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of the tumor genome [1, 2]. MSI CRC with a high tumor 
mutation burden presents an inflammatory tumor micro-
environment of tumor infiltrating lymphocytes (TILs) 
such as cytotoxic T cells [2, 3]. This lends benefits to 
patients with MSI CRC who are usually responsive to 
treatments based on immune checkpoint blockade such 
as programmed death-ligand 1 (PD-L1) inhibitors in 
clinic [4]. However, MSS CRC, which is as high as 85% 
of all CRCs, is highly insensitive to immune checkpoint 
blockade, and is refractory to immunotherapies [4, 5]. 
Thus, there is a sizeable unmet need to improve thera-
peutic care for patients with MSS CRC.

Both tumor progression and anti-tumor immune 
responses are shaped by metabolite nutrients within the 
tumor microenvironment [6, 7]. As an essential niche, 
the availability of metabolite nutrients significantly 
impacts the proliferation of tumor cells and the survival 
and function of immune cells [8–10]. Tumor cells are 

Introduction
Colorectal cancer (CRC) is a leading cause of cancer-
related deaths, accounting for nearly one million annual 
deaths in recent years. Colorectal cancer can be classified 
into proficient mismatch repair (pMMR)/microsatellite 
stability (MSS) and mismatch repair deficiency (dMMR)/
microsatellite instability (MSI) according to the stability 
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Abstract
Metabolite nutrients within the tumor microenvironment shape both tumor progression and immune cell 
functionality. It remains elusive how the metabolic interaction between T cells and tumor cells results in different 
anti-cancer immunotherapeutic responses. Here, we use untargeted metabolomics to investigate the metabolic 
heterogeneity in patients with colorectal cancer (CRC). Our analysis reveals enhanced S-adenosylmethionine 
(SAM) and S-adenosylhomocysteine (SAH) metabolism in microsatellite stable (MSS) CRC, a subtype known for 
its resistance to immunotherapy. Functional studies reveal that SAM and SAH enhance the initial activation and 
effector functions of CD8+ T cells. Instead, cancer cells outcompete CD8+ T cells for SAM and SAH availability 
to impair T cell survival. In vivo, SAM supplementation promotes T cell proliferation and reduces exhaustion of 
the tumor-infiltrating CD8+ T cells, thus suppressing tumor growth in tumor-bearing mice. This study uncovers 
the metabolic crosstalk between T cells and tumor cells, which drives the development of tumors resistant to 
immunotherapy.
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highly metabolically active with enhanced glycolysis, 
amino acid metabolism and lipid synthesis to fuel pro-
liferation, leading to a rapid consumption of nutrients in 
the microenvironment [11, 12]. Likewise, immune cells 
require metabolite nutrients to exert essential anti-tumor 
immune functions [13–15]. For example, arginine regu-
lates immune responses and improves anti-tumor activ-
ity of CD8+ T cells. However, most tumor cells consume 
large amounts of extrinsic arginine in the tumor micro-
environment due to a lack of argininosuccinate synthase 
1 (ASS1), thereby inhibiting the activation of anti-tumor 
immune cells [16]. Metabolic intervention through 
increasing intratumoural arginine levels has marked syn-
ergistic effects with PD-L1 blocking antibodies on tumor 
immunotherapy [16, 17]. Bian et al., recently reported 
that tumor methionine consumption is an immune eva-
sion mechanism by which cancer cells outcompete 
T cells for methionine and impair T cell immunity in 
mouse bearing with CRC tumor [18]. These compelling 
findings increasingly appreciate metabolite nutrients as 
key mediators simultaneously regulating both tumor cells 
and immune cells, which leaves ample potential of apply-
ing metabolic modulation for cancer immunotherapy 
[19, 20].

Metabolomics enables to simultaneously measure hun-
dreds to thousands of metabolites and offers molecular 
insights towards pathological phenotypes [21–23]. The 
metabolism of colorectal cancer has been overwhelm-
ingly studied using metabolomic profiling to analyze 
specimen collected from patients with CRC [24–27]. 
However, the tumor-intrinsic metabolic heterogene-
ity between patients with MSS and MSI CRCs has 
remained virtually unexplored. More importantly, it is 
not known the metabolic interactions between immune 
and tumor cells, and how the metabolism leads to dif-
ferences in immune responses between the two types 
of CRC tumors. In this work, to characterize metabolic 
heterogeneity between MSS and MSI CRCs, we per-
formed comprehensive metabolomic profiling on pri-
mary tumors (n = 40) and paired adjacent normal tissues 
(n = 40) from CRC patients, revealing distinctive meta-
bolic portraits between the two patient groups. In par-
ticular, we discovered that MSS and MSI CRCs differ in 
S-adenosylmethionine (SAM)/S-adenosylhomocysteine 
(SAH) metabolism, as well as T cell signatures in an 
independent cohort. We further demonstrated that both 
SAM and SAH enhance the initial activation and effector 
function of CD8+ T cells. Instead, colon cancer cells out-
compete CD8+ T cells for SAM and SAH availability to 
impair T cell survival in vitro. In vivo, we demonstrated 
that SAM supplementation promotes T cell proliferation 
and reduces exhaustion of the tumor-infiltrating CD8 + T 
cells, with a result of suppressed tumor growth in the 
CT26 tumor-bearing mice. These findings provide new 

insights into the metabolic heterogeneity in CRC and 
highlight SAM metabolism as potential immunothera-
peutic targets for MSS CRC.

Methods
Patients
We collected primary tumors and paired adjacent nor-
mal tissues from patients with colorectal cancer (n = 40) 
diagnosed from Zhejiang Cancer Hospital (ZJCH, Zhe-
jiang, China). All of the patients were staged according 
to the Union for International Cancer Control (UICC) 
pathologic tumor-node-metastasis (TNM) classifica-
tion system (eighth edition, 2016). The sample collection 
protocol was approved by the Ethics Committee of the 
Zhejiang Cancer Hospital (ZJCH, Zhejiang, China) and 
written informed consent was obtained from the patients 
enrolled in this study.

Mice
Six-week-old male C57BL/6 and BALB/c mice were 
ordered from Beijing Vital River Laboratory Animal 
Technology Co. Ltd. All mice were maintained under 
SPF housing. Animal studies were conducted under 
the approval of the ethical guidelines of the Institu-
tional Animal Care and Use Committees of the Shang-
hai Origin RBH Co., Ltd. (approved project number: 
SOP-MAE-006-027).

