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Methioninerestriction-induced sulfur
deficiency impairs antitumourimmunity
partially through gut microbiota
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Restriction of methionine (MR), a sulfur-containing essential amino acid,
hasbeenreported to repress cancer growth and improve therapeutic
responses in several preclinical settings. However, how MR impacts cancer
progressionin the context of the intactimmune system is unknown. Here
we report that while inhibiting cancer growth inimmunocompromised
mice, MRreduces T cell abundance, exacerbates tumour growth and impairs
tumour response toimmunotherapy inimmunocompetent male and female
mice. Mechanistically, MR reduces microbial production of hydrogen
sulfide, whichis critical forimmune cell survival/activation. Dietary sup-
plementation of a hydrogen sulfide donor or a precursor, or methionine,
stimulates antitumour immunity and suppresses tumour progression. Our
findings reveal an unexpected negative interaction between MR, sulfur
deficiency and antitumour immunity and further uncover a vital role of

gut microbiotain mediating this interaction. Our study suggests that any
possible anticancer benefits of MR require careful consideration of both the
microbiota and theimmune system.

Methionine, a sulfur-containing essential amino acid, isakey com- remains inconclusive. On one hand, many cancer cells, including
ponent of dietary proteins important for protein synthesis, sulfur  tumour-initiating cells and HNF4a-positive liver cancer cells, highly
metabolism, epigenetic modification, antioxidant defence and signal-  depend on exogeneous methionine*’. MR, a dietary regimen that pro-
ling'. However, the role of methionine in regulating cancer progression  tects against metabolic diseases and ageing*’, is known to repress the
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Fig.1|Methioninerestriction enhances tumour progressionin
immunocompetent mice. a, MR increased intestinal tumour growth in Apc™"-
mice (n =21 mice per group, two-tailed unpaired Student’s t-test; values are
expressed as mean + s.e.m.). b, Representative images of H&E-stained ileum

and colon sections. Arrowheads, colonic tumours. ¢, MR reduced the survival

of Apc™™~mice (n=7 mice on CTRL diet and 6 mice on MR diet, log-rank test).
d, MR sensitized C57BL/6 mice to AOM/DSS-induced death. Regular B6 mice
were subjected to amodified AOM/DSS CRC procedure as described in Methods
(n=19 CTRL and 20 MR initial mice, log-rank test). e, MR pre-feeding enhanced

tumour progression in C57BL/6 mice inan AOM/DSS CRC model (n =16 mice

on CTRL diet and 10 mice on the MR diet, two-tailed unpaired Student’s ¢-test;
values are expressed as mean + s.e.m.). f, MR pre-feeding enhanced the growth
of orthotopically implanted CT26.CL25 cells in Balb/c mice (n =10 tumours per
group, two-tailed unpaired Student’s ¢-test, one outlier in the control group was
removed by >Q3 + 3.0 times the interquartile range (IQR); box-and-whiskers plot,
Tukey with whiskers: Q1 minus 1.5 times the IQR to Q3 plus 1.5 times the IQR).
Details of statistical tests are in Methods.

proliferation and progression of various xenograft tumours**~°, This
dietary intervention canimpact metabolic flux in one-carbon metabo-
lism, inhibit tumour growth and sensitize tumours to chemotherapy

and radiotherapy in certain patient-derived xenografts (PDXs) in a
tumour cell-autonomous manner'. On the other hand, methionine is
also critical for T cell activation and differentiation'"'>. Competition
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for methionine between fast-growing tumour cells and T cells in the
tumour microenvironment has beenreported to disrupt methionine
metabolisminside CD8"T cells, lowering intracellular levels of methio-
nine and the methyl donor S-adenosylmethionine (SAM)*. This reduc-
tionleadstoloss of dimethylated histone H3 Lys 79 (H3K79me2) mark,
decreased expression of STATS, and impairment of T cell immunity
and checkpoint-induced tumour immunity”. Therefore, methio-
nine is also a potential tumour-suppressing nutrient that enhances
T cell-mediated antitumour immunity. Here, we investigated the inter-
actionbetween dietary methionine, immune cells and cancer cellsin
immunocompetent mice.

