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Abstract

The functional state of CD8" T cells determines the therapeutic efficacy of PD-1 blockade antibodies in tumors. Amino
acids are key nutrients for maintaining T cell antitumor immunity. In this study, we used samples from lung cancer patients
treated with PD-1 blockade antibodies to assay the amino acids in their serum by mass spectrometry. We found that lung
cancer patients with high serum taurine levels generally responded to PD-1 blockade antibody therapy, in parallel with the
secretion of high levels of cytotoxic cytokines (IFN-y and TNF-a). CD8* T cells cultured with exogenous taurine exhibited
decreased apoptosis, enhanced proliferation, and increased secretion of cytotoxic cytokines. High SLC6A6 expression in
CD8* T cells was positively associated with an effector T cell signature. SLC6A6 knockdown limited the function and
proliferation of CD8" T cells. RNA sequencing revealed that SLC6A6 knockdown altered the calcium signaling pathway,
oxidative phosphorylation, and T cell receptor signaling in CD8* T cells. Furthermore, taurine enhanced T cell proliferation
and function in vitro by stimulation of PLCy1-mediated calcium and MAPK signaling. Taurine plus immune checkpoint
blockade antibody significantly attenuated tumor growth and markedly improved the function and proliferation of CD8*
T cells in a mouse tumor model. Thus, our findings indicate that taurine is an important driver for improving CD8* T cell
immune responses and could serve as a potential therapeutic agent for cancer patients.
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Introduction

CDS8™ T cells are crucial for the control of tumors, but CD8*
T cells exhibit an exhaustion signature during the develop-
ment of tumors, with high expression of inhibitory recep-
tors (e.g., PD-1, CTLA4, and Tim-3) and low secretion of
cytotoxic cytokines (e.g., IFN-y, TNF-«, and Granzyme B)
[1, 2]. Immune checkpoint antibody-mediated blocking of
PD-1 is an effective strategy for the treatment of cancers,
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as it enhances the clinical responses of CD8* T cells [3-5].
However, many patients do not respond to PD-1 block-
ade antibody therapy [6—8]. Although several factors have
been reported to mediate resistance to PD-1 blockade anti-
body therapy and impair T cell immune responses, such
as P-catenin activation [9], vascular endothelial growth
factor-A expression [10]-], and CD73 expression in serum
exosomes [11], whether metabolites affect the therapeutic
efficacy of PD1 blockade antibodies by reducing T cell
antitumor function is unclear. Therefore, there is a need to
investigate the key metabolites in patients who are able to
mount a T cell immune response following PD-1 blockade
with antibodies.

Metabolite utilization is particularly crucial for T cell
antitumor responses because the metabolite profile often
becomes unbalanced in patients with different cancers [12,
13]. Glucose limitation as a result of consumption by tumor
cells restricts the activation, immune function, and survival
of T cells [14, 15]. In addition to glucose, amino acids are
critical regulators of the cytotoxic response of T cells. It
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has been shown that serum methionine levels are lower in
cancer patients than in healthy donors, and methionine defi-
ciency impairs T cell function [16]. Asparagine promotes
CD8* T cell activation and antitumor responses by enhanc-
ing LCK signaling [17] and glutamine metabolism increases
the cytotoxic response of CD8* T cells [18]. These studies
have demonstrated the regulatory roles of amino acids in
T cell immune responses. Thus, a better understanding of
amino acid changes during PD-1 blockade antibody therapy
is paramount for improving outcomes in cancer patients.

Taurine is a sulfur-containing amino acid in animals that
exists in a free form, although it is not involved in protein
synthesis [19]. As early as 1990, a study showed that tau-
rine could promote T and B cell proliferation [20]. Taurine
has also been reported to attenuate T cell apoptosis medi-
ated by activation-induced cell death [21] and to enhance T
cell immune function [22, 23]. Although taurine has been
shown to affect various properties of T cells, the underlying
mechanisms by which taurine regulates T cell function and
the correlation between taurine and PD-1 blockade antibody
therapy remain unclear.

Here, we used ultra-performance liquid mass spectrom-
etry to uncover the significantly altered amino acids in serum
of lung cancer patients receiving PD-1 blockade antibody
therapy. Specifically, the serum level of taurine was greatly
increased in patients with lung cancer who responded to
PD-1 blockade antibody therapy. Interestingly, we found that
CD8* T cells in lung cancer patients expressed high levels of
the taurine transporter SLC6A6, while expressing hardly any
taurine synthesis-related enzymes (CSAD and CDO1), indi-
cating that CD8™ T cells mainly rely on exogenous uptake of
taurine. We further found that taurine regulates the function
of T cells. RNA sequencing data and in vitro experiments
showed that taurine enhanced T cell proliferation and func-
tion by enhancing oxidative phosphorylation and increasing
PLCyl-mediated calcium and MAPK signaling pathways.
Collectively, we established that taurine is an important
driver for improving the CD8" T cell immune response and
the clinical response to PD-1 blockade antibody therapy.

Materials and methods
Human samples

Samples from 21 lung adenocarcinoma (LUAD) patients
treated with chemotherapy plus PD-1 blockade antibody and
several healthy donors were used in this study. Depending on
the patient’s clinical response, the subjects were classified
into a response group (n=15) and a no response (NR) group
(n=35). Information on the subjects is presented in Table S1.
Peripheral blood samples from the patients and healthy
donors were used in the subsequent studies. The study was
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approved by the Ethics Committee of the First Affiliated
Hospital of Zhengzhou University (2021-KY-1105-002).

Mice and tumor models

Female C57BL/6 mice (6—8 weeks old) and BALB/c mice
(6-8 weeks old) were purchased from Beijing Vital River
Laboratory Animal Technology Co., Ltd. (Beijing, China).
All the mice were housed under specific pathogen-free con-
ditions. B16 (a mouse malignant melanoma cell line), and
4T1 (mouse breast cancer cell line) tumor cells (2% 10°)
were injected subcutaneously into the right flank of each
mouse. Tumor volumes were recorded every 2 days or
3 days. PD-1 or CTLA-4 blockade antibody (Bio X Cell,
USA) was used every 3 days. The animal experiments in
this study were performed in accordance with Institutional
Animal Care and were approved by the Ethics Committee
of Zhengzhou University.

CD8* T cell isolation, transduction, and culture

Peripheral blood mononuclear cells (PBMCs) from patients
and healthy donors were obtained by density gradient cen-
trifugation. CD8* T cells were isolated from PBMCs using
CDS8 magnetic beads (Miltenyi Biotec, Germany). Serum-
free medium for lymphocytes (Dakawe, China) containing
100 IU cytokine IL-2, 100 U/ml penicillin, and 100 pg/ml
streptomycin was used to culture the isolated CD8" T cells.
CD8™ T cells were activated using CD3/CD28 microbeads
(Miltenyi Biotec, Germany) according to the manufacturer’s
instructions.