Cell lines
CT26 cells were cultured in DMEM containing 10% FBS 
and antibiotics (100 U/mL penicillin and 100  µg/mL 
streptomycin). CT26 (RRID: CVCL_7256) cell line was 
obtained from the Cell bank of the Chinese Academy 
of Sciences. Cells were tested negative for mycoplasma 
contamination.

Tumor model
We established CT26 tumors and mice were inoculated 
subcutaneously with 1 × 106 CT26 cells. 6 days after 
tumor establishment, the mice were randomly divided 
into three groups and were treated with PBS, or SAM, 
or SAH through intratumoral administration. The stock 
solution of SAM and SAH were prepared in PBS with 
1% DMSO. The working solution of SAM and SAH were 
diluted with PBS, and the final concentrations of DMSO 
were 0.04% and 7.7e-5%, respectively. Mice were admin-
istered with ~ 20 uL solution of resultant SAM (39.84 µg 
kg− 1), or SAH (0.08  µg kg− 1). Given the extremely low 
proportion of DMSO in the solution, mice in the con-
trol group receive only PBS without DMSO. The mice 
were treated once two days for three consecutive times. 
Tumors were measured using a calliper at individual time 
points. Tumor areas were calculated as follows: length × 
width. Mice were euthanized by CO2 and sacrificed on 
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day13 for flow cytometry and metabolomics analyses. It 
is noted that CO2 may have effects on mouse metabo-
lome during process.

Metabolite extraction
20 ± 0.5 mg of each frozen tumor tissue was homogenized 
with 200 µL H2O and ceramic beads using a homogenizer 
(JXFSTPRP-CL, Shanghai Jingxin Experimental Technol-
ogy) at the low-temperature condition. 200 µL homog-
enized solution was taken out for each sample and 800 µL 
extraction solution (ACN: MeOH = 1:1, v/v) was added 
for metabolite extraction. The mixture solution was vor-
texed for 30  s, and sonicated for 10  min at 4  °C water 
bath. Then the sample was incubated for 1 h at − 20  °C, 
followed by centrifugation for 15 min at 16,200 x g and 
4 °C. The supernatant was taken to a new 1.5-mL EP tube 
and evaporated to dryness at 4 °C in a vacuum concentra-
tor. The dry extracts were then reconstituted in 100 µL 
of ACN: H2O (1:1, v/v), sonicated for 10  min, and cen-
trifuged at 13,000 rpm (15,000 g) and 4 °C for 15 min to 
remove insoluble debris. The supernatant was transferred 
glass vials. A pooled quality control sample was prepared 
by mixing 5 µL of extracted solution from each sample 
into a vial. All the vials were capped and stored at -80 °C 
prior to LC − MS analysis.

For extraction of metabolites in cells, the culture 
medium was quickly removed, and cells were washed 
with PBS twice. Cell dishes were placed on dry ice and 
the metabolite extraction solution (MeOH: ACN: 
H2O = 2/2/1, v/v/v, 800 µL) was added to dishes to 
quench metabolism. The cell contents were scraped and 
transferred to a 1.5-mL Eppendorf tube. Another 400 µL 
extraction solution was added to wash dish and trans-
ferred to the same EP tube. The samples were vortexed 
for 1  min and centrifuged for 10  min at 16,200 x g and 
4  °C to precipitate insoluble materials. The supernatant 
was taken to a new 1.5-mL EP tube and evaporated to 
dryness at 4 °C in a vacuum concentrator. The insoluble 
debris was further analyzed to and the protein content of 
each sample was evaluated using the BCA Protein Assay 
Kit (Thermo Fisher Scientific, Rockford, IL). The volumes 
of reconstitution solvent for the dry extracts of individual 
samples were normalized to the BCA assay values.

LC − MS based metabolomic analysis
For untargeted metabolomic profiling, the LC − MS 
analysis protocol followed that in our previous publica-
tion [28]. The data was acquired using a UHPLC system 
(Vanquish, Thermo Scientific) coupled to an orbitrap 
mass spectrometer (Exploris 480, Thermo Scientific). A 
Waters ACQUITY UPLC BEH amide column (particle 
size, 1.7 μm; 100 mm (length) × 2.1 mm (i.d.)) and Kine-
tex C18 column (2.6 μm, 2.1 × 100 mm) were used for the 
LC separation and the column temperature was kept at 

25  °C. For amide column, mobile phase A was 25 mM 
NH4OH + 25 mM NH4OAc in water, and B was ACN for 
both the positive (ESI+) and negative (ESI−) ionization 
modes. The sample injection volume was 2 µL. Mobile 
phases, gradient elution for BEH amide column and C18 
column followed the previous publication [28]. LC − MS 
data acquisition was operated under full MS scan polar-
ity switching mode for all samples. A ddMS2 scan was 
applied for QC samples to acquire MS/MS spectra. ESI 
source parameters were set as follows: spray voltage, 
3500 V or -2800 V, in positive or negative modes, respec-
tively; aux gas heater temperature, 350 °C; sheath gas, 50 
arb; aux gas, 15 arb; capillary temperature, 400  °C. The 
full MS scan was set as: orbitrap resolution, 60,000; AGC 
target, 1e6; maximum injection time, 100 ms; scan range, 
70-1200 Da. The ddMS2 scan was set as: orbitrap resolu-
tion, 30,000; AGC target, 1e5; maximum injection time, 
60 ms; scan range, 50-1200 Da; top N setting, 6; isolation 
width, 1.0 m/z; collision energy mode, stepped; collision 
energy type, normalized; HCD collision energies (%), 
SNCE 20-30-40%; Dynamic exclusion duration was set as 
4 s for excluding after 1 time.

For quantification of SAM and SAH concentration, 
a BEH Z-HILIC column (particle size, 1.7  μm; 100  mm 
(length) × 2.1  mm (i.d.)) was used for LC separation. 
The mobile phases A was 15 mM ammonium bicarbon-
ate in water (pH = 9.0), while mobile phases B was 15 
mM ammonium bicarbonate in 90% acetonitrile and 
10% water (pH = 9.0) for both ESI positive and negative 
ionization modes. The linear gradient eluted from 90% B 
to 65% B (0–5.0 min, 0.5 mL/min), 65% B (5.0–6.0 min, 
0.5 mL/min), 65% B to 90% B (6.0–6.5 min, 0.5 mL/min), 
90% B (6.5–9.5 min, 1.0 mL/min), 90% B (9.5–9.51 min, 
1.0 mL/min). Parameters of ESI source and MS scanning 
followed the description as described above.