Low dietary methionine or proteinintakeis
associated with aggravated tumour progression
inmice and increased cancer riskin humans

To investigate the potential impact of dietary methionine on
tumour progression, we fed a genetic intestinal tumour model,
Apc™™~mice'*", with either a methionine-restricted diet (MR diet)
containing 0.172% bL-methionine or a control diet (CTRL diet) contain-
ing 0.86% DL-methionine starting from the age of 2 months. Both diets
were cystine free. Since anumber of comparable methionine-restricted
diets have been shown to suppress a variety of xenograft tumours®™’,
including colorectal PDX tumoursin mice'’, we were surprised to find
that Apc™™*~ mice fed with the MR diet had a significantly higher num-
ber of tumoursin the smallintestine and a higher tumour burdenin the
colon (Fig. 1a,b), along with a dramatically shortened symptom-free
survival (Fig.1c), compared to those fed with the control diet. Addition-
ally, the ileum of the MR diet-fed mice had reduced expression levels
of several apoptotic and DNA damage response genes (Extended Data
Fig.1a) and decreased cleavage of apoptotic protein Bax (Extended
Data Fig. 1b), indicating that intestinal tumours developed on the
MR diet are more resistant to cell death than those developed on the
control diet.

To exclude possible cancer model-specificimpacts of the MR diet
on intestinal tumour growth, we performed dietary MR in C57BL/6)
(B6) mice under an azoxymethane (AOM)/dextran sodium sulfate
(DSS)-induced colorectal cancer (CRC) procedure (Extended Data
Fig.1c). Consistent with our observationsin Apc™™/ mice, pre-feeding
with the MR diet for 3-4 weeks substantially reduced the survival
of B6 animals during the AOM/DSS procedure (Fig. 1d) and signifi-
cantly increased the CRCburdeninthe surviving mice at the end stage
(Fig. 1e and Extended Data Fig. 1d). Moreover, in a syngeneic colon
cancer model, MR pre-feeding significantly enhanced the growth of
orthotopically (rectum) implanted CT26.CL25 mouse colon carcinoma
cellsin Balb/c mice (Fig. 1fand Extended Data Fig. 1e).

Importantly, in a collaborative supplementary study, we found
theinverserelationship between the dietary proteinintake (proxy for
methionine intake) and cancer risk in humans, using a subset of the
UK Biobank (UKB) participants (31,626 total, 52% females). The daily
protein intake was categorized as relatively low (lowP; <1.0 g per kg
body weight per day) versus high (highP;>1.6 g per kg body weight per
day). Combined (all) and male only participantsin the lowP group had
significantly higher overall cancer risk compared to those in the highP
group (Supplementary Table 1). The low dietary methionine/protein
intake was, therefore, unexpectedly associated with cancer develop-
ment/progressionin both mice and humansin our study.

Methionine restriction decreases

T cellabundance and reduces the efficacy

of antitumourimmunotherapy in
immunocompetent mice

Mice usedin the above three different intestinal/colon cancer mod-
els, including Apc™™*~ mice, C57BL/6) mice and Balb/c mice, are all
immunocompetent in contrast withimmunodeficient mice utilized
in previous xenograft and PDX studies®'°. We thus tested whether

MR impairs T cell differentiation and activation, which are known to
be supported by methionine™ ™, in these immunocompetent mice.
Indeed, in Apc™™*"~ mice, MR diet feeding significantly reduced the
fraction of circulating CD3" and CD8" T cells (Fig. 2a and Extended
DataFig.2a). It also displayed a trend to decrease the abundance of
CD3" T cellsin the ileum and colon (Extended Data Fig. 2b) and sig-
nificantly repressed the expression of Ifng, which encodes interferon
(IFN)-y, akey tumour immune surveillance cytokine predominantly
produced by activated lymphocytes'®, in all segments of the intes-
tine of MR diet-fed Apc™"* mice (Fig. 2b). Dietary MR in Apc™"""
mice from the age of 1 month, before any visible intestinal tumours
were developed, also enhanced tumour progression (Extended Data
Fig. 2¢). Strikingly, in these MR diet-fed Apc™"" mice, the total cell
counts of circulating CD45* immune cells were dramatically reduced
inadditionto the cell counts and fractions of T cells (Extended Data
Fig.2d). Moreover, the fractions of their circulating T cells were nega-
tively correlated with the intestinal tumours, particularly the number
of small-intestinal tumours (Fig. 2c and Extended Data Fig. 2e). All
these observations suggest that MR promotes intestinal tumour
progression by hindering overall immune cell differentiation, pro-
liferation and/or survival in this tumour model. In support of this
possibility, MR failed to promote the intestinal tumour number/
burdeninApc™™” mice onanimmunodeficient background (Rag2™”;
Extended Data Fig. 2f-h).

