sensitive and resistant groups. E 
Bubble plot depicting the expression of marker genes for each major 
cell type
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epithelial cells (tumor cells) (EPCAM), T cells (CD3D, 
GZMB), B cells (CD79A, MS4A1), plasma cells (JCHAIN), 
myeloid cells (LYZ, CD68), mast cells (TPSAB1), fibro-
blasts (FAP, COL1A1), and endothelial cells (VWF) 
(Fig. 1B). Notably, the majority of the cellular population 
in immunotherapy-resistant patients consisted of tumor cells, 
while T cell subsets demonstrated reduced proportions in 
the neoadjuvant immunotherapy-resistant group (Fig. S1B, 
Fig. 1C, D). The key marker molecules used to annotate the 
cell subpopulations are depicted in Fig. 1E and Fig S1C.

SLC1A6 is associated with immunotherapy 
resistance in bladder cancer

To further identify key molecules related to neoadjuvant 
immunotherapy resistance in bladder cancer, we performed 
reclustering of epithelial cells, which revealed seven distinct 
tumor subclusters (Fig. 2A). A comparative analysis of the 
subcluster composition between the treatment-resistant and 
treatment-sensitive groups showed specific enrichment of 
the tumor_c7 subcluster in the resistant group (Fig. 2B). 

The key marker genes defining each tumor subcluster are 
presented in Fig. 2C and Figure S2A.

Subsequently, we conducted differential expression analy-
sis of tumor cells between the sensitive and resistant groups. 
Among the top upregulated genes in the resistant group, 
SLC1A6 was identified (Fig. S2B). Notably, SLC1A6 was 
specifically expressed in the tumor_c7 subcluster, which was 
specifically enriched in the immunotherapy-resistant group 
(Fig. 2D, Fig. S2C). Gene Set Enrichment Analysis (GSEA) 
of differentially expressed genes in the tumor_c7 subcluster 
revealed the downregulation of immune activation pathways 
compared to other clusters (Fig. 2E). Collectively, these find-
ings suggest that SLC1A6 is associated with neoadjuvant 
immunotherapy resistance in bladder cancer.

Furthermore, we validated our findings in lung cancer 
dataset. Applying the consistent analytical pipeline, tumor 
cells were extracted and reclustered into four malignant sub-
clusters, with subcluster c3_tumor demonstrating exclusive 
upregulation of SLC1A6 (Fig. S3A-B). GSEA revealed 
negative correlation between c3_tumor and immune-related 
pathways, recapitulating our observations in bladder cancer 
(Fig. S3C).

Fig. 2   SLC1A6 is associated with immunotherapy resistance in 
bladder cancer. A UMAP plot depicting tumor cell subclusters after 
reclustering. B Stacked bar plot illustrating the proportions of tumor 
cell subclusters in the sensitive and resistant groups. C Violin plot 

showing marker genes for each tumor cell subcluster after recluster-
ing. D UMAP density plot illustrating the expression of SLC1A6. E 
GSEA results illustrating the enriched pathways between the tumor_
c7 subcluster and other tumor subclusters
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Correlation of SLC1A6 expression with bladder 
cancer progression and immune infiltration

To further evaluate the clinical significance of SLC1A6 in 
bladder cancer, we collected and analyzed data from TCGA 
database. Our findings revealed that SLC1A6 expression was 
significantly higher in tumor tissues than in normal tissues 
(Fig. 3A). Additionally, we compared SLC1A6 expression 
levels across different pathological T and N stages in bladder 
cancer patients and observed a positive correlation between 
SLC1A6 expression and advanced pathological T and N 
stages, with higher expression levels associated with disease 
progression (Fig. 3B, C). Next, we stratified bladder cancer 
patients into SLC1A6-low and SLC1A6-high expression 
groups based on expression levels. Survival analysis showed 
that patients in the SLC1A6-low group had a better progno-
sis than those in the SLC1A6-high group (Fig. 3D). GSEA 
further revealed that low SLC1A6 expression was associ-
ated with immune activation pathways (Fig. 3E, F). We then 
applied the CIBERSORT, ESTIMATE, and ssGSEA algo-
rithms to assess immune infiltration in both groups (Fig. 3G, 
H). The results showed that the SLC1A6-low group exhib-
ited higher immune infiltration scores and ESTIMATE 
scores, suggesting enhanced immune infiltration and reduced 
tumor purity. Furthermore, the SLC1A6-low group exhib-
ited increased infiltration of immune cells, particularly those 
with antitumor activity, such as T cells (including helper and 
cytotoxic T cells) and natural killer (NK) cells. We further 
validated our findings using transcriptomic data from blad-
der cancer patients in our institution. Consistent with previ-
ous analyses, the SLC1A6-high group exhibited downregu-
lation of immune activation-related pathways (Fig. S4A-B). 
Additionally, pathway enrichment analysis revealed a signifi-
cant association between high SLC1A6 expression and glu-
tamate metabolism-related pathways, suggesting a potential 
link between SLC1A6 and glutamate metabolism. Further-
more, no significant differences in SLC1A6 expression were 
observed across different molecular pathological subtypes 
(Fig. S4C). We further validated the clinical relevance of 
SLC1A6 in lung cancer samples from the TCGA database, 
recapitulating consistent observations (Fig. S4D-F).