Metabolomics data processing
Untargeted metabolomics data processing followed our 
previous publications [28–30]. In brief, raw MS data 
(.raw) files were converted into the mzXML format by 
ProteoWizard (version 3.0.20360) and processed by 
XCMS (version 3.2;  h t t p  s : /  / b i o  c o  n d u  c t o  r . o r  g /  p a c  k a g  e s / r  e 
l  e a s  e / b  i o c /  h t  m l / x c m s . h t m l) for peak detection, retention 
time correction, and peak alignment. Metabolite annota-
tion was performed using MetDNA  (   h t t p : / / m e t d n a . z h u l 
a b . c n /     ) [29, 30]. The metabolite annotation parameters 
were set as “HILIC” or “RP” according to liquid chroma-
tography mode, and “30” or “SNCE_20_30_40%” for col-
lision energy. Metabolites with level 1 identification were 
used for statistical analyses.

We used Skyline (version 22.2.0.351) for manual inte-
gration of the peak areas of metabolites in cell samples 
and standard samples for calibration curve. The raw data 
files (.d) and the m/z values, and retention time (RT) of 

https://bioconductor.org/packages/release/bioc/html/xcms.html
https://bioconductor.org/packages/release/bioc/html/xcms.html
http://metdna.zhulab.cn/
http://metdna.zhulab.cn/
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the target metabolites were imported into Skyline. The 
target metabolites were manually inspected, and the inte-
gration intervals were adjusted.

T cell isolation and activation
Mouse primary CD8+ T cells were isolated from the 
spleens of wildtype C57BL/6 mice using a mouse CD8+ 
T cells isolation kit (StemCell Biotec, Canada). Primary 
CD8+ T cells were cultured 48  h with complete RPMI 
1640 medium containing 10% FBS, 100 U mL− 1 penicil-
lin, and 100 mg mL− 1 streptomycin, 0.05 mM 2-mercap-
toethanol and IL-7 (10 ng mL− 1). The CD8+ T cells were 
stimulated on plate-bound anti-CD3/CD28 (2  µg mL− 1) 
with IL-2 (10 ng mL− 1) for 2 h, 24 h, and 72 h.

The intratumor CD45+ tumor-infiltrating leukocytes 
from BALB/c mice were isolated as follows:

Tumor tissues were cut into pieces (≤ 2 mm) and sus-
pended with 5 mL tumor digestion buffer (500 uL col-
lagenase/hyaluronidase solution, 750 µL 1  mg mL − 1 
DNase I solution, and 3.75 mL RPMI-1640 medium). 
After incubation at 37 °C for 1.5 h on a shaking platform, 
the digested tumor tissues were transferred into a 40-µm 
mesh nylon strainer on a 50 mL conical tube, pushed 
through the strainer using the rubber end of a syringe 
plunger, and rinsed with the recommended medium 
(PBS containing 2% FBS and 1 mM EDTA.). After cen-
trifugation at 300 x g for 10 min at room temperature, the 
resulting cell pellets were added with 10 mL of ammo-
nium chloride solution for incubation at room tempera-
ture for 5 min, followed by centrifugation at 300 x g for 
10  min at room temperature. The resulting cell pellets 
were re-suspended at 1–10 × 106 cells per mL in PBS and 
then subjected to CD45+ tumor-infiltrating leukocytes 
isolation by magnetic bead purification using the EasySep 
Mouse TIL (CD45) Positive Selection Kit according to 
the manufacturer’s instructions (Stemcell Technologies).

CD8+ T cell and colon cancer cell coculture assay
Transwell insert chambers with 0.4  μm porous mem-
branes (Corning) were used for non-contact coculture. 
Mouse primary CD8+ T cells were first cultured for 48 h 
and activated by plate-bound anti-CD3/CD28 antibody 
for 48 h. CD8+ T cells and CT26 cells were then cocul-
tured in a 5:1 ratio for 48 h with 0.2 µM SAH or 100 µM 
SAM in an incubator at 37  °C with 5% CO2. CD8+ T 
cells were added to the top chamber and CT26 cells were 
added to the bottom chamber. Cells in individual cham-
bers were harvested and analyzed by flow cytometry.

Flow cytometry analysis (FACS)
Mouse primary CD8+ T cells were stained with eFluor™ 
450 anti-mouse CD8a (53 − 6.7), PE anti-mouse CD69 
(H1.2F3), APC anti-mouse CD25 (Clone PC61.5), FITC 
Anti-mouse CD44 (Clone IM7), PE anti-mouse TNF-α 

(MP6-XT22), APC anti-mouse IFN-γ (XMG1.2), and 
FITC anti-mouse GZMB (NGZB), and FITC-Annexin 
V mAbs. Intratumor T cells were stained with FITC 
Anti-mouse CD45 (Clone 30-F11), Brilliant Violet 650 
Anti-mouse CD8a (Clone 53 − 6.7), PE-Cyanine5 Anti-
mouse CD4 (Clone GK1.5), PE Anti-mouse Ki-67 (Clone 
SolA15), APC Anti-mouse FOXP3 (Clone FJK-16s), 
Brilliant Violet 421 Anti-mouse CD279 (PD-1) (Clone 
29 F.1A12), and PE-Cyanine7 Anti-mouse CD366 (TIM3) 
(Clone RMT3-23).

For surface staining, CD8+ T cells were seeded onto 
plates coated with anti-CD3/CD28. Cells were harvested 
two hours after seeding and staining with anti-CD69 
antibody. Cells were harvested 24  h after seeding and 
staining with anti-CD25 antibody and anti-CD44 anti-
body. For intracellular staining, cells were stimulated 
and Bafilomycin A1 (BFA, 3  µg mL− 1) were added dur-
ing the last 4 h. For IFN-γ, TNF-α and granzyme B anal-
ysis, cells were stained with anti-CD8 or anti-CD4 first, 
then fixed (00-8222-49, eBioscience), permeabilized and 
stained with Permeabilization Buffer (00-8333-56, eBio-
science) according to the manufacturer’s protocol. For 
Ki-67 and FOXP3 analysis, mouse cells were stained with 
anti-CD8 or anti-CD4 first, then fixed, permeabilized and 
stained with Transcription Factor Staining Buffer Set (00-
5523-00, eBioscience) according to the manufacturer’s 
protocol. For apoptosis staining, cells were harvested, 
resuspended, and analyzed using an Annexin V Apopto-
sis Detection Kit (Thermo Fisher Scientific). The apop-
tosis staining samples were acquired on guava EasyCyte 
HT (Merck Millipore). Other samples were acquired on 
Attune NxT Flow Cytometer (Thermo Fisher Scientific). 
Data analysis was performed using Flowjo software (ver-
sion 10.3.1).