For SLC6A6 knockdown experiments, SLCOA6 siRNA
was purchased from Shanghai GenePharma Co., Ltd.
(Shanghai, China), and SLC6A6sh lentiviral vector was
constructed by Sangon Biotech Co., Ltd. (Shanghai, China).
293 T cells were used to package the SLC6A6sh virus, and
the supernatants used for transduction were collected. An
empty vector was used as a control. Isolated CD8* T cells
were adequately activated by CD3/CD28 microbeads for
2 days and transduced with SLC6A6 siRNA or SLC6A6sh
virus.

Metabolomic

Serum from the peripheral blood of patients was isolated
by centrifugation at 1,500 rpm and stored at —80°C after
flash freezing in liquid nitrogen. Serum metabolites were
extracted and analyzed by Biotree Biomedical Technol-
ogy Co., Ltd. (Shanghai, China). Details of the metabolite
extraction, identification, and quantification methods were
provided by Biotree Biomedical Technology Co., Ltd.
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Flow cytometry

PBMCs from patients, isolated CD8* T cells, and single-
cell suspensions from spleen and tumor tissues in mice were
prepared for flow cytometry.

For T cell cytotoxic cytokine staining, cells were plated in
24-well plates and stimulated with PMA (Sigma, USA) and
ionomycin (Sigma) for 4 h. The cells were incubated with
CD8 antibody (BioLegend, USA) for 15 min at 4 °C and
fixed with 4% paraformaldehyde (Beyotime, China). After
being washed twice with phosphate-buffered saline (PBS),
the cells were permeabilized with 1 X permeabilization
buffer (BioLegend, USA) for 30 min at room temperature.
The cells were incubated with IFN-y (BioLegend, USA) and
TNF-a (BioLegend, USA) antibodies for 15 min at 4 °C,
followed by two washes with PBS, and the cells were then
resuspended in a final volume of 200 puL flow buffer and
analyzed by flow cytometry.

For Ki67 staining, the cells were incubated with CD8
antibody (BioLegend, USA) for 15 min at 4 °C. The cells
were then fixed with 4% paraformaldehyde (Beyotime,
China) and permeabilized with 1 X permeabilization buffer
(BioLegend, USA). After being washed twice with PBS,
Ki67 antibody (BioLegend, USA) was used for cell stain-
ing at 4 °C. The cells were resuspended in a final volume
of 200 pL flow buffer after 15 min and analyzed by flow
cytometry.

For mitochondrial detection, collected T cells were incu-
bated with MitoTracker™ Deep Red FM (Thermo Fisher
Scientific, USA) for 30 min at 4 °C. Then, cells were washed
two times using PBS. Finally, staining cells were resus-
pended in a final volume of 200 puL flow buffer after 15 min
and analyzed by flow cytometry.

For detection of MAPK signaling activation, cells were
fixed with 4% paraformaldehyde (Beyotime, China). After
being washed twice with phosphate-buffered saline (PBS),
the cells were permeabilized with 1 X permeabilization
buffer (BioLegend, USA) for 30 min at room temperature.
Then, cells were incubated with p38 (Cell Signaling Tech-
nology, USA) and p44/42 (Cell Signaling Technology, USA)
antibodies for 15 min at 4 °C, followed by two washes with
PBS. Fluorescent secondary antibodies were used to incu-
bate with staining cells for 15 min at 4 °C. Finally, cells
were resuspended in a final volume of 200 pL flow buffer
and analyzed by flow cytometry.

Imaging cytometry

Cultured CD8* T cells were collected and washed for
detection of NFAT nuclear translocation. T cells were
incubated with CD8 antibody (BioLegend, USA) for
15 min at 4 °C and fixed with 4% paraformaldehyde
(Beyotime, China). After being washed twice with

phosphate-buffered saline (PBS), the cells were perme-
abilized with 1 X permeabilization buffer (BioLegend,
USA) for 30 min at room temperature. Then, T cells were
incubated with NFAT (Cell Signaling Technology, USA)
antibody for 15 min at 4 °C, followed by two washes with
PBS. Fluorescent secondary antibodies were used to incu-
bate with staining cells for 15 min at 4 °C. After washing
2 times, cells were resuspended in a final volume of 20 pL.
flow buffer and added hoechst (Beyotime, China) for stain-
ing nuclear before detection. IDEAS Application v6.0 was
used to analyze NFAT nuclear translocation.

Enzyme-linked immunosorbent assay (ELISA)

Diacylglycerol (DAG) in T cell was determined by ELISA
according to specification. Firstly, collected cells were lysed
in RIPA buffer (Beyotime, China). Cell lysate and standards
were added to the assay plate. Then, horseradish peroxidase-
labeled competing antigens were added and mixed with cell
lysate or standards for 60 min at 37 °C. After incubation,
assay plate was washed 5 times by washing buffer. Sub-
strates A and B were added to the plate for 15 min at 37 °C,
respectively. Finally, termination solution was added into
assay plate for 15 min. Absorbance values at 450 nm were
measured using SpectraMax iD3 (Molecular Devices, USA).

RNA isolation, transcriptome profiling,
and quantitative real-time PCR

Total RNA from CD8" T cells was extracted using TRI-
zol® reagent (Takara, Japan) according to the manufac-
turer’s instructions. The CD8"* T cell mRNA was reverse-
transcribed using HiScript® III All-in-one RT SuperMix
Perfect for gPCR (Vazyme, China) and processed for quan-
titative real-time PCR with FastStart Essential DNA Green
Master (Roche, USA). B-actin was used as the housekeeping
gene. Relative gene expression (AACt) was determined by
normalization to p-actin.

RNA sequencing

CD8™ T cells in the NC and SLC6A6 groups were collected
and stored at —80 °C. mRNA was extracted, and RNA
sequencing was performed using BGI Genomics (Shenzhen,
China). DESeq?2 ref. [45] was used to perform differential
expression analysis, and genes were considered to be sig-
nificantly differentially expressed at an FDR P <0.05. Kyoto
Encyclopedia of Genes and Genomes (KEGG) and Gene
Set Enrichment Analysis (GSEA) were performed at https://
biosys.bgi.com.
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Western blotting

Total cellular proteins were extracted from cells by lysis
and ultrasonication in RIPA buffer (Beyotime, China). The
cells were then centrifuged at 12,000 rpm for 5 min at 4 °C.
The supernatant was transferred to an empty 1.5 mL tube.
The protein concentration was measured using the bicin-
choninic acid (BCA) method. Loading buffer (Beyotime,
China) was added to all of the samples, which were then
heated for 10 min at 100 °C. SDS-PAGE gel electrophore-
sis was performed at 200 V for 30 min. Transfer to 0.45 pm
PVDF membranes (GE Healthcare, USA) was carried out
at 400 mA for 30 min. The membranes were then blocked
with 5% skimmed milk powder at room temperature for 1 h.
Primary antibodies were incubated with the membranes at
4 °C overnight after washing with Tris-buffered saline with
Tween 20 (TBST). The next day, the membranes were incu-
bated at room temperature for 1 h and then washed three
times with TBST. The washed membranes were then incu-
bated with secondary antibodies at room temperature for
1 h. Finally, after being washed three times with TBST, the
target proteins were detected using SuperSignal West Pico
PLUS (Thermo Fisher Scientific, USA) and imaged using a
FluorChem R system (ProteinSimple, USA).