To directly evaluate the role of the immunity in modulating the
effects of MR on tumours, we compared the effects of MR diet feeding
on the incidence and growth of subcutaneously (s.c.) grafted CT26
wild-type (WT) mouse colon carcinoma cells in immunocompetent
Balb/c mice and immunocompromised NSG mice”. Consistent with
previous xenograftreports**~’, MR diet feeding suppressed the growth
of subcutaneously inoculated CT26.WT tumours inimmunocompro-
mised NSG mice (Fig. 2d). However, this suppression was lostinimmu-
nocompetent Balb/c mice (Fig. 2d). Importantly, even though MR diet
pre-feeding did notsignificantly enhance the growth of subcutaneously
inoculated CT26 tumours as it did for orthotopically implanted CT26
tumours (Fig. If), itincreased the tumour incidence (Fig. 2d). Moreo-
ver, consistent with the observations from Apc™"~ mice (Fig. 2a and
Extended Data Fig. 2a), MR also decreased the circulating fractions of
CD3"and CD8" T cells in above tumour-bearing Balb/c mice (Fig. 2e
and Extended Data Fig. 3a), and substantially reduced the abundance
of circulating CD45" immune cells, including T cells in tumour-free
regular Balb/c mice (Extended Data Fig. 3b). Further RNA-sequencing
(RNA-seq) analysis confirmed that subcutaneously grafted CT26.WT
tumours responded distinctly at the transcriptomic level to MR in
Balb/c and NSG mice (Extended Data Fig. 3c-f and Supplementary
Tables 2 and 3), indicating that host immune activity is a key determi-
nant of the tumour response to MR.

All the above observations strongly suggest that MR enhances
tumour growth and progressioninimmunocompetent mice by reduc-
ingimmune cells, particularly T cells. In agreement with this possibility,
pre-feeding of the MR dietincreased the growth of B16.F10 melanoma
tumours subcutaneously grafted in WT C57BL/6) mice but notin CD8a
knockout C57BL/6) mice (Fig. 2f and Extended Data Fig. 3g). Further-
more, when used at a dose of 300 pg per injection for each mouse,
anti-PD-1 (an immune checkpoint inhibitor (ICI) targeting T cells),
significantly suppressed the growth and incidence of subcutaneously
grafted CT26.CL25 cells, abeta-galactosidase expressing subclone of
CT26.WT widely used for testing immunotherapy protocols and host
immune response'®, in control diet-fed but not MR diet-fed Balb/c mice
(Fig. 2g and Supplementary Fig. 1a), indicating that MR reduces the
efficacy of ICIs. Consistently, although the abundance and activation
of circulating T cells were significantly induced by this anti-PD-1 dose
inmice fed with both diets, they were significantly lower in mice on the
MR diet compared to those in mice on the CTRL diet (Fig. 2h). A lower
dose (200 pg per injection for each mouse) of anti-PD-1 treatment
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Fig.2|Methionine restriction represses T cell activation and blunts
tumour response to anticancer immunotherapy inimmunocompetent
mice. a, MR reduced the fraction of circulating T cells in Apc™"*/~ mice

(n=7 mice per group, two-tailed unpaired Student’s t-test). b, MR reduced

the expression of Ifngin all segments of the tumour-containing intestine of in
Apc™™/~mice (n = 6 mice per group, two-tailed unpaired Student’s t-test). ¢, The
small-intestinal tumour number was negatively correlated with the abundance
of circulating T cells in Apc™™” mice fed with CTRL or MR diets. One-month-old
Apc™™/-mice were fed with CTRL or MR diet for 3 months (1 =10 mice for CTRL
diet, 9 mice for MR diet). The Pearson correlation coefficient was analysed in
Prism (two tailed, 95% confidence intervals are labelled). d, The impact of MR
ontumour incidence and growth was dependent on the status of host immune
system (n =10 tumours per group for Balb/c mice; 8 tumours/for NSG mice,
two-tailed unpaired Student’s ¢-test within each mouse strain). e, MR reduced
blood CD3* T cells in tumour-bearing immunocompetent Balb/c mice. The
percentage of the indicated circulating T cell populations from Balb/c mice in

dwas analysed by flow cytometry (n =10 mice per group, two-tailed unpaired
Student’s ¢-test). f, MR failed to enhance the growth of allografted B16.F10
mouse melanoma cells in CD8a knockout mice (for WT mice, n = 4 mice per
group; for CD8a knockout mice, n =5 mice per group; two-way ANOVA).