Quantification and statistical analysis
Data are presented as the mean ± standard error of the 
mean (SEM) from biological replicates. For untargeted 
metabolomics analysis of CRC patient cohort, significant 
differences among four groups were analyzed using One-
way analysis of variance (ANOVA). Comparative analy-
sis of two groups was analyzed using two-sided Student’s 
t-test, followed by False Discovery Rate (FDR) multiple 
comparison test using R program. Statistical significance 
was set at FDR adjusted P < 0.05. A broad rule of thumb 
from previous publications is that 3–10 mice per group 
are usually used in metabolite-treated immunology 
experiments to have adequate power, such as flow cytom-
etry analyses or cytokine profiling [18, 31]. Accordingly, 
n = 8 biologically independent animals were used in this 
study for in vivo experiments in mice.
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Results
Metabolic heterogeneity between MSS and MSI CRCs
To investigate the metabolic differences between MSS 
and MSI CRCs, we first analyzed a cohort of human 

tissue samples comprising primary tumors (n = 40) and 
paired adjacent normal tissues (n = 40) from patients with 
MSS or MSI CRC (Fig. 1A). The detailed information of 
the clinical cohort is listed in Table S1. We performed 

Fig. 1 (See legend on next page.)
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LC − MS-based untargeted metabolomics on these tis-
sue samples, quantifying 595 metabolites for subsequent 
statistical analyses (Fig.  1B, Fig. S1A and Supplemen-
tary Data 1). The multivariate statistical analyses of the 
metabolomics data revealed profound differences in the 
tissue metabolome between CRC tumors and paired adja-
cent controls, as well as MSS and MSI tumors (Fig.  1C 
and Fig. S1B-D). Subsequent univariate analysis showed 
that 195, 114, 81 metabolites were significantly changed 
between MSS tumor and paired control, MSI tumor and 
paired control, MSS tumor and MSI tumor, respectively 
(fold change ≥ 1.2 or ≤ 0.83, FDR adjusted P < 0.05, Fig. 
S1E-G). Hierarchical clustering analyses (HCA) using the 
top 50 dysregulated metabolites disclosed three different 
clusters among the groups as showed in Fig. 1D. Further 
pathway enrichment analysis revealed that multiple path-
ways were dysregulated in CRC tumors such as galactose 
metabolism, biosynthesis of unsaturated fatty acids, and 
distinct metabolism of carbohydrates (Fig.  1E). Specifi-
cally, MSS and MSI CRCs differed in metabolic pathways 
including glycerophospholipid metabolism, sphingolipid 
metabolism, cysteine and methionine metabolism, nico-
tinate and nicotinamide metabolism, and carbohydrate 
metabolism.

MSS and MSI CRCs differ in SAM/SAH metabolism and 
T-cell signatures
Closer examination disclosed specific differences 
between MSS and MSI CRCs in critical metabolic inter-
mediates in the SAM/SAH metabolism. In this pathway, 
SAM is synthesized from methionine through an ade-
nosyl group transfer reaction catalyzed by the enzyme 
methionine adenosyltransferase (MAT) (Fig. S2A). The 
biosynthesis cycle forms either through SAH or methyl-
thioadenosine (MTA). When compared to paired nor-
mal tissues stratified by microsatellite status, SAM was 
upregulated in MSS CRC but showed no changes in MSI 
CRCs (Fig. 1H). Intermediates including SAH and MTA 
were upregulated in both MSS and MSI CRCs (Fig. 1G, 
Fig. S2B). Interestingly, we found that MSS tumors dis-
played significantly higher levels of SAM, SAH, and MTA 
than those in MSI tumors. In addition, the ratio of SAM/
SAH was significantly higher in MSS tumors than that in 
MSI tumors (Fig.  1H). Above differences between MSS 

and MSI CRCs were not observed for methionine levels 
(Fig. S2C).

To further investigate the association between SAM/
SAH metabolism with microsatellite status in CRC, we 
carried out additional analyses of gene expression data for 
an independent cohort (n = 144) from the Gene Expres-
sion Omnibus database (GSE39582), which includes pri-
mary tumors collected from patients with MSS and MSI 
CRCs. The detailed information of the cohort is provided 
in Table S2. Albeit distinct changing trends of specific 
genes with isoforms, the results revealed profound dif-
ferences in the synthesis and metabolism of SAM and 
SAH at the gene expression level between MSS and MSI 
CRCs (Fig. S2D). For examples, levels of MAT2A and 
MAT2B that express the enzyme catalyzing synthesis of 
SAM were significantly higher in MSI CRC than that in 
MSS CRC. For genes responsible for SAH production, 
lower expression of DNMT1 while higher expression of 
DNMT3A were observed in MSS CRC than that in MSI 
CRC. The combined data demonstrated that MSS and 
MSI CRCs have prominent differences in SAM and SAH 
metabolism, at the levels of both metabolite biosynthesis 
and gene expression.

Furthermore, we computed the immune-related gene 
characteristics of the GSE39582 cohort to evaluate the 
abundance of immune cell infiltration in MSS and MSI. 
The immune-related gene characteristics were calcu-
lated using the single-sample gene-set enrichment analy-
sis (ssGSEA) algorithm [32, 33]. The results showed that 
MSS CRC exhibit significantly lower levels of signatures 
associated with immune cells and immune responses 
than MSI CRC (Fig.  2A). Specifically, we observed that 
MSS CRC displayed lower T-cell signatures which are 
represented by CD8+ T cell, 13 T-cell signatures, and 
T-cell as showed in Fig. 2B-D. Moreover, we analyzed an 
additional public transcriptomic dataset (TCGA-COAD) 
for correlations between SAM metabolism genes and 
CD8+ T cell activity in MSS CRC (n = 270). In the TCGA-
COAD cohort, 26 genes associated with CD8+ T cell acti-
vation were chosen for correlation analyses with SAM 
metabolism genes (MAT2A, MAT2B, DNMT1, DNMT3A, 
DNMT3B, GNMT). In MSS CRC, we observed 68 signifi-
cantly positive correlations between SAM metabolism 
genes and CD8+ T cell activity genes (Fig.  2E, R > 0.5 
and p value < 0.05, Pearson correlation). For examples, 