Calcium flux assay

CD8* T cells were washed with PBS and loaded with Fluo-
4AM (Beyotime, China) according to the manufacturer’s
instructions. Briefly, CD8% T cells were incubated with
Fluo-4AM at 37 °C for 30 min and then washed with PBS.
The washed CD8" T cells were resuspended in flow buffer,
and calcium flux was determined by flow cytometry. FlowJo
V7 software was used to analyze calcium flux.

Seahorse assay

Oxidation phosphorylation of SLC6A6 knockdown or tau-
rine treatment CD8* T cells were determined using XF96
extracellular flux analyzer (Agilent Technologies, USA)
according to the user guide. The sensor cartridge in XF
Calibrant was hydrated at 37 °C overnight in a non-CO,
incubator. Next day, T cells were seeded in the cell culture
plate at 5x 10° cells/well. Meanwhile, compounds used in
oxygen consumption rate (OCR) were prepared and added
into sensor cartridge. Finally, cell culture plate and sensor
cartridge were loaded into XF96 extracellular flux analyzer
for OCR detection.

Statistical analysis

The data were analyzed using GraphPad Prism 8 software.
Comparisons between two groups were performed using
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Student’s ¢ test and nonparametric tests. Multiple group
comparisons were performed using a one-way analysis of
variance. p value <0.05 was considered to be statistically
significant. All statistical measurements are presented as
means =+ the standard error of the mean (SEM).

Results

Elevated taurine levels in lung cancer patients
responding to PD-1 blockade antibody therapy

Many studies have reported that amino acids are critical for
T cell antitumor immunity [24]. To investigate the levels
of amino acids in the serum of patients, metabonomic was
performed on the serum of R and NR LUAD patients treated
with PD-1 blockade antibodies. Among the organic acids
and derivatives comprising most amino acids, the R group
patients had relatively high levels of two amino acids (tau-
rine and methylhistidine), and taurine displayed the larg-
est increase (Fig. 1A). TCGA data of LUAD patients were
downloaded and used to analyze the effects of metabolic
pathways on T cells (Table S2). Our analysis revealed that
taurine and hypotaurine metabolism were positively asso-
ciated with CD8* T cells (Fig. 1B). These results demon-
strated that differential amino acids might be involved in
regulating T cell immunity. In addition, we found that CD8*
T cells in the R group produced more cytotoxic cytokines
(IFN-y and TNF-o) than those in the NR group (Fig. 1C).

Taurine enhances T cell antitumor immunity

To investigate whether taurine directly influences T cell
antitumor properties, we added different concentrations of
taurine to culture CD8™ T cells. The normal concentration of
taurine in adult blood ranges from 10 to 100 uM according
to the Human Metabolome Database (HMDB). Therefore,
T cells were cultured in the presence of 30, 60, and 120 uM
taurine. The number of CD8* T cells increased significantly
after culture with 60 uM taurine, whereas 30 and 120 uM did
not affect the number of CD8+T cells (Fig. 2A). We also
investigated the influence of taurine on T cell apoptosis and
the release of cytotoxic cytokines. The proportion of apop-
totic T cells (Annexin® CD8* T cells) markedly declined
after treatment with taurine (Fig. 2B). CD8* T cells cultured
with taurine released significantly more IFN-y and TNF-a
(Fig. 2C). These results confirm that taurine enhances T cell
proliferation and function.

SLC6AG is associated with T cell activation

Taurine in the human body is either generated by self-syn-
thesis or obtained by exogenous intake. RNA sequencing
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Fig. 1 Elevated taurine levels
in the serum of cancer patients
responding to PD-1 blockade
antibody therapy. A Dif-
ferential metabolite levels of
organic acids and derivatives
were analyzed in serum of
lung cancer patients with PD-1
blockade antibody therapy.

R, response group; NR, no
response group. B Correla-
tion analysis of taurine and
hypotaurine metabolism and
CD8* T cells in LUAD patients
using TCGA. C Cytotoxic
cytokine levels were measured
in lung cancer patients with
PD-1 blockade antibody therapy
by flow cytometry. The data
are presented as means + SEM.
Student’s ¢ tests and nonpara-
metric tests were used for com-
parisons between two groups.
**P<0.01, ***P<0.001
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data for T cells infiltrating into tumor tissues were down-
loaded from the Gene Expression Omnibus (GEO) [25].
For the analysis of taurine synthetases (CSAD and CDO1)
and the taurine transporter SLC6A6, we found that T cells
in lung cancer patients expressed high levels of SLC6A6
and low levels of CSAD and CDO1 (Fig. 3A), indicating
that T cells in cancer patients mainly rely on the trans-
porter SLC6A6 to obtain exogenous taurine. Using gene
expression profiling interactive analysis (GEPIA), we fur-
ther observed that CD8* T cells also express high levels of
SLC6A6 compared to other immune cells (CD4* T cells
and NK cells) in different types of cancer (Fig. 3B). In
addition, by GEPIA, we found that SLC6A6 expression
had a positive relationship with an effector T cell signature
in different tumor types (Fig. 3C and Fig. S1). We specu-
late that SLC6AG6 is necessary for taurine’s effect on T cell
antitumor functions.

SLC6A6 knockdown decreases T cell antitumor
immunity

Using the http://lung.cancer-pku.cn/ website, we analyzed
SLC6A6 expression in different subtypes of CD8" T cells.
CD8* T cells can be divided into seven clusters based on
differential gene expression. CD8-C1-LEF1 is a naive T cell
cluster, and CD8-C6-LAYN is an exhaustion cluster. CD8§-
C2-CD28, CD8-C4-GZMK, and CD8-C5-ZNF683 are the
intermediate functional states between C1 and C6. CD8-C7-
SLC4A10 is a cluster with a distinct TCR[26]. The results
revealed that SLC6A6 expression was upregulated upon T
cell activation (Fig. 4A). Moreover, SLC6A6 expression was
increased after CD8* T cell stimulation in vitro (Fig. 4B).
To determine whether SLC6A6-mediated taurine uptake is
critical for the T cell antitumor response, SLC6A6 expres-
sion was knocked down in activated CD8* T cells using
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Fig.2 Taurine promotes CD8* T cell antitumor immunity. CD8*
T cells were isolated and stimulated by CD3/CD28 microbeads. A
1.5% 10 activated CD8* T cells were cultured with different concen-
trations of taurine (0, 30, 60, and 120 uM). Cell numbers were calcu-
lated after 2 days of culture. B, C Apoptosis B and cytotoxic cytokine
secretion C of CD8" T cells cultured in 60 uM taurine were measured
by flow cytometry. The data are presented as means + SEM. Student’s
t test was used for comparisons between two groups. *P <0.05

SLC6A6 shRNA. We observed lower expression of cyto-
toxic cytokines (IFN-y and TNF-a) and the cell proliferation
marker Ki67 in SLC6A6sh T cells cultured in the presence
of added taurine (Fig. 4C and 4D).