g, Anti-PD-1antibody (300 pg per injection) failed to suppress tumour growth
in methionine-restricted immunocompetent mice (n = 7 tumours for CTRL
IgG group; 5 tumours for CTRL anti-PD-1group; 8 tumours for MR IgG group;
and 8 tumours for MR anti-PD-1group; two-way ANOVA, one outlier in the MR
anti-PD-1group was removed by >Q3 + 3.0 times the IQR; box-and-whiskers
plot, Tukey with whiskers: Q1 minus 1.5 times the IQR to Q3 plus 1.5 times the
IQR). Mice were inoculated with tumour cells in both flanks. h, MR reduced
circulating CD3"and CD8" T cells in tumour-bearing Balb/c mice treated with
or without 300 pg per injection of anti-PD-1 (n = 5 mice per group, two-way
ANOVA). Values are expressed as the mean + s.e.m., except in c. Details of
statistical tests are in Methods. NS, not significant.

also suppressed the growth of CT26.CL25 tumours in Balb/c mice on
the control diet but not on MR diet (Extended Data Fig. 3h). In these
MR-fed tumour-bearing Balb/c mice, the proportion of CD3* T cells
wasreduced, while that of Tim3"CD4" exhausted T cells was increased
in the blood (Extended Data Fig. 3i and Supplementary Fig. 1b,c).

Their intratumoural CD3" T cells also showed a trend of reduction
after the anti-PD-1 treatment (Extended Data Fig. 3j and Supple-
mentary Fig. 1d). Taken together, our findings demonstrate that MR
represses T cellsand dampens the efficacy of ICI-mediated antitumour
therapy inimmunocompetent mice.
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Fig.3|Methionine restriction alters gut microbiotainimmunocompetent
mice. a, MRsignificantly disrupted three major bacterial taxa in Apc™"* mice.
The faecal bacteria abundance in diet-fed Apc™™/~ mice were determined by
16S rRNA gene amplicon sequencing (n =12 mice on CTRL diet; 11 mice on MR
diet, two-tailed unpaired Student’s ¢-test). b, MR significantly disrupted four
major bacterial groups in C57BL/6) (B6) mice (n =10 mice per group, two-tailed
unpaired Student’s ¢-test). ¢, MR reduced Faecalibaculum and Lactobacillus
butincreased Bifidobacteriumin the small intestine of B6 mice (n =10 mice per
group, two-tailed unpaired Student’s ¢-test). d, MR repressed the expression of
Muc2and Gal3st2in the tumour-containing colons of Apc™™/~ mice. The mRNA
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abundance of Muc2 and Gal3st2 was analysed by qPCR with lamin asaloading
control (n =6 mice on CTRL diet and 5 mice on MR diet, two-tailed unpaired
Student’s t-test; one outlier in Gal3st2 MR group was removed by >Q3 + 3.0 times
theIQR). e, MR reduced the mucinin the colons of Apc™™”~ mice. The colonic
sections of Apc™™~ mice on different diets were stained with the high-iron
diamine and Alcian blue, and the percentages of total mucin-positive area were
quantified in Fiji (n = 6 mice on control diet and n = 5mice on MR diet, two-tailed
unpaired Student’s ¢-test). Values are expressed as the mean + s.e.m. Details of
statistical tests are in Methods.

Methionine restriction promotes intestinal
cancer progression and suppresses antitumour
immunity through gut microbiota

Methionine has been reported to promote T cell activation and dif-
ferentiation through a SAM-mediated cell-autonomous enhancement
of histone activation marks, such as trimethylated histone H3 Lys4
(H3K4me3) onthe promoters of genesinvolved in cytokine production
and cell cycle progression'? or H3K79me2 on key immunoregulatory
transcription factor STATS (ref. 13). However, given that the gut micro-
biota plays afundamental role in regulating the hostimmune system"
and the efficacy of antitumour immunotherapies®’, we hypothesized
thatin additiontoits direct effects on theimmune cells, dietary methio-
nine might affect systemic immune function, antitumour immunity
and outcomes of antitumour immunotherapy through modulating
the gut microbiota.

Bacterial 16S rRNA gene amplicon sequencing analyses
revealed that MR profoundly impacted the gut microbiota in both
tumour-bearing and tumour-free mice. In Apc™™*~ mice, MR sig-
nificantly increased the Firmicutes/Bacteroidetes ratio (Extended
Data Fig. 4a). Notably, MR depleted Akkermansia muciniphila and
Odoribacter but increased Bifidobacterium in these tumour-bearing
mice (Fig. 3a, Extended Data Fig. 4b and Supplementary Table 4). In
tumour-free B6 mice, MR did not affect the Firmicutes/Bacteroidetes
ratio (Extended Data Fig. 4c). However, it did significantly reduce
faecal Akkermansia yet increased Bifidobacterium (Fig. 3b), as it did
inApc™™" mice. MR also substantially altered microbiotain the small
intestines of B6 mice, including decrease of Firmicutes, primarily