(See figure on previous page.)
Fig. 1 Tumor metabolic heterogeneity between patients with MSS and MSI CRCs. (A) Schematic illustration of untargeted metabolomics analysis of tis-
sue samples (n = 80) from patients with MSS (n = 20) and MSI CRCs (n = 20). (B) Metabolite classes of identified metabolites in MSS and MSI CRC tissues. 
(C) Partial least squares (PLS) shows different metabolic profiles among four sample groups. Each dot represents the averaged value from the analysis 
method. (D) Hierarchical clustering analyses using the top 50 dysregulated metabolites between CRC tumors and adjacent controls, as well as MSS and 
MSI tumors. Statistics were analyzed by one-way ANOVA. (E) Pathway enrichment analysis using significantly changed metabolites between groups. 
The pathway enrichment analysis was conducted using MetaboAnalyst. (F-H) Levels of SAM (F), SAH (G) and SAM/SAH ratio (H) in patients with MSS 
CRC (n = 20) and adjacent normal tissue controls (n = 20), MSI CRC (n = 20) and adjacent normal tissue controls (n = 20). Data are shown as mean ± SEM. 
Statistics were analyzed by two-sided Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. A value of p < 0.05 was considered statistically 
significant
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CSE1L, CD69, CD8A, and GZMA expression of CD8+ T 
cells are positively correlated with SAM synthesis genes 
MAT2A and MAT2B (Fig. 2F and I). IL2RB and PIK3IP1 
are positively correlated with SAM metabolism genes 
DNMT1 and DNMT3A (Fig.  2J and K). Taken together, 
these results suggest the potential link between immune 
responses and SAM metabolism in MSS and MSI CRCs.

Enhanced SAM/SAH metabolism in activated CD8+ T cells
Metabolism is increasingly recognized as a key determi-
nant of immune responses and oncotherapy, influencing 
the activation and function of immune cells within the 
tumor microenvironment [8, 9]. Given the distinctive 
SAM/SAH metabolism and T-cell signatures in MSS and 
MSI CRCs, we performed LC − MS-based untargeted 
metabolomics on naïve and activated CD8+ T cells to 
explore their metabolic profiles (Fig. 3A). Naïve CD8+ T 
cells from mice were activated by anti-CD3/CD28 treat-
ment or phorbol 12-myristate 13-acetate (PMA) and ion-
omycin, and levels of TNF-α+, IFN-γ+, GzmB+ of CD8+ T 

were measured by flow cytometry to confirm the activa-
tion (Fig. 3B and Fig. S3).

Then, multivariate statistical analyses of the metabo-
lomics data revealed marked differences in the cel-
lular metabolome between naïve (n = 6) and activated 
CD8+ T cells (n = 6) (Fig.  3C). Univariate statistical 
analysis showed that a total of 268 metabolites were 
significantly changed (fold change ≥ 1.2 or ≤ 0.83, FDR 
adjusted P < 0.05), in which levels of 232 metabolites were 
increased and 36 metabolites were decreased in acti-
vated CD8+ T cells (Fig.  3D). Metabolic pathway analy-
sis revealed 16 pathways such as nucleotide metabolism 
and multiple amino acid metabolism that were signifi-
cantly enriched for metabolites associated with CD8+ 
T cell activation (Fig. 3E and Table S3). Specifically, we 
detected significant increases in the levels of SAM, SAH, 
and MTA (P < 0.01) (Fig.  3F-H), similar to the changes 
observed in the tumors of patients with MSS CRC. In 
addition, we observed higher level of methionine in the 
activated than in naïve CD8+ T cells (P < 0.05) (Fig.  3I). 

Fig. 2 MSS and MSI CRCs differ in T-cell signatures and SAM metabolism. (A) Heatmap shows the levels of signatures associated with immune cells and 
immune responses between MSS and MSI tumors of the GSE39582 cohort. (B-D) Bar plots show levels of genes associated with CD8+ T cell (B), 13 T-cell 
signatures (C), and T-cell (D) in MSS and MSI CRCs in the GSE39582 cohort (n = 144). Data are shown as mean ± SEM. Statistics were analyzed by two-sided 
Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. A value of p < 0.05 was considered statistically significant. (E) Pearson correlation 
between SAM metabolism genes and CD8+ T cell activity genes in MSS CRC in TCGA-COAD cohort (n = 270). Correlation between MAT2A and CSE1L (F), 
MAT2B and CD69 (G) and CD8A (H) and GZMA (I), DNMT1 and IL2RB (J), DNMT3A and PIK3IP1 (K) in MSS CRC in TCGA-COAD cohort
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These results showed an enhanced SAM and SAH 
metabolism in the activated CD8+ T cells of mice.

SAM and SAH enhance the initial activation and effector 
function of CD8+ T cells
We next investigated the effects of SAM and SAH on 
mouse primary CD8+ T cells. Quantitative measurement 
of CD8+ T cells using LC − MS showed that the intracel-
lular concentrations for SAM and SAH were approxi-
mately 84 µM and 0.04 µM, respectively (Fig. S4A, B). 
First, CD8+ T cells were isolated from spleens of wild-
type C57BL/6 mice (6 weeks). Then, isolated CD8+ T 
cells were cultured with SAM or SAH under stimulation 

with CD3 and CD28 treatment, followed by flow cytom-
etry analyses (Fig. 4A and Fig. S4C). The results showed 
that both SAM and SAH treatment resulted in increased 
expressions of surface maker CD69 in CD8+ T cells (n = 6, 
P < 0.05) (Fig. 4B, C), whereas no significant effects were 
observed on CD44 and CD25 expression (Fig. S4D-G). 
Therefore, both SAM and SAH enable to enhance the 
initial phase activation of CD8+ T cells. Moreover, both 
SAM and SAH increased levels of TNF-α, IFN-γ, and 
GzmB expression in anti-CD3/CD28-stimulated primary 
CD8+ T cells (Fig. 4D-I), suggesting the enhanced effec-
tor functions of CD8+ T cells. In addition, we assessed 
the effects of metabolite quantity and found that high 