To confirm these results, RNA sequencing of NC and
SLC6A6sh T cells was performed. Differentially expressed
genes were identified and used for pathway analysis
(Fig. 4E). GSEA results show that the calcium signaling
pathway and oxidative phosphorylation were enriched in NC
compared with SLC6A6sh (Fig. 4F). Furthermore, PD-L1
expression, the PD-1 checkpoint pathway, the T cell recep-
tor signaling pathway, and other pathways were altered in
SLC6A6sh T cells (Fig. 4G, H). PLCy1, Akt, CaN, and other
molecules associated with T cell activation were higher in
NC compared with SLC6A6sh (Fig. 4H).

SLC6A6 knockdown results in decreased T cell
oxidative phosphorylation

Based on GSEA analysis, OCR was measured using sea-
horse assay to assess oxidative phosphorylation of T cell. We
found that T cell oxidative phosphorylation was decreased
after SLC6A6 knockdown (Fig. 5A). Further analysis
exhibited SLC6A6 knockdown-reduced basal respiration
and maximal respiration of T cell (Fig. 5B). Reasonably,
the addition of exogenous taurine enhanced T cell oxidative
phosphorylation (Fig. 5C). Mitochondrion is the important
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cancer patients from GSE90730. B SLC6A6 expression by differ-
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ent immune cells was analyzed in different cancers using GEPIA. C
The correlation between SLC6A6 and an effector T cell signature was
investigated in different cancers using GEPIA. One-way ANOVA was
used for multiple group comparisons
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Fig.4 SLC6A6 knockdown impairs the proliferation and antitumor
function of CD8* T cells. A SLC6A6 expression in different subtypes
of CD8" T cells based on single-cell sequencing available on http://
lung.cancer-pku.cn/ website. B RNA of naive and activated CD8* T
cells was extracted and used to assay SLC6A6 expression. C, D Cyto-
toxic cytokine secretion C and proliferation D were tested in NC and
SLC6A6 knockdown CD8" T cells. RNA of NC and SCL6A6 knock-

organelle for oxidative phosphorylation. Therefore, we
speculated that taurine might affect mitochondrial in T cells.
Mitochondrial content in SLC6A6 knockdown T cells signif-
icantly decreased compared to NC (Fig. 5D), and exogenous
taurine enhanced mitochondrial content (Fig. SE). Overall,
these results demonstrate that T cell oxidative phosphoryla-
tion and mitochondrial content were restricted in SLC6A6sh
T cells.

SLC6A6 knockdown reduces PLCy1 phosphorylation,
calcium flux, and MAPK signaling

Combining GSEA and KEGG analyses, we hypothesized
that the calcium signaling pathway and MAPK signaling

down CDS8* T cells was extracted and used for RNA sequencing. E
Differential genes were analyzed between NC and SLC6A6 sh. F, G
GSEA F and KEGG G analysis of differential genes. H Differentially
expressed genes in the T cell receptor signaling pathway and PD-L1
expression and PD-1 checkpoint pathway in cancer. The data are pre-
sented as means+SEM. Student’s ¢ test was used for comparisons
between two groups. *P <0.05, **P <0.01

pathway might be primary pathways influenced by tau-
rine. Because the green fluorescent protein of the SLC6A6
shRNA plasmid interferes with the channel for calcium
flow detection, SLC6A6 siRNA was used in this part of
the study. As shown in Fig. 4H, we assayed PLCyl, an
upstream regulator of the calcium signaling pathway and
MAPK signaling pathway, by flow cytometry. Consist-
ent with the RNA sequencing results, PLCyl phospho-
rylation was significantly reduced in SLC6A6si T cells
(Fig. 6A). The same result was observed by western blot-
ting (Fig. 6B). We then detected the calcium signaling
pathway and MAPK signaling pathway, respectively.
Firstly, we found that calcium release was impaired
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Fig.5 SLC6A6 knockdown weakens oxidative phosphorylation of
CD8" T cells. Seahorse assay was performed in SCL6A6 knockdown
or taurine treated CD8* T cells to test oxidative phosphorylation.
A Oxygen consumption rate (OCR) of SCL6A6 knockdown CD8*
T cells. B, C Basal respiration B and maximal respiration C were
detected in SCL6A6 knockdown CD8* T cells. D OCR in CD8" T

in SLC6AG6si T cells stimulated by anti-CD3 antibody
(Fig. 6C), along with a decrease in the antitumor response
(Fig. S2). In addition, activated CD8" T cells cultured
with taurine had higher calcium concentrations compared
to the NC (Fig. 6D), which further confirmed the above
results. NFAT is the classical transcript factor in calcium
signaling pathway. Imaging cytometry was used to detect
the nuclear translocation of NFAT. Compared to NC, the
percentage of NFAT nuclear translocation reduced in
SLC6AG6si T cells (Fig. 6E). Moreover, NFAT nuclear
translocation was enhanced in T cells by adding taurine
(Fig. 6F). In addition, DAG, which activates MAPK sign-
aling pathway, is the downstream molecular of PLCy1 in
Fig. 4H. Taurine affected DAG concentration of T cells in
vitro assay. DAG in CD8* T cells was lowered by knock-
down SLC6AG6 expression (Fig. 6G). And adding taurine
increased DAG content in CD8" T cells (Fig. 6H). These
results indicated that PLCy-DAG axis might lead to the
activation of MAPK signaling pathway. p38 and p44/42
MAPKs were detected in SLC6A6si CD8* T cells or
CDS8™ T cells cultured with taurine. Consistent with the
results of DAG, MAPK signaling pathway was inhibited
by knockdown SLC6A6 (Fig. 6I) and activated by adding
taurine (Fig. 6J). Taken together, these data highlight that
taurine enhances the antitumor response of CD8" T cells
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NC SLC6A6 sh NC Taurine

cells was examined after adding taurine. E, F Mitochondrial content
was detected by flow cytometry through staining Mito Tracker Deep
Red FM after SLC6A6 knockdown or taurine treatment. The data are
presented as means +SEM. Student’s ¢ test was used for comparisons
between two groups. *P <0.05, ***P <(0.001

by maintaining calcium signaling pathway and MAPK
signaling pathway.

Taurine supplementation improves the therapeutic
efficacy of immune checkpoint blockade antibody
therapy

To validate the effect of taurine on PD-1 blockade antibody
therapy, we generated tumors by implanting B16 tumor
cells into the right flanks of C57BL/6 mice that were then
treated with PBS, taurine, PD-1 blockade, or taurine plus
PD-1 blockade. We found that tumor growth was markedly
attenuated in mice treated with taurine plus PD-1 blockade,
and intermediate effects were observed in mice treated with
PD-1 blockade alone (Fig. 7A). Interestingly, unlike the
effects on tumor growth, we observed that the release of T
cell cytotoxic cytokines (IFN-y and TNF-a) by taurine alone
were greater than that by PD-1 blockade antibody therapy
and was not further enhanced by taurine plus PD-1 block-
ade therapy in tumor site (Fig. 7B). However, the expres-
sion of the T cell proliferation marker Ki67 was markedly
upregulated in mice treated with taurine plus PD-1 block-
ade (Fig. 7C). In addition, taurine increased T cell cytotoxic
cytokines IFN-y and TNF-a secretion, while taurine plus
PD-1 blockade therapy only enhanced TNF-o secretion and
did not increase IFN-y secretion in spleen (Fig. S3A). Ki67
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Fig.6 PLCyl-mediated calcium flux and MAPK signaling pathways
are declined in CD8" T cells after SLC6A6 knockdown or adding
taurine. A, B Phosphorylation of PLCyl in NC and SLC6A6 knock-
down CD8" T cells were assayed by flow cytometry A and west-
ern blot B. C Intracellular calcium flux was measured in NC and
SLC6A6 knockdown CD8* T cells after CD3 antibody stimulation.
D Intracellular calcium flux was measured in NC and taurine-treated
CD8* T cells after CD3 antibody stimulation. E, F Imaging cytom-

expressed CD8* T cell was significantly increased by taurine
plus PD-1 blockade therapy (Fig. S3B). Furthermore, CD28
expression of CD8* T cell in spleen and tumor was remark-
ably enhanced by taurine and taurine plus PD-1 blockade
therapy (Fig. S3C, D).