Faecalibaculum and Lactobacillus, and increase of Bifidobacterium
(Fig. 3c and Extended Data Fig. 4d,e). A. muciniphila, Odoribacter,
Faecalibaculum, Lactobacillus and Bifidobacterium are allmajor types
of gut commensal bacteria frequently associated with colon carcino-
genesis and therapeutic outcomes® ", In particular, A. muciniphila is
anabundant mucin-degrading intestinal bacterium?? that has many
beneficialimpacts onimmunity, including anincrease in the efficacy of
anti-PD-1immunotherapy”. Because the intestinal mucosal layerisan
important nutrient-rich niche to harbour gut microbiota, we tested the
possibility that MR may affect the above major commensal bacteriaby
modulating mucin production.Indeed, the expression levels of Muc2,
which encodes a prominent member of mucin family secreted from
goblet cells in the colonic epithelium to form the mucus gel layer®,
and Gal3st2, which encodes a major galactose-3-O-sulfotransferase
responsible for the synthesis of colonic sulphomucin®, were reduced
inthe colon tissue of methionine-restricted Apc™" mice (Fig.3d). The
fraction of mucin-positive colonic epithelium was also significantly
reduced inthese mice (Fig. 3e).

To assess the importance of the gut microbiota in mediating
dietary methionine-induced modulation of T cell activation and
tumour progression in the intestine, we transplanted the entire fae-
cal microbial contents from tumour-free B6 mice on either MR or
control diets to antibiotic-treated Apc™™*~ mice fed with chow diet
(Extended DataFig. 5a). Quantitative PCR (qPCR) analysis showed that
the abundance of faecal A. muciniphila was significantly reduced in
methionine-restricted B6 donor mice (Fig. 4a) and this trend was main-
tained at the early phase after faecal transplantation in the recipient
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Fig. 4 |Methionine restriction promotes intestinal cancer progression

and suppresses antitumour immunity through gut microbiotain
immunocompetent mice. a, MR reduced A. muciniphilain B6 mice (n = 6 mice
per group, two-tailed unpaired Student’s t-test). b, Apc™™*" mice transplanted
with faeces from MR diet-fed B6 mice had reduced abundance of CD3* and CD8*
Tcellsin the blood and small intestine (n = 6 mice transplanted with faeces from
mice fed CTRL diet and four to five mice transplanted with faeces from mice

fed MR diet, two-tailed unpaired Student’s t-test). ¢, Apc™"”~ mice transplanted
with faeces from MR diet-fed B6 mice had more intestinal tumours (n =20 mice
transplanted with faeces from mice fed a CTRL diet and 17 mice transplanted
with faeces from mice fed an MR diet, two-tailed unpaired Student’s t-test). d, MR
and MR diet-trained faecal microbiota reduced the fraction of CD8" T cells in the
smallintestine. Total CD45" immune cells from the small intestine of B6 donors
and Apc™™*~ faecal recipient mice were analysed by scRNA-seq. e, CD8" effector
T cells from MR diet-fed B6 donor mice and Apc™™”" faecal recipient mice had
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reduced expression of genes involved inimmune cell function and activationin
the smallintestine. Significantly downregulated genes in CD8 effector cells in
B6-MR mice and Apc-FT-MR mice in Supplementary Table 7 were analysed for
enriched pathways (Methods). Top pathways identified in Gene Ontology,

KEGG and Reactome are shown. f, Violin plots showing the reduced expression
of Gzma and Gzmb in different groups of immune cells in B6-MR and Apc-FT-MR
mice. g, Feature plots showing the reduced expression of Ifngr1 and /[2rbin

sub-T cell groups in B6-MR and Apc-FT-MR mice. h, Faecal microbiota from MR
diet-fed mice failed to induce the expression of IFN-yin CD8" T cells. Purified
mouse PBMCs were treated with faecal microbiota (FM) from CTRL diet or MR
diet-fed donor mice for 12 hinvitro as described in Methods. The fraction of
IFN-y*CD8" T cells was analysed by flow cytometry (n = 5 biological replicates per
sample, Kruskal-Wallis test). Values are expressed as the mean + s.e.m. Details of
statistical tests are in Methods. NS, not significant.
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Apc™™/~mice (Extended DataFig. 5b,c). Remarkably, faecal transplanta-
tion from MR diet-fed tumour-free B6 mice was sufficient toinduce a
dramaticreduction of the fraction of CD3" and CD8" T cellsin the blood
and smallintestine (Fig.4b and Extended Data Fig. 5d) and increase the
tumour number andburdenin the intestines in recipient Apc™"" mice
(Fig. 4c and Extended Data Fig. 5e). Furthermore, MR pre-feeding did
notsignificantly alter the growth of subcutaneously grafted CT26.CL25
tumours nor the abundance of circulating T cells in germ-free Balb/c
mice (Extended Data Fig. 5f-h). However, interestingly, MR was still
able to significantly reduce the body weight of these germ-free mice
(Extended Data Fig. 5i), suggesting that the impact of MR on body
weightisindependent of microbiota. These observations supportour
hypothesis that the gut microbiota mediates, atleastin part, the influ-
ence of dietary methionine on systemicimmune function, antitumour
immunity, and thus tumour progression.