Collectively, these findings suggest that SLC1A6 is 
associated with tumor progression and the formation of an 
immunosuppressive tumor microenvironment.

SLC1A6 of tumor cells competitively uptake 
glutamate to reduce the effector function of CD8+ T 
cells

Building on our previous analyses, we employed an in vitro 
co-culture model to validate the impact of SLC1A6 expres-
sion in tumor cells on T cell effector function. First, we 
knocked down SLC1A6 in the mouse bladder cancer cell 

line MB49. RT-qPCR results confirmed a significant reduc-
tion in SLC1A6 mRNA levels in MB49shSLC1A6 cells com-
pared to MB49shNC cells (Fig. S5A). Western blot analysis 
further corroborated the downregulation of SLC1A6 protein 
expression in MB49shSLC1A6 cells (Fig. S5B). Knockdown of 
SLC1A6 slowed the growth rate of MB49 cells, while the 
addition of glutamate to the control group MB49shNC cells 
enhanced their growth ability (Fig. S5C). Similarly, SLC1A6 
knockdown reduced the migration ability of MB49 cells, 
whereas the addition of glutamate enhanced their migra-
tion potential (Fig. S5D). Consistent experimental para-
digms were applied in murine Lewis lung carcinoma (LLC) 
cells. Glutamate supplementation enhanced cellular prolif-
eration and migration capacities, whereas SLC1A6 knock-
down significantly attenuated these oncogenic phenotypes 
(Fig. S5E-H).

Next, we measured glutamate levels in MB49shNC and 
MB49shSLC1A6 cells and their culture supernatants. Gluta-
mate content in MB49shSLC1A6 cells was decreased, while 
the glutamate level in the supernatant was increased 
(Fig. 4A, B). These results suggest that tumor cell SLC1A6 
enhances the growth and migration abilities of tumor cells 
by facilitating the uptake of exogenous glutamate. We 
speculated whether glutamate might influence the effector 
function of T cells. Flow cytometry analysis showed that 
the addition of exogenous glutamate increased the propor-
tion of GZMB+CD8+ T cells (Fig. 4C, D). Next, we sepa-
rately added the conditioned medium from MB49shNC and 
MB49shSLC1A6 cells to primary mouse T cells. Flow cytom-
etry analysis revealed a higher proportion of GZMB+CD8+ 
T cells in the MB49shSLC1A6 group compared to the 
MB49shNC group. Moreover, the addition of glutamate to 
the MB49shNC conditioned medium increased the proportion 
of GZMB+CD8+ T cells (Fig. 4E, F). The above results sug-
gest that tumor cell SLC1A6 reduces the effector function of 
CD8+ T cells by competitively taking up glutamate, while 
both exogenous glutamate supplementation and reduced 
expression of SLC1A6 in tumor cells enhance the effector 
function of CD8+ T cells.

Knockdown of SLC1A6 in MB49 cells enhances 
the efficacy of anti‑PD‑1 immunotherapy

To investigate the impact of SLC1A6 knockdown on anti-
PD-1 immunotherapy, we established a subcutaneous tumor 
model with MB49 cells. Mice were injected with MB49shNC 
or MB49shSLC1A6 cells, followed by treatment with anti-
PD-1 antibodies or IgG as a control (Fig. 5A). Our results 
demonstrated that SLC1A6 knockdown inhibited tumor 
growth to some extent. While anti-PD-1 therapy alone 
exhibited partial therapeutic efficacy in the MB49 tumor 
model, the combination of SLC1A6 knockdown and anti-
PD-1 treatment significantly enhanced tumor suppression 
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(Fig.  5B–D). Furthermore, immunofluorescence analy-
sis revealed higher infiltration of GZMB+CD8+ T cells in 
tumors of the MB49shSLC1A6 group receiving anti-PD-1 
treatment (Fig. 5E, F). These findings suggest that SLC1A6 

knockdown significantly augments the therapeutic efficacy 
of anti-PD-1 immunotherapy in bladder cancer. To fur-
ther confirm the role of SLC1A6 knockdown in enhanc-
ing immunotherapy efficacy, we also validated this finding 
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in LLC murine models (Fig. S6A). SLC1A6 knockdown 
significantly enhanced the therapeutic efficacy of anti-PD-
L1, as evidenced by attenuated tumor growth and reduced 
tumor mass (Fig. S6B-D). In conclusion, targeted SLC1A6 
suppression synergistically potentiates immune checkpoint 
inhibition, as evidenced by improved therapeutic response 
metrics.