Fig. 3 Activated CD8 + T cells display enhanced SAM and SAH metabolism. (A) Schematic illustration of untargeted metabolomics analyses of naïve CD8+ 
T cells and activated CD8+ T cells from the spleen of C57BL/6 mice. (B) Levels of TNF-α+, IFN-γ+, GzmB+ among CD8+ T cells treated with solvent control 
(DMSO) in unstimulated naïve cells, under stimulation with CD3 and CD28 antibodies, and phorbol 12-myristate 13-acetate (PMA) and ionomycin for 
72 h (n = 6). (C) Partial least squares analysis shows distinct metabolic profiles between naïve and activated CD8+ T cells (n = 6). (D) Volcano plots shows 
differential metabolites between naïve and activated CD8+ T cells. Red dots (n = 232) and blue dots (n = 36) represent metabolites that were increased and 
decreased in activated CD8+ T cells, respectively. (E) Pathway enrichment analysis using significantly changed metabolites (n = 268). (F-I) Levels of SAM 
(F), SAH (G), MTA (H) and methionine (I) in naïve and activated CD8+ T cells (n = 6). Data are shown as mean ± SEM. Statistics were analyzed by two-sided 
Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. A value of p < 0.05 was considered statistically significant
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concentration of metabolites does not further promote 
production of activation and effector molecules (Fig. 4B-
I). Collectively, these results demonstrated that SAM 
and SAH enhance the activation and effector function of 
CD8+ T cells upon stimulation.

Given that SAM is a methylation donor, we next 
investigate the impacts of SAM level on gene expres-
sion changes in CD8+ T cells. FIDAS-5 is an inhibi-
tor of MAT2A which is the enzyme responsible for 

SAM synthesis. To identify gene expression changes in 
response to MAT2A inhibition, naïve CD8+ T cells from 
mice were first activated by anti-CD3/CD28 treatment, 
then treated with FIDAS-5 for 48  h. LC − MS analy-
sis of CD8 + T cells revealed that MAT2A inhibition by 
FIDAS-5 decreased cellular SAM level significantly (Fig. 
S5A). We next performed RNA-seq analysis on FIDAS-5 
treated CD8 + T cells compared to controls. Results 
showed that 305 genes were significantly changed (FDR 

Fig. 4 SAM and SAH enhanced the initial activation and effector function of CD8+T cells. (A) Schematic procedure: splenic CD8+ T cells from C57BL/6 
mice were treated with SAM or SAH or DMSO control for 48 h. Then, the CD8+ T cells were stimulated with CD3 and CD28 antibodies. The CD69+ of 
CD8+ T cells were quantified by FACS after 2 h; the CD25+ and CD44+ of CD8+ T cells were quantified by FACS after 24 h; the TNF-α+, IFN-γ+ and GzmB+ 
of CD8+ T cells were quantified by FACS after 72 h. (B-C) Effects of SAM (B) or SAH (C) on the percentage of CD69+ cells among CD8+ T cells (n = 6). (D-E) 
Effects of SAM (D) or SAH (E) on the percentage of TNF-α+ cells among CD8+ T cells (n = 6). (F-G) Effects of SAM (F) or SAH (G) on the percentage of IFN-γ+ 
cells among CD8+ T cells (n = 6). (H-I) Effects of SAM (H) or SAH (I) on the percentage of IFN-γ+ cells among CD8+ T cells (n = 6). MFI, mean fluorescence 
intensity. Data are shown as mean ± SEM. Statistics are analyzed by two-sided Student’s t-test. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and 
****p < 0.0001. A value of p < 0.05 was considered statistically significant
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adjusted p < 0.05), including 270 downregulated and 
35 upregulated genes upon SAM depletion (Fig. S5B). 
Gene set enrichment analysis (GSEA) further revealed 
that top-ranked gene sets of regulation of cell activa-
tion, response to external stimulus and immune system 
processes were altered by SAM depletion (Fig. S5C). In 
particular, genes such as Cd86, Cd68, Cd72, Il1α, Tnfrsf9, 
and Tnfrsf21 were significantly decreased upon SAM 
depletion (Fig. S5D-5I). Combined, these results showed 
that SAM depletion in T cells directly lead to impaired 
methylation and gene expression changes and suggest the 
SAM-mediated gene expression effects on CD8+ T cell 
functions.

Cancer cells outcompete CD8 T cells for SAM and SAH 
availability to impair T cell survival
Tumor progression and anti-tumor immune responses 
are shaped by the local microenvironment, wherein 
metabolite nutrients serve as a crucial niche. Nutrient 

availability in the environment influences both tumor 
cell proliferation and immune cell survival and function 
[16, 18]. Next, we sought to examine whether tumor cells 
affect CD8+ T cell function through the availability of 
SAM and SAH in the microenvironment. We co-cultured 
two types of colon cancer cells (CT26 or MC38) and acti-
vated mouse CD8+ T cells for 48 h in a Transwell system 
which was used to mimic the tumor microenvironment 
(Fig. 5A). The apoptosis marker annexin V was examined 
for both CD8+ T cells and colon cancer cells.

First, we investigated the effects of SAM and SAH 
on apoptosis in CD8+ T cells that being cultured alone. 
Results showed that SAM reduced the apoptosis of CD8+ 
T cells, with a reduction proportion of 19.8% (Fig.  5B). 
Similar effect was observed for SAH treatment, with 
apoptotic CD8+ T cells being reduced by 15.5% (Fig. 5C). 
By contrast, the proportion of apoptotic CD8+ T cells was 
doubled when cocultured with colon cancer cells (CT26 
and MC38) in the presence of SAM (Fig. 5D, E). Similar 

Fig. 5 Effects of SAM and SAH on CD8+T cell cocultured with colon cancer cells. (A) Schematic illustration of colon cancer cell and T cell co-culture 
in the Transwell system. (B-C) Apoptosis of CD8+ T cells under SAM (B) and SAH (C) treatment (n = 8). (D-E) Apoptosis of CD8+ T cells induced by SAM 
competition with CT26 cells (D) and MC38 cells (E). Colon cancer cells and activated CD8+ T cells were co-cultured for 48 h in a Transwell system with 100 
µM SAM (n = 8). (F-G) Apoptosis of CD8+ T cells induced by SAH competition with CT26 cells (F) and MC38 cells (G). Colon cancer cells and activated CD8+ 
T cells were co-cultured for 48 h in a Transwell system with 0.2 µM SAH (n = 8)
 Data are shown as mean ± SEM. Statistics are analyzed by two-sided Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. A value of 
p < 0.05 was considered statistically significant
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increases in CD8+ T cell apoptosis were found for the 
addition of SAH in the co-culture system (Fig. 5F, G). We 
also measured the apoptosis of cancer cells in the same 
experiments. However, no changes were observed in 
annexin V expression for the cocultured CT26 and MC38 
cancer cells (Fig. S6). These results showed that cocul-
tured colon cancer cells in the presence of SAM and SAH 
cause apoptosis of CD8+ T cells but minimal effects on 
cancer cells.