To further verify this phenomenon, 4T1 tumor cells
were injected into BALB/c mice, and tumor-bearing mice
were treated with PBS, taurine, PD-1 blockade, or taurine
plus PD-1 blockade. The combination of taurine plus PD-1
blockade reduced the tumor growth (Fig. 7D). Consistent

*k

900

600

300

Phospho-p44/42 MAPK (Erk1/2)
MF!

SN EE N R
NC Taurine NC Taurine

etry showed NFAT nuclear translocation in SLC6A6 knockdown E
and taurine treatment CD8" T cells F. G, H Concentration of DAG
was detected by enzyme-linked immunosorbent assay (ELISA) in
SLC6A6 knockdown G and taurine treatment CD8* T cells H. I, J
Flow cytometry was used to measure p38 and phosphor-p44/42 in
SLC6A6 knockdown I and taurine treatment CD8' T cells J. The
data are presented as means + SEM. Student’s ¢ test was used for com-
parisons between two groups. *P <0.05, **P <0.01

with the results in B16 tumor model, IFN-y secretion by
taurine alone was greater than that by PD-1 blockade anti-
body therapy and was not further enhanced by taurine plus
PD-1 blockade therapy, while TNF-a secretion was signifi-
cantly enhanced by taurine plus PD-1 blockade therapy
(Fig. 7E). Meanwhile, taurine plus PD-1 blockade therapy
also increased Ki67 expression in CD8* T cells (Fig. 7F).
Due to the effect of taurine on PD-1 blockade therapy, we
speculated that taurine also had the effect on other immune
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Fig.7 Taurine plus immune checkpoint blockade antibody therapy
enhances CD8' T cell antitumor immunity. A—~C B16 tumor cells
were injected into the right flanks of C57BL/6 mice treated with
PBS, taurine, PD-1 blockade, or taurine plus PD-1 blockade. (A)
Tumor growth was determined every 2 days. B, C Cytotoxic cytokine
secretion B and proliferation C of CD8* T cells in tumor site were
assayed in the four groups at 17 days. D Tumor growth was deter-
mined in BALB/c mice bearing 4T1 tumor. E, F Cytotoxic cytokine

checkpoint blockade therapy, such as CTLA-4. The com-
bination therapy of taurine plus CTLA-4 blockade slowed
the tumor growth in B16 tumor model (Fig. 7G). T cell
cytotoxic cytokines (IFN-y and TNF-a) section and Ki67
expression in CD8* T cells were increased by taurine plus
CTLA-4 blockade therapy (Fig. 7H, I). Taken together, our
results indicate that taurine supplementation can enhance
the T cell antitumor response and improve the therapeutic
efficacy of immune checkpoint blockade antibody therapy.
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secretion E and proliferation F of CD8" T cells in tumor site were
assayed by flow cytometry. G Tumor growth was determined in B16
tumor model treated with PBS, taurine, CTLA-4 blockade, or tau-
rine plus CTLA-4 blockade. H, I Cytotoxic cytokine secretion H and
proliferation I of CD8" T cells in tumor site were assayed by flow
cytometry. The data are presented as means+SEM. Student’s ¢ test
was used for comparisons between two groups. *P <0.05, **P <0.01,
%P <0.001

Discussion

PD-1 blockade antibody therapy represents a milestone
in the field of tumor immunotherapy as it dramatically
improves clinical outcomes. However, a subset of patients
remains resistant to PD-1 blockade antibody therapy. Under-
standing cancer resistance to PD-1 blockade antibody ther-
apy is crucial for the design of successful immunotherapies.
The functional state of CD8* T cells determines the thera-
peutic efficacy of PD-1 blockade antibody therapy [27]. A
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recent study reports that a PD-17 regulatory T cell response
to PD-1 blockade antibody results in tumor progression,
along with enhanced immunosuppressive factor and lower T
cell antitumor function [28]. Antigen recognition disorders,
abnormal T cell activation, and limited T cell infiltration are
recognized as fundamental reasons for resistance to PD-1
blockade antibody therapy [29]. Upregulation of MHC-I to
enhance T cell antigen recognition improves the efficacy
of PD-1 blockade antibody therapy [30]. In our study, we
also showed that the CD8" T cell antitumor response was
impaired in NR patients compared to that in R patients, dem-
onstrating that poor CD8* T cell function can lead to resist-
ance to PD-1 blockade antibody therapy.

There are many factors that affect the activation and func-
tion of T cells. Amino acids are key nutrients for maintain-
ing T cell antitumor immunity[31]. It is unclear which amino
acids are altered in patients with resistance to PD-1 blockade
antibody therapy. Here, we showed that the availability of
amino acids could impact the T cell antitumor response.
Using mass spectrometry, taurine levels were found to be
significantly different between R and NR patients. A previ-
ous study has found that taurine is markedly decreased in
pancreatic cancer patients compared to healthy controls [32],
suggesting that taurine is involved in immunoregulation.
To date, taurine has been studied in cardiovascular diseases
[33], neurological disorders [34], and retinal degeneration
[35]. We focused on the effects of taurine in cancer patients.
It is likely that taurine controls CD8" T cell function to
improve PD-1 blockade antibody therapy.

It has been reported that taurine can attenuate T cell
apoptosis mediated by activation-induced cell death and
enhance T cell immune function [21-23]. Consistent with
these studies, our results indicate that taurine supplemen-
tation enhanced CD8* T cell proliferation and cytotoxic
cytokine secretion and decreased CD8™ T cell apoptosis.
We also observed that the taurine transporter SLC6A6 was
highly expressed in CD8* T cells, indicating that SLC6A6
mediates taurine uptake in CD8% T cells. SLC6A6 defi-
ciency can lead to inadequate taurine uptake in retinal
degeneration and cardiomyopathy [36]. SLC6A6-mediated
taurine uptake also regulates macrophage polarization [37]
and protects osteocytes against cell death [38]. These find-
ings support our finding that taurine uptake is mediated by
SLC6A6. Following SLC6A6 knockdown, CD8" T cells
exhibited reduced secretion of cytotoxic cytokines and pro-
liferation in the presence of taurine.