Further analysis of total CD45" immune cells in the small intes-
tine of diet-fed tumour-free B6 donor mice (B6-CTRL and B6-MR)
and chow-fed faecal recipient Apc™"*~ mice (Apc-FT-CTRL and
Apc-FT-MR) by single-cell RNA-sequencing (scRNA-seq) showed that
small-intestinal CD45" immune cells could be categorized into seven
functional groups (with 26 clusters) based on the expression patterns
of known marker genes (Extended Data Fig. 6a,b and Supplemen-
tary Tables 5 and 6a). In line with the results in MR-fed Apc™™*~ mice
(Fig. 4b), MR diet feeding reduced the total T cells, particularly CD8*
effector T cells and centralmemory T cells in B6 donor mice, but unex-
pectedly increased the total B cell abundance (Fig. 4d and Supple-
mentary Table 6a). Notably, these MR diet-induced alterations of gut
immune cellsin B6 donor mice were transferred to the faecal recipient
Apc™™/~ mice (Fig. 4d and Supplementary Table 6a), even though
they were fed a regular chow diet. These findings indicate that the
gut microbiota plays a major role in mediating the impacts of dietary
methionine on gutimmunity. Moreover, CD8" effector T cells in both
B6-MR and Apc-FT-MR mice had significant downregulation of genes
in pathways mediating immune cell differentiation and activation
compared to those in B6-CTRL and Apc-FT-CTRL mice, respectively
(Fig. 4e and Supplementary Table 7). Different immune cells from
B6-MR and Apc-FT-MR mice also had significantly reduced expression
of several genes involved in cytotoxic activity and T cell-mediated
immune responses (Supplementary Table 7). Particularly, their natu-
ral killer T cells had significantly reduced expression of Gzma and
their CD4* T and CD8' central memory T cells had reduced expres-
sion of Gzmb (Fig. 4f and Supplementary Table 7). Additional subcat-
egorizing of T cells (Extended Data Fig. 6¢,d) showed that B6-MR and
Apc-FT-MR mice had reduced abundance of central memory T cells,
natural killer-activating CD8" T cells, tissue-resident memory CD8"
T cells, and certain types of cytotoxic CD8" T cells in their small intes-
tines (Extended Data Fig. 6e and Supplementary Table 6b), many of
which had reduced expression of Gzmb and I2rb (Fig. 4g). Finally, while
in vitro incubation of isolated mouse peripheral blood mononuclear
cells (PBMCs) with faecal microorganisms from CTRL diet-fed B6 mice
significantly increased the fraction of IFN-y*CD8" T cells, faecal micro-
organisms from MR diet-fed mice completely failed to do so (Fig. 4h
and Extended DataFig. 6f). Together, our findings strongly support the
notion that dietary methionine exertsalarge portion of itsimpacts on
gut antitumour immunity through the gut microbiota.

Methionine restriction reduces faecal hydrogen
sulfide production and suppresses antitumour
immunity

The gut microbiota interacts with the host immune system through
multiple complex mechanisms™. Since gut microbial metabolites
are the direct products of dietary interventions, we analysed faecal
metabolites by metabolomics analysis. In B6 donor mice, MR signifi-
cantly altered the abundance of 24 metabolites associated with fatty
acid oxidation (Supplementary Table 8a and Supplementary Fig. 2).

However, very few of these changes were sustained 3 weeks after trans-
plantation into the recipient mice (Supplementary Table 8b). On the
other hand, as expected from the restriction of a sulfur-containing
amino acid, faecal hydrogen sulfide (H,S) production activity was sig-
nificantly reduced in faeces from MR diet-fed B6 mice, and this reduc-
tion was preserved in MR faecal recipient Apc™"” mice 3 weeks after
transplantation (Fig. 5a). H,S is a gasotransmitter with a wide range
of implications in cancer, ageing and age-associated diseases™. It is
also an endogenous potentiator of T cell activation®. The gut is the
major H,S-producing organ, where the gut microbiotais responsible
for about half of this production®. Therefore, dietary methionine might
regulate T cell activation by supporting the H,S-producing activity of
gut bacteria.