In addition, we quantified cellular levels of SAM and 
SAH within CD8+ T cells and tumor cells for parallel 
experiments using LC − MS analysis. When CD8+ T cells 
were cultured alone, SAM and SAH supplementation 
increased the cellular metabolite levels of CD8+ T cells 
(Fig. S7A and S7B). When CD8+ T cells were cocultured 
with tumor cells under DMSO conditions, competi-
tion for SAM and SAH between CD8+ T cells and tumor 
cells is unlikely since the absent of SAM and SAH in the 
environment. This is also supported by the comparable 
levels of SAM and SAH in CD8+ T cells cultured alone 
and cocultured with cancer cells under DMSO condi-
tions (Fig. S7A and S7B). By contrast, when SAM or SAH 
was supplemented to culture medium, cellular levels 
of SAM and SAH in the co-cultured CD8+ T cells were 
significantly lower than cells cultured alone because that 
tumor cells were out competing the T cells for SAM and 
SAH. Importantly, SAM and SAH levels within the CD8+ 
T cells in the SAM and SAH supplemented conditions 
were significantly lower than that in the DMSO condi-
tions (Fig. S7A and S7B). In contrast to CD8+ T cells, co-
cultured tumor cells in the SAM and SAH supplemented 
conditions had significantly higher SAM/SAH levels than 
that in the DMSO conditions Fig. S7C and S7D). Col-
lectively, these data supported the proposed mechanism 
that tumor cells may outcompete CD8+ T cells for SAM 
and SAH availability in the environment to impair T cell 
function.

SAM improves T cell immunity and reduces tumor growth 
in mice
To investigate the in vivo effects of SAM and SAH on T 
cell immunity and tumor progression, we next conducted 
the LC − MS based metabolomics analysis and T cell anal-
ysis and of the MSS CRC tumor-bearing mice. We estab-
lished a subcutaneous CT26 transplant mouse model 
(BALB/c) and treated tumors with PBS, SAM, or SAH 
6 days after implantation (n = 8 in each group). Tumor, 
serum, spleen, and draining lymph node (dLN) samples 
were collected for subsequent LC − MS and flow cytom-
etry analyses to examine metabolite levels and T cell pop-
ulations (Fig.  6A). Quantitative LC − MS measurement 
revealed that SAM supplementation increased the levels 
of SAM both in tumor and serum of mice (Fig. S8A, B). 
Increased SAH in tumor but not in serum was observed 

in mice with SAH supplementation (Fig. S8C, D). Tumor 
measurement showed that SAM, but not SAH, markedly 
reduces tumor growth in terms of tumor size and tumor 
weight (Fig.  6B-D and Fig. S8E). LC − MS based untar-
geted metabolomics revealed distinctive metabolic pro-
files among control, SAM or SAH treated tumors (Fig. 
S8F). Univariate analysis showed that a total of 209 and 
132 tumor metabolites were significantly changed (fold 
change ≥ 1.2 or ≤ 0.83, FDR adjusted P < 0.05) induced by 
SAM and SAH treatment, respectively (Fig. S8G-I). These 
dysregulated metabolites were enriched in metabolic 
pathways such as nicotinate and nicotinamide metabo-
lism, and nucleotide metabolism (Fig. S8J).

Flow cytometry analyses revealed that SAM signifi-
cantly increased CD4+ T cell population in tumor-infil-
trating lymphocytes and improved the proliferation of 
CD4+ T cells as an increased Ki67+CD4+ population 
being observed (Fig. 6E, F, and Fig. S9). In addition, SAM 
increased FOXP3+CD4+ regulatory T (Treg) cell popula-
tion (Fig.  6G). Importantly, SAM elevated the percent-
ages of CD8+ T cells as a fraction of the CD45+ leukocytes 
infiltration in CT26 tumors and promoted the prolifera-
tion of CD8+ T cells (Fig.  6H-I). SAM supplementation 
had no effects on CD4+ and CD8+ T cell populations in 
spleen and dLNs (Fig. S10). In particular, we found that 
SAM treatment results in a lower percentage of PD-
1+CD8+ T cells compared to controls (Fig.  6J). Further 
examination of the exhausted status of tumor-infiltrating 
T cells revealed that SAM significantly reduced both ini-
tial and terminal exhaustion of CD8+ T cells in tumors, as 
indicated by decreased proportions of PD-1+Tim-3−CD8+ 
T cells and PD-1+Tim-3+CD8+ T cells compared to con-
trols (Fig. 6K). As such, SAM supplementation increased 
the expression of TNF-α, IFN-γ in CD8+ T cells, suggest-
ing an enhanced cytokine production (Fig. 6L, M).

Investigation of the in vivo effects of SAH on T cell 
immunity showed that SAH increased the population 
and proliferation of CD4+ T cells in tumor-infiltrating 
lymphocytes (Fig. S11A, B). However, SAH supplementa-
tion had no effects on FOXP3+CD4+ regulatory T (Treg) 
cell population (Fig. S11C). With regard to the effects 
on CD8+ T cells, SAH elevated the CD8+ T cell popula-
tion in CT26 tumors and promoted the proliferation (Fig. 
S11D, E). Effects on PD-1+CD8+ T cell population were 
not observed in tumor-infiltrating CD8+T cells of mice 
supplemented with SAH (Fig. S11F). SAH promoted 
the initial exhaustion though it reduced the terminal 
exhaustion of CD8+ T cells (Fig. S11G). In addition, no 
significant immune-enhancement effects were observed 
with the SAH treatment in the tumor-bearing mice (Fig. 
S11H, I).