In addition, RNA sequencing results showed that the
calcium signaling pathway and oxidative phosphoryla-
tion were influenced by SLCS6A6 knockdown in CD8*
T cells. Through KEGG analysis, we further found that
PLCy1 was decreased by SLCS6A6 knockdown in CD8%
T cells, thereby attenuating the calcium and MAPK sign-
aling pathways. Intracellular calcium signaling is critical

for triggering CD8* T cell antitumor responses [39].
PLCy1 is an important enzyme involved in T cell signal
transduction, and it has also been reported to stimulate
calcium signaling [40]. In line with these findings, using
flow cytometry and western blotting, we found that PLCy1
phosphorylation and intracellular calcium flux declined in
CD8™ T cells after SLC6A6 knockdown. Taurine supple-
mentation enhanced the intracellular calcium flux of CD8"
T cells. p44/42 belongs to MAPK family and is reported to
enhance T cell antitumor function [41]. We also found that
MAPK signaling pathway was enhance by taurine, which
is consistent with published research.

Owing to the limitations of PD-1 blockade antibody
therapy, combination therapies have emerged as an effec-
tive way to improve therapeutic efficiency (42—45). In our
model, we found that the PD-1 blockade antibody plus tau-
rine significantly slowed tumor growth. Moreover, CD8* T
cell proliferation and function in response to PD-1 block-
ade were boosted by taurine, highlighting the potential
of exploiting taurine in PD-1 blockade antibody therapy.
Our findings also help explain the diminished response of
CD8* T cells in cancer patients who exhibit resistance to
PD-1 blockade antibody therapy.

In summary, using mass spectrometry, our study deter-
mined that the amino acid taurine is highly expressed in
R patients. We also demonstrated that taurine enhances
CD8* T cell proliferation and function in vitro. We found
that cancer patient CD8% T cells expressed high levels
of SLC6AG6 in response to taurine uptake, and the T cell
antitumor response declined after SLC6A6 knockdown.
RNA sequencing data and in vitro experiments showed
that taurine enhanced T cell proliferation and function
by enhancing oxidative phosphorylation and stimulat-
ing PLCyl-mediated calcium and MAPK signaling path-
ways. Finally, taurine improved the therapeutic efficacy
of immune checkpoint blockade by increasing CD8" T
cell antitumor immunity in a mouse tumor model. Overall,
our study provides new insights regarding immune check-
point blockade antibody therapy resistance and suggests
that taurine could serve as a potential therapeutic agent
for cancer patients.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00262-022-03308-z.

Acknowledgements We thank Henan Key Laboratory for Pharmacol-
ogy of Liver Diseases for assistance with animal experiments.

Author contributions All authors contributed to the study conception
and design. This study was designed and supervised by YZ and YP.
Data collection and analysis were performed by YP, JS, FL, LW and
ZL. Material preparation was performed by YL, JL, DY and LW. The
first draft of the manuscript was written by YP. The manuscript was
edited by XC and YZ. All authors commented on previous versions of
the manuscript. All authors read and approved the final manuscript.

@ Springer


https://doi.org/10.1007/s00262-022-03308-z

1026

Cancer Immunology, Immunotherapy (2023) 72:1015-1027

Funding This work was supported by the National Natural Science
Foundation of China (Grant nos. 82102869, 81872333 and 91942314),
Medical Science and Technology Project of Henan Province (Grant
no. SBGJ202103083), China Postdoctoral Science Foundation (Grant
no. 2021M692928), and Excellent Youth Project for Health talents in
Henan Province (Grant No. YXKC2020052).

Data availability The datasets in current study are available from the
corresponding author on reasonable request.

Declarations

Competing interests The authors declare no competing interests.

Conflict of interests The authors have no relevant financial or non-
financial interests to disclose.

Ethical approval This study was approved by the Ethics Committee
of the First Affiliated Hospital of Zhengzhou University (2021-KY-
1105-002).

Informed consent Informed consent was obtained from all individual
participants included in the study.

Human or animal rights All animal experiments were approved by the
Animal Care and Ethics Committee of the First Affiliated Hospital of
Zhengzhou University.

References

1. McLane LM, Abdel-Hakeem MS, Wherry EJ (2019) CD8 T cell
exhaustion during chronic viral infection and cancer. Annu Rev
Immunol 37:457-495. https://doi.org/10.1146/annurev-immun
0l-041015-055318

2. ZhangZ, Liu S, Zhang B, Qiao L, Zhang Y, Zhang Y (2020) T cell
dysfunction and exhaustion in cancer. Front Cell Dev Biol 8:17.
https://doi.org/10.3389/fcell.2020.00017

3. Im SJ, Hashimoto M, Gerner MY et al (2016) Defining CD8+ T
cells that provide the proliferative burst after PD-1 therapy. Nature
537:417-421. https://doi.org/10.1038/nature 19330

4. Abbas HA, Hao D, Tomczak K et al (2021) Single cell T cell land-
scape and T cell receptor repertoire profiling of AML in context
of PD-1 blockade therapy. Nat Commun 12:6071. https://doi.org/
10.1038/s41467-021-26282-z

5. Garcia de Moura R, Covre LP, Fantecelle CH et al (2021) PD-1
blockade modulates functional activities of exhausted-like T
cell in patients with cutaneous leishmaniasis. Front Immunol
12:632667. https://doi.org/10.3389/fimmu.2021.632667

6. Pires da Silva I, Ahmed T, Reijers ILM et al (2021) Ipilimumab
alone or ipilimumab plus anti-PD-1 therapy in patients with meta-
static melanoma resistant to anti-PD-(L)1 monotherapy: a mul-
ticentre, retrospective, cohort study. Lancet Oncol 22:836-847.
https://doi.org/10.1016/S1470-2045(21)00097-8

7. SunlY, Zhang D, Wu S, Xu M, Zhou X, Lu X1, JiJ (2020) Resist-
ance to PD-1/PD-L1 blockade cancer immunotherapy: mecha-
nisms, predictive factors, and future perspectives. Biomark Res
8:35. https://doi.org/10.1186/340364-020-00212-5

8. Lei Q, Wang D, Sun K, Wang L, Zhang Y (2020) Resistance
mechanisms of anti-PD1/PDLI therapy in solid tumors. Front Cell
Dev Biol 8:672. https://doi.org/10.3389/fcell.2020.00672

9. Ruiz de Galarreta M, Bresnahan E, Molina-Sanchez P et al
(2019) Beta-Catenin activation promotes immune escape and

@ Springer

10.

11.