In line with this possibility, daily oral gavage of GYY4137, a
water-soluble slow-release H,S donor®, significantly reduced the
small-intestinal tumour number in Apc™"*~ mice transplanted with
faeces from MR-fed B6 mice (Fig. 5b; MR + GYY), along with the rescue
of the Ifng, Gzma and Gzmb mRNA levels in different segments of the
intestine (Fig. 5c) and astriking rescue of their symptom-free survival
(Fig.5d). These observations strongly suggest that defective faecal H,S
productionis responsible, at least partially, for MR-induced deficiency
ofimmune cell activation and tumour progression in Apc™™/~ mice.

When tested for its ability to rescue MR-induced resistance to
anti-PD-limmunotherapy (Extended DataFig. 7a), GYY4137 sensitized
subcutaneously grafted CT26.CL25 tumours in Balb/c mice fed with
the MR diet to the anti-PD-1treatment (Fig. 6a). GYY4137 also reduced
weights of subcutaneously grafted B16.F10 melanoma tumours follow-
ing anti-PD-1 treatment in C57BL/6) mice, although it did not impact
the tumour incidence (Fig. 6b). This effect was completely absent in
subcutaneously grafted CT26.CL25 tumours on immunodeficient
NSG mice (Fig. 6¢), indicating that dietary methionine and GYY modu-
late tumour growth through antitumour immunity. Consistent with
these findings, daily oral gavage of GYY4137 significantly rescued the
decrease of blood T cell counts induced by MR in Balb/c mice (Fig. 6d).

Whentestedinvitro, GYY4137 supplementationin culture medium
significantly increased the IFN-y"CD8" T fraction in mouse PBMCs
treated with faecal microorganisms from MR-fed B6 mice (Extended
DataFig.7b), suggesting that MR diet-induced reduction of faecal H,S
productiondirectly contributes to the defective antitumour immunity.
To further understand how H,S may promote immune cell abundance/
activity, we investigated whether H,S donors canactivate glycolysis of
activated immune cells cultured with different levels of methionine,
as H,S-mediated protein cysteine sulfhydration has been reported
to augment GAPDH activity**. Consistent with this notion, overnight
culture of activated human PBMCs in an MR medium substantially
reduced theactivity and sulfhydration of GAPDH (Fig. 6¢,f; MR versus
CTRL). Supplementation of NaSH, another potent H,S donor, or GYY,
significantly enhanced the activity and sulfhydration of GAPDH in cells
cultured in the CTRL medium and rescued the activity and sulfhydra-
tion of GAPDH in cells cultured in the MR medium (Fig. 6e,f). Additional
Seahorse analyses showed that MR blunted the glycolytic activities but
not oxygen consumption in activated human PBMCs (Extended Data
Fig.7c,d). Supplementation of NaSH enhanced the glycolytic capacity
andglycolyticreservein these cells (Extended DataFig. 7c). Therefore,
H,S may enhance the survival/activity of immune cells by increasing
cysteine sulfhydration and glycolysis.

Deficiency in gut microbiota-mediated hydrogen

sulfide productionimpairs antitumour immunity
Tobetter understand how MR reduces H,S production from gut micro-
organisms, we reanalysed faecal metabolites using a different untar-
geted metabolomic platformin anindependent cohort of CTRL or
MR diet-fed B6 mice (Supplementary Table 8c). Intriguingly but not
surprisingly, alliin, a natural sulfoxide derived from L-cysteine, and
L-cystine, the oxidation dimer of L-cysteine, were among the most dra-
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to H,S production assay using the lead sulfide assay as described in Methods
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GYY4137 rescues MR-induced increase of tumour progression in Apc™™/ mice.
Apc™™/-mice transplanted with faeces from CTRL- or MR-fed B6 mice were
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(n=8miceon CTRLdiet, 6 mice on MR diet and 9 mice on MR diet + GYY,
Kruskal-Wallis test). ¢, Oral supplementation of GYY4137 rescued MR-induced
reduction of Ifng, Gzma and Gzmb mRNA in the tumour-containing intestine

of Apc™™~ mice. Apc™"*~ mice were treated as in b, and the mRNA levels of
indicated genes were analysed by qPCR (n = 9 mice per group, Kruskal-Wallis
test). d, Oral supplementation of GYY4137 rescued the survival of Apc™” mice
on MR diet. Apc™™”mice were treated as in b (n = 16 mice on CTRL diet, 11 mice
onMRdietand 9 mice on MR diet + GYY, log-rank test). Values are expressed
asthemean +s.e.m., exceptind. Details of statistical tests are in Methods.