Discussions

In recent years, ICIs have achieved remarkable break-
throughs in cancer treatment, offering durable survival 
benefits for patients with advanced disease [23, 24]. As a 
crucial therapeutic approach, neoadjuvant therapy aims 
to control tumors prior to surgery via systemic treatment, 
thereby reducing postoperative recurrence and metastasis 
while improving overall survival (OS) and disease-free sur-
vival (DFS) [25, 26]. The advent of novel ICIs, including 
nivolumab, atezolizumab, pembrolizumab, and avelumab, 
has significantly expanded treatment options, offering 
renewed hope for patients with advanced bladder cancer 
[27–29]. However, despite these advancements, tumor het-
erogeneity and acquired resistance to ICIs remain formidable 
challenges that limit therapeutic efficacy. Addressing these 
challenges requires a deeper understanding of bladder can-
cer heterogeneity and the development of precision-based 
combination strategies tailored to individual patient profiles 
[30–33]. Therefore, elucidating the molecular mechanisms 
underlying immunotherapy resistance is paramount for the 
advancement of more effective therapeutic approaches [34].

Beyond its classical role as a neurotransmitter in the cen-
tral nervous system, glutamate has emerged as a pivotal reg-
ulator of immune responses and tumor immunotherapy [35, 
36]. Within the TME, glutamate exerts its influence through 
high-affinity transporters of the SLC1A family, including 

SLC1A1, SLC1A2, SLC1A3, SLC1A6, and SLC1A7, as 
well as through N-methyl-D-aspartate (NMDA) receptors, 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptors, and metabotropic glutamate receptors 
(mGluRs) [13, 19]. Moreover, glutamate-mediated meta-
bolic reprogramming plays a crucial role in modulating T 
cell activation, migration, cytokine secretion, and immune 
surveillance by altering intracellular calcium homeostasis 
and cellular metabolism [37, 38]. Previous studies have dem-
onstrated that glutamate-derived metabolites γ-aminobutyric 
acid (GABA) secreted by B cells can promote the differen-
tiation of monocytes into anti-inflammatory macrophages, 
thereby attenuating cytotoxic T cell responses and facili-
tating tumor immune evasion [39, 40]. Beyond glutamate 
metabolism, other metabolic pathways, such as tryptophan-
kynurenine metabolism and lipid metabolism, have also 
been implicated in immune evasion by suppressing T cell 
activity and promoting an immunosuppressive TME [41, 
42]. Notably, the kynurenine pathway exerts its effects by 
engaging aryl hydrocarbon receptor (AhR) signaling, while 
lipid metabolic reprogramming facilitates the accumulation 
of immunosuppressive macrophages and regulatory T cells 
[42, 43]. Although therapeutic agents targeting glutamate 
metabolism, its transporters, and associated signaling path-
ways have been developed, their clinical efficacy in cancer 
patients remains to be fully elucidated [13]. As our under-
standing of glutamate signaling and its interaction with 
tumor cells and CD8⁺ T cells continues to advance, targeted 
modulation of glutamate metabolism may provide novel 
strategies to enhance tumor immunotherapy and improve 
patient outcomes.

In this study, we identified the glutamate transporter 
SLC1A6 as a key mediator of immunotherapy resist-
ance in bladder cancer using single-cell RNA sequencing 
analysis. The clinical significance of SLC1A6 was further 
validated using lung cancer single-cell datasets, as well 
as transcriptomic data from both bladder and lung cancer 
cohorts, followed by in vitro and in vivo functional assays, 
confirming its role in promoting resistance to neoadju-
vant immunotherapy in cancer. Although previous stud-
ies have implicated SLC1A6 in various malignancies, its 
precise functional contributions remain poorly understood 
[16–18, 44]. The glutamate metabolic pathways medi-
ated by SLC1A6 in tumor cells are highly intricate and 
may involve GABA synthesis, glutamine production, and 
TCA cycle regulation. These metabolic intermediates can 
directly influence tumor cell physiology or be secreted 
into the TME, where they modulate CD8⁺ T cell func-
tion and contribute to immune resistance [20, 45, 46]. 
Building on this, therapeutic strategies targeting SLC1A6 
expression or function may restore immune cell activity, 
enhance tumor antigen recognition, and improve antitumor 
immune responses. Notably, a study on low-grade gliomas 