12.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

resistance to anti-PD-1 therapy in hepatocellular carcinoma.
Cancer Discov 9:1124-1141. https://doi.org/10.1158/2159-
8290.CD-19-0074

Kim CG, Jang M, Kim Y et al (2019) VEGF-A drives TOX-
dependent T cell exhaustion in anti-PD-1-resistant microsatellite
stable colorectal cancers. Sci Immunol. https://doi.org/10.1126/
sciimmunol.aay0555

Turiello R, Capone M, Morretta E et al (2022) Exosomal CD73
from serum of patients with melanoma suppresses lymphocyte
functions and is associated with therapy resistance to anti-
PD-1 agents. J Immunother Cancer. https://doi.org/10.1136/
jitc-2021-004043

Shi R, Tang YQ, Miao H (2020) Metabolism in tumor microen-
vironment: Implications for cancer immunotherapy. MedComm
1:47-68. https://doi.org/10.1002/mco02.6

. Yu W, Lei Q, Yang L, Qin G, Liu S, Wang D, Ping Y, Zhang

Y (2021) Contradictory roles of lipid metabolism in immune
response within the tumor microenvironment. J Hematol Oncol
14:187. https://doi.org/10.1186/s13045-021-01200-4

Gu M, Zhou X, Sohn JH et al (2021) NF-kappaB-inducing
kinase maintains T cell metabolic fitness in antitumor immu-
nity. Nat Immunol 22:193-204. https://doi.org/10.1038/
$41590-020-00829-6

Chang CH, Qiu J, O’Sullivan D et al (2015) Metabolic competi-
tion in the tumor microenvironment is a driver of cancer progres-
sion. Cell 162:1229-1241. https://doi.org/10.1016/j.cell.2015.08.
016

Bian Y, Li W, Kremer DM et al (2020) Cancer SLC43A2 alters
T cell methionine metabolism and histone methylation. Nature
585:277-282. https://doi.org/10.1038/s41586-020-2682-1

Wu J, Li G, Li L, Li D, Dong Z, Jiang P (2021) Asparagine
enhances LCK signalling to potentiate CD8(+) T-cell activation
and anti-tumour responses. Nat Cell Biol 23:75-86. https://doi.
org/10.1038/s41556-020-00615-4

Edwards DN, Ngwa VM, Raybuck AL et al (2021) Selective glu-
tamine metabolism inhibition in tumor cells improves antitumor T
lymphocyte activity in triple-negative breast cancer. J Clin Invest.
https://doi.org/10.1172/JC1140100

. WenC, Li F, Zhang L, Duan Y, Guo Q, Wang W, He S, Li J, Yin

Y (2019) Taurine is involved in energy metabolism in muscles,
adipose tissue, and the liver. Mol Nutr Food Res 63:¢1800536.
https://doi.org/10.1002/mnfr.201800536

Nishio S, Negoro S, Hosokawa T et al (1990) The effect of tau-
rine on age-related immune decline in mice: the effect of taurine
on T cell and B cell proliferative response under costimulation
with ionomycin and phorbol myristate acetate. Mech Ageing Dev
52:125-139. https://doi.org/10.1016/0047-6374(90)90119-z
Mabher SG, Condron CE, Bouchier-Hayes DJ, Toomey DM (2005)
Taurine attenuates CD3/interleukin-2-induced T cell apoptosis in
an in vitro model of activation-induced cell death (AICD). Clin
Exp Immunol 139:279-286. https://doi.org/10.1111/j.1365-2249.
2005.02694.x

Dong JF, Zheng XQ, Rui HB (2017) Effect of taurine on immune
function in mice with T-cell lymphoma during chemotherapy.
Asian Pac J Trop Med 10:1090-1094. https://doi.org/10.1016/j.
apjtm.2017.10.014

Kaesler S, Sobiesiak M, Kneilling M et al (2012) Effective T-cell
recall responses require the taurine transporter Taut. Eur J Immu-
nol 42:831-841. https://doi.org/10.1002/¢ji.201141690

Wang W, Zou W (2020) Amino acids and their transporters in T
cell immunity and cancer therapy. Mol Cell 80:384-395. https://
doi.org/10.1016/j.molcel.2020.09.006

Ganesan AP, Clarke J, Wood O et al (2017) Tissue-resident
memory features are linked to the magnitude of cytotoxic T
cell responses in human lung cancer. Nat Immunol 18:940-950.
https://doi.org/10.1038/ni.3775


https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.1146/annurev-immunol-041015-055318
https://doi.org/10.3389/fcell.2020.00017
https://doi.org/10.1038/nature19330
https://doi.org/10.1038/s41467-021-26282-z
https://doi.org/10.1038/s41467-021-26282-z
https://doi.org/10.3389/fimmu.2021.632667
https://doi.org/10.1016/S1470-2045(21)00097-8
https://doi.org/10.1186/s40364-020-00212-5
https://doi.org/10.3389/fcell.2020.00672
https://doi.org/10.1158/2159-8290.CD-19-0074
https://doi.org/10.1158/2159-8290.CD-19-0074
https://doi.org/10.1126/sciimmunol.aay0555
https://doi.org/10.1126/sciimmunol.aay0555
https://doi.org/10.1136/jitc-2021-004043
https://doi.org/10.1136/jitc-2021-004043
https://doi.org/10.1002/mco2.6
https://doi.org/10.1186/s13045-021-01200-4
https://doi.org/10.1038/s41590-020-00829-6
https://doi.org/10.1038/s41590-020-00829-6
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1016/j.cell.2015.08.016
https://doi.org/10.1038/s41586-020-2682-1
https://doi.org/10.1038/s41556-020-00615-4
https://doi.org/10.1038/s41556-020-00615-4
https://doi.org/10.1172/JCI140100
https://doi.org/10.1002/mnfr.201800536
https://doi.org/10.1016/0047-6374(90)90119-z
https://doi.org/10.1111/j.1365-2249.2005.02694.x
https://doi.org/10.1111/j.1365-2249.2005.02694.x
https://doi.org/10.1016/j.apjtm.2017.10.014
https://doi.org/10.1016/j.apjtm.2017.10.014
https://doi.org/10.1002/eji.201141690
https://doi.org/10.1016/j.molcel.2020.09.006
https://doi.org/10.1016/j.molcel.2020.09.006
https://doi.org/10.1038/ni.3775

Cancer Immunology, Immunotherapy (2023) 72:1015-1027

1027

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Guo X, Zhang Y, Zheng L et al (2018) Global characterization of
T cells in non-small-cell lung cancer by single-cell sequencing.
Nat Med 24:978-985. https://doi.org/10.1038/s41591-018-0045-3
Miller BC, Sen DR, Al Abosy R et al (2019) Subsets of exhausted
CD8(+) T cells differentially mediate tumor control and respond
to checkpoint blockade. Nat Immunol 20:326-336. https://doi.org/
10.1038/541590-019-0312-6

Kumagai S, Togashi Y, Kamada T et al (2020) The PD-1 expres-
sion balance between effector and regulatory T cells predicts
the clinical efficacy of PD-1 blockade therapies. Nat Immunol
21:1346-1358. https://doi.org/10.1038/s41590-020-0769-3

Ren D, Hua Y, Yu B et al (2020) Predictive biomarkers and
mechanisms underlying resistance to PD1/PD-L1 blockade can-
cer immunotherapy. Mol Cancer 19:19. https://doi.org/10.1186/
$12943-020-1144-6

Gu SS, Zhang W, Wang X et al (2021) Therapeutically increas-
ing MHC-I expression potentiates immune checkpoint blockade.
Cancer Discov 11:1524-1541. https://doi.org/10.1158/2159-8290.
CD-20-0812

Hope HC, Salmond RJ (2021) The role of non-essential amino
acids in T cell function and anti-tumour immunity. Arch
Immunol Ther Exp (Warsz) 69:29. https://doi.org/10.1007/
s00005-021-00633-6