NS, not significant.

matically reduced metabolites from MR diet-fed faeces (Supplementary
Table 8c¢), indicating that one of the most significantly altered
pathwaysin faeces from MR fed mice is the sulfur amino acid metabo-
lism pathway. Further analysis of metabolites in the sulfur amino acid
metabolic pathways showed that faeces from MR-fed mice accumu-
lated several sulfur-containing metabolites, particularly cystathio-
nine, homocysteine and taurine and taurine-conjugated bile acids, but
were depleted of L-cystine (Cys-Cys; Fig. 7a), suggesting that reduced
H,S productionis possibly due to diminished conversion of the above
sulfur-containing metabolites into cysteine and/or H,S. In support of
this possibility, metatranscriptomic analysis and subsequent qPCR
validation showed that faecal bacteria from MR-fed mice exhibited
reduction ofthe RNA levels of cys/and dsrD, whichencode two enzymes
involved in H,S production from sulfite and taurine, cysK and cysM,
whichencode two enzymes converting cysteine to H,S, and cth, which
encodes an enzyme involved in cysteine and H,S production from

homocysteine and cystathionine® (Fig. 7a—c). Furthermore, many
faecal bacterial species from our MR or CRTL-fed mice expressed vari-
ous H,S-producing enzymes® (Supplementary Table 9). For instance,
A.muciniphila, one of the most significantly downregulated commen-
sal gut bacterial species in the faeces of different strains of MR-fed
mice (Fig. 3a,b), had detectable transcripts of cysK, metY and malY,
genes thatencode three key H,S-producing enzymes (Supplementary
Table 9) and displayed an appreciable H,S producing activity when
measuredinvitro (Extended DataFig. 8a). Bifidobacterium globosum,
amember of the Bifidobacterium genus, which was one of the most
significantly up-regulated taxonomic groupsin both faeces and small
intestine of MR-fed mice (Fig.3a-c), also actively expressed metY and
malY (Supplementary Table 9).

Next, we sought to test whether MR-resulted suppression of gut
microbial H,S production directly contributes to enhanced tumour
growth and impaired antitumour immunity observed in MR-fed
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Fig. 6 | Supplementation of hydrogen sulfide donors enhances antitumour
immunity inimmunocompetent mice. a, Oral supplementation of GYY4137
rescued MR-induced resistance of subcutaneously grafted CT26.CL25 tumours
to anti-PD-1treatment in Balb/c mice (n =10 mice/10 tumour injections per
group, two-way ANOVA). b, Oral supplementation of GYY rescued MR-induced
resistance of subcutaneously grafted B16.F10 tumours to anti-PD-1 treatment
in C57BL/6) mice (n=7,7,9,7,7 and 9 tumours per group, two-way ANOVA).

¢, Neither MR nor oral supplementation of GYY4137 affected the growth of
allografted CT26.CL25 tumours inimmunodeficient NSG mice (n=6,7,7,6,7
and 7 tumours per group, two-way ANOVA). d, Oral supplementation of GYY4137
rescued MR-induced reduction of CD3* and CD4" T cells in regular Balb/c mice.
CTRL or MR-fed Balb/c mice were daily gavaged with GYY for 20 d. The total cell

number of indicated blood T cells was analysed by flow cytometry (n=9,10, 9 and
10 mice per group, two-way ANOVA). e, Supplementation of H,S donors increased
the activity of GAPDH in activated human PBMCs. Human PMBCs activated by
CD3/CD28 beads and IL-2 were cultured in control RPMI 1640 medium containing
100 pM methionine (CTRL) or amethionine-restricted medium containing

10 pM methionine (MR) with or without 500 ptM NaSH or GYY overnight. The
activity of GAPDH was measured as described in Methods (n = 3 biological
repeats per group, two-way ANOVA). f, Supplementation of H,S donors increased
the sulfhydration of GAPDH in activated human PBMCs. Human PMBCs were
treated as previously and sulfhydration of GAPDH was measured as described in
Methods. Representative immunoblots are shown. Values are expressed as the
mean t s.e.m. Details of statistical tests are included in Methods.

mice. We performed a proof-of-concept experiment by repopulat-
ing germ-free Balb/c mice fed on the chow diet with WT Escherichia
coli or amutant E. coli with deletion of decR, a transcriptional fac-
tor controlling detoxification of L-cysteine and production of H,S in
E. coli**. E. coli decR mutants with defective H,S production have been
previously used to elucidate the role of microbial H,S in chronic kid-
ney disease®. However, mono-colonization of neither WT nor decR
mutant