Fig. 3   Correlation of SLC1A6 expression with bladder cancer pro-
gression and immune infiltration. A Violin plot showing the differ-
ential expression of SLC1A6 between bladder cancer and normal 
tissues from the TCGA database. B,C Violin plots showing SLC1A6 
expression across different pathological T (B) and N (C) stages in 
bladder cancer patients from the TCGA database. D Overall survival 
curve of bladder cancer patients in the SLC1A6-low and SLC1A6-
high expression groups from the TCGA database. E Volcano plot 
of differentially expressed genes enriched in the SLC1A6-low and 
SLC1A6-high groups in bladder cancer samples from the TCGA 
database. F GSEA results illustrating the enriched pathways between 
the SLC1A6-low and SLC1A6-high groups from the TCGA database. 
G CIBERSORT immune cell composition scores of the SLC1A6-low 
and SLC1A6-high expression groups in bladder cancer patients from 
the TCGA database. H ESTIMATE scores comparing the SLC1A6-
low and SLC1A6-high groups in bladder cancer patients from the 
TCGA database. I ssGSEA-derived immune infiltration scores for 
the SLC1A6-low and SLC1A6-high groups in bladder cancer patients 
from the TCGA database

◂
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reported that reduced SLC1A6 expression was associ-
ated with increased immune cell infiltration and height-
ened sensitivity to immune checkpoint blockade therapy 
[47], which aligns with our observations. Furthermore, 
research on nasopharyngeal carcinoma has demonstrated 
that radioresistant tumor cells exhibit diminished sensitiv-
ity to chemotherapy, potentially due to increased SLC1A6 
expression, which upregulates drug resistance genes and 
reduces cisplatin sensitivity [44]. Zou et al. [17] identified 
SLC1A6 as an independent prognostic factor for poor out-
comes in bladder cancer, a conclusion further supported 
by Wang et al. [48], who reported that elevated SLC1A6 
expression correlates with a higher risk of muscle-invasive 
bladder cancer and shorter survival.

Despite the significant clinical implications of SLC1A6 
in cancer immunotherapy, this study has several limita-
tions. First, the current findings are primarily derived from 
bladder cancer and partially validated in lung cancer, lim-
iting the generalizability of our conclusions across other 
tumor types. Future studies involving a broader spectrum 
of cancers are necessary to determine whether the immu-
noregulatory role of SLC1A6 is conserved across malig-
nancies. Additionally, the precise mechanisms by which 
SLC1A6 and glutamate metabolism regulate CD8⁺ T cell 
function remain to be fully elucidated. Future research 
should focus on identifying the key molecular pathways 
and biological processes that govern SLC1A6-mediated 
immune evasion and immunotherapy resistance. Finally, 

Fig. 4   Knockdown of SLC1A6 
in MB49 cells enhances CD8+ 
T cells effector function. A The 
glutamate levels in the lysates 
of MB49shNC and MB49shSLC1A6 
cells. B The glutamate levels 
in the culture supernatant of 
MB49shNC and MB49shSLC1A6 
cells. C Flow cytometry 
representative image show-
ing the effect of exogenous 
glutamate on mouse primary 
T cells. D Flow cytometry 
statistical analysis showing the 
effect of exogenous glutamate 
on mouse primary T cells. E 
Flow cytometry representa-
tive image showing the effect 
of conditioned medium from 
MB49shNC and MB49shSLC1A6 
cells on mouse primary T cells. 
F Flow cytometry statistical 
analysis showing the effect 
of conditioned medium from 
MB49shNC and MB49shSLC1A6 
cells on mouse primary T cells. 
Glu: glutamate
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in the context of precision oncology, continued efforts 
should focus on developing and systematically evaluating 
therapeutic strategies targeting SLC1A6, with particular 
attention to their efficacy and safety in diverse, real-world 
clinical settings.

In conclusion, our study identifies SLC1A6 as a novel 
biomarker and potential therapeutic target in cancer, provid-
ing valuable insights into its prognostic significance. Target-
ing SLC1A6 may offer a promising strategy to overcome 
resistance to neoadjuvant immunotherapy and facilitate the 

development of combination treatment approaches, ulti-
mately improving therapeutic outcomes in cancer.
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