Sugimoto M, Wong DT, Hirayama A, Soga T, Tomita M (2010)
Capillary electrophoresis mass spectrometry-based saliva
metabolomics identified oral, breast and pancreatic cancer-spe-
cific profiles. Metabolomics 6:78-95. https://doi.org/10.1007/
s11306-009-0178-y

Qaradakhi T, Gadanec LK, McSweeney KR, Abraham JR, Apos-
tolopoulos V, Zulli A (2020) The anti-inflammatory effect of tau-
rine on cardiovascular disease. Nutrients. https://doi.org/10.3390/
nul2092847

Jakaria M, Azam S, Haque ME, Jo SH, Uddin MS, Kim IS, Choi
DK (2019) Taurine and its analogs in neurological disorders:
Focus on therapeutic potential and molecular mechanisms. Redox
Biol 24:101223. https://doi.org/10.1016/j.redox.2019.101223
Froger N, Moutsimilli L, Cadetti L et al (2014) Taurine: the come-
back of a neutraceutical in the prevention of retinal degenerations.
Prog Retin Eye Res 41:44-63. https://doi.org/10.1016/j.preteyeres.
2014.03.001

Ansar M, Ranza E, Shetty M et al (2020) Taurine treatment of
retinal degeneration and cardiomyopathy in a consanguineous
family with SLC6AG6 taurine transporter deficiency. Hum Mol
Genet 29:618-623. https://doi.org/10.1093/hmg/ddz303

Meng L, Lu C, Wu B et al (2021) Taurine antagonizes mac-
rophages M1 polarization by mitophagy-glycolysis switch block-
age via dragging SAM-pp2ac transmethylation. Front Immunol
12:648913. https://doi.org/10.3389/fimmu.2021.648913

38.

39.

40.

41.

42.

43.

44,

45.

Prideaux M, Kitase Y, Kimble M, O’Connell TM, Bonewald LF
(2020) Taurine, an osteocyte metabolite, protects against oxida-
tive stress-induced cell death and decreases inhibitors of the Wnt/
beta-catenin signaling pathway. Bone 137:115374. https://doi.org/
10.1016/j.bone.2020.115374

Yang L, Dedkova EN, Allen PD, Jafri MS, Fomina AF (2021)
T lymphocytes from malignant hyperthermia-susceptible mice
display aberrations in intracellular calcium signaling and mito-
chondrial function. Cell Calcium 93:102325. https://doi.org/10.
1016/j.ceca.2020.102325

Zeng XZ,Zhang YY, Yang Q, Wang S, Zou BH, Tan YH, Zou M,
Liu SW, Li XJ (2020) Artesunate attenuates LPS-induced osteo-
clastogenesis by suppressing TLR4/TRAF6 and PLCgammal-
Ca(2+)-NFATcl1 signaling pathway. Acta Pharmacol Sin 41:229-
236. https://doi.org/10.1038/s41401-019-0289-6

Gao Y, Lin H, Guo D et al (2021) Suppression of 4.1R enhances
the potency of NKG2D-CAR T cells against pancreatic carcinoma
via activating ERK signaling pathway. Oncogenesis 10(9):1-9.
https://doi.org/10.1038/s41389-021-00353-8

Huang MY, Jiang XM, Wang BL, Sun Y, Lu JJ (2021) Combina-
tion therapy with PD-1/PD-L1 blockade in non-small cell lung
cancer: strategies and mechanisms. Pharmacol Ther 219:107694.
https://doi.org/10.1016/j.pharmthera.2020.107694

Yi M, Zheng X, Niu M, Zhu S, Ge H, Wu K (2022) Combi-
nation strategies with PD-1/PD-L1 blockade: current advances
and future directions. Mol Cancer 21:28. https://doi.org/10.1186/
$12943-021-01489-2

Zhu Y, Chen M, Xu D et al (2022) The combination of PD-1
blockade with interferon-alpha has a synergistic effect on hepato-
cellular carcinoma. Cell Mol Immunol. https://doi.org/10.1038/
$41423-022-00848-3

Wu M, Huang Q, Xie Y, Wu X, Ma H, Zhang Y, Xia Y (2022)
Improvement of the anticancer efficacy of PD-1/PD-L1 blockade
via combination therapy and PD-L1 regulation. J] Hematol Oncol
15:24. https://doi.org/10.1186/s13045-022-01242-2

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of
such publishing agreement and applicable law.

@ Springer


https://doi.org/10.1038/s41591-018-0045-3
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1038/s41590-019-0312-6
https://doi.org/10.1038/s41590-020-0769-3
https://doi.org/10.1186/s12943-020-1144-6
https://doi.org/10.1186/s12943-020-1144-6
https://doi.org/10.1158/2159-8290.CD-20-0812
https://doi.org/10.1158/2159-8290.CD-20-0812
https://doi.org/10.1007/s00005-021-00633-6
https://doi.org/10.1007/s00005-021-00633-6
https://doi.org/10.1007/s11306-009-0178-y
https://doi.org/10.1007/s11306-009-0178-y
https://doi.org/10.3390/nu12092847
https://doi.org/10.3390/nu12092847
https://doi.org/10.1016/j.redox.2019.101223
https://doi.org/10.1016/j.preteyeres.2014.03.001
https://doi.org/10.1016/j.preteyeres.2014.03.001
https://doi.org/10.1093/hmg/ddz303
https://doi.org/10.3389/fimmu.2021.648913
https://doi.org/10.1016/j.bone.2020.115374
https://doi.org/10.1016/j.bone.2020.115374
https://doi.org/10.1016/j.ceca.2020.102325
https://doi.org/10.1016/j.ceca.2020.102325
https://doi.org/10.1038/s41401-019-0289-6
https://doi.org/10.1038/s41389-021-00353-8
https://doi.org/10.1016/j.pharmthera.2020.107694
https://doi.org/10.1186/s12943-021-01489-2
https://doi.org/10.1186/s12943-021-01489-2
https://doi.org/10.1038/s41423-022-00848-3
https://doi.org/10.1038/s41423-022-00848-3
https://doi.org/10.1186/s13045-022-01242-2

	Taurine enhances the antitumor efficacy of PD-1 antibody by boosting CD8+ T cell function
	Abstract
	Introduction
	Materials and methods
	Human samples
	Mice and tumor models
	CD8+ T cell isolation, transduction, and culture
	Metabolomic
	Flow cytometry
	Imaging cytometry
	Enzyme-linked immunosorbent assay (ELISA)
	RNA isolation, transcriptome profiling, and quantitative real-time PCR
	RNA sequencing
	Western blotting
	Calcium flux assay
	Seahorse assay
	Statistical analysis

	Results
	Elevated taurine levels in lung cancer patients responding to PD-1 blockade antibody therapy
	Taurine enhances T cell antitumor immunity
	SLC6A6 is associated with T cell activation
	SLC6A6 knockdown decreases T cell antitumor immunity
	SLC6A6 knockdown results in decreased T cell oxidative phosphorylation
	SLC6A6 knockdown reduces PLCγ1 phosphorylation, calcium flux, and MAPK signaling
	Taurine supplementation improves the therapeutic efficacy of immune checkpoint blockade antibody therapy

	Discussion
	Anchor 27
	Acknowledgements 
	References