Collectively, these data demonstrated that SAM pro-
motes proliferation and decreases exhaustion of the 
tumor-infiltrating CD8+ T cells towards improved T cell 
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Fig. 6 Effects of SAM and SAH on T cell function and tumor growth in vivo. (A) Schematic experimental procedures: WT mice (BALB/c) were treated 
with PBS or SAM or SAH through intratumoral administration (i.a.) 6 days after implantation subcutaneously (s.c.) with CT26 cells. (B-D) Representative 
tumor images (B), tumor growth curves (C), and tumor weight (D) at 13 days after inoculation with CT26 cell; n = 8. (E-M) Representative flow cytometry 
plots of CD4+CD45+ (E), Ki67+CD4+ (F), Foxp3+CD4+ (G), CD8+CD45+ (H), Ki67+CD8+ (I), PD-1+CD8+ (J), PD-1+Tim-3−CD8+ T and PD-1+Tim-3+CD8+ T 
(K), TNF-α+CD8+ (L), IFN-γ+CD8+ (M) among the tumor-infiltrating leukocyte cells in CT26 tumor-bearing mice treated with SAM. n = 8. Data are shown 
as mean ± SEM. Statistics are analyzed by two-sided Student’s t-test. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. A value of 
p < 0.05 was considered statistically significant
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immunity and reduced tumor progression in the MSS 
CRC tumor-bearing mice.

Discussion
The intrinsic complexity and heterogeneity between 
patients with MSS and MSI CRCs present difficulties in 
colorectal cancer treatment, with significant differences 
in treatment plans, treatment outcomes, prognosis, and 
survival rates among different individuals. Spurred by 
advanced mass spectrometry based metabolomic tech-
nologies, untargeted metabolomics allows the colorectal 
cancer metabolism to be investigated in a so far unprec-
edented depth. Metabolic milieu is increasingly recog-
nized as a salient feature which influences colon tumor 
development, therapeutic effects, and prognosis [25]. 
However, to date, there have been no studies investi-
gating tumor-intrinsic metabolic differences between 
patients with MSS and MSI CRCs. In this study, we dis-
closed metabolic heterogeneity between MSS and MSI 
CRCs including cysteine and methionine metabolism, 
nicotinate and nicotinamide metabolism, and carbohy-
drate metabolism. Particularly, we discovered that MSS 
and MSI CRCs differ in SAM and SAH metabolism, and 
further demonstrated that SAM can enhance CD8+ T cell 
function in vitro and in vivo. This is a unique study to 
show a SAM and SAH metabolism-enhanced metabolic 
subphenotype in patients with MSS CRCs, with implica-
tions for anti-tumor immunity and immunotherapeutic 
outcomes in CRC.

The metabolite milieu such as arginine, lactate, methio-
nine, taurine, and microbial metabolite indole-3-propi-
onic acid, can simultaneously regulate both tumor cells 
and immune cells, thereby having significant impacts on 
cancer immunotherapy [16, 18, 34–36]. More impor-
tantly, tumor cells are highly metabolically active and 
outcompete T cells for essential metabolite nutrients in 
the tumor microenvironment. For examples, intensive 
amino acid consumption by tumor cells cause arginine, 
taurine, and methionine deficiencies in T cells, impairing 
CD8+ T cell immunity against tumor progression. S-ade-
nosylmethionine, which is synthesized via the methio-
nine cycle, has been shown to inhibit certain tumors such 
as breast and liver cancers, as well as colon cancer cells 
[37]. In the patient cohort, we identified that MSS tumors 
had significant higher levels of SAM and SAH than MSI 
tumors. Analysis of the GSE39582 transcriptomic data-
set demonstrated the differences in SAM metabolism 
between MSS and MSI CRCs at the gene expression level. 
Unlike the levels of SAM and SAH, the gene expression 
data shows that the expression of MAT2A and MAT2B 
are higher in the MSI tumors compared to the MSS 
tumors. This can be explained by the fact that the gene 
expression level does not always correlate with protein 
level. In particular for metabolic enzymes, the protein 

levels and enzymatic activities are largely impacted by 
post-translational modification, substrate availability and 
the finely tuned metabolic network. Therefore, the levels 
of end-products catalyzed by metabolic enzymes are not 
always consistent with gene expression. Combined, we 
proposed a mechanism of how MSS tumors are obtaining 
higher SAM levels due to altered MAT2A/B gene expres-
sion. Although there has been limited reports on meta-
bolic heterogeneity between MSS and MSI CRCs, given 
the profound impacts of SAM availability on DNA and 
histone methylation, the distinctive SAM metabolism 
may explain the link between tumor mutational burden 
and immunotherapeutic outcomes in patients with MSS 
CRC compared to MSI CRC.

Another key aspect of the current study was to assess 
the effects of SAM and SAH on CD8+ T cell function 
in vitro and in vivo. Our results showed that both SAM 
and SAH can enhance the activation and effector func-
tion of CD8+ T cells upon stimulation in vitro. Metabolic 
effects downstream of SAM and SAH may be involved, 
such as improved anti-oxidant capacity due to GSH syn-
thesis. But in vivo system in the tumor-bearing mice, no 
significant immune-enhancement effects were observed 
with the SAH treatment. This may be due to the pres-
ence of large amounts of reactive oxygen species in the 
tumor environment, and SAH is not sufficiently effective 
through GSH action alone to combat oxidative stress. 
SAM is the key methylation donor for epigenetic regu-
lation. Bian et al. recently demonstrated that tumor cells 
outcompeted T cells for methionine, thereby lowering 
intracellular level of the synthesized SAM and resulting 
in loss of dimethylation of H3K79me2 in CD8+ T cells 
with impaired immunity. Consistently, we found that 
lowering intracellular SAM results in changes in gene 
expression in CD8+ T cells, in particular for genes asso-
ciated with cell activation and immune system processes 
such as Cd86, Cd68, Cd72, Il1α, Tnfrsf9, and Tnfrsf21. 
Combined with the in vivo data that SAM promotes pro-
liferation and decreases exhaustion of the tumor-infil-
trating CD8+ T cells towards improved immunity and 
reduced tumor progression in the tumor-bearing mice, it 
suggests that SAM orchestrates gene expression towards 
CD8+ T cell functions.

Conclusions
In this study, we analyzed a cohort of tissue samples from 
patients with CRCs using comprehensive untargeted 
metabolomics. We successfully identified that MSS and 
MSI CRCs differ in SAM and SAH metabolism. Specifi-
cally, we demonstrated that SAM and SAH enhance the 
initial activation and effector function of CD8+ T cells. 
Colon cancer cells outcompete CD8+ T cells for SAM and 
SAH availability to impair T cell survival. SAM treatment 
promotes the T cell proliferation and reduces exhaustion 
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of the tumor-infiltrating CD8+ T cells, with a result of 
suppressed tumor growth in the MSS CRC tumor-bear-
ing mice. Our work uncovers a SAM and SAH metab-
olism-enhanced metabolic subphenotype in patients 
with MSS CRC, with potential application of metabolic 
modulation of T cell functions tailored for MSS CRC 
immunotherapy.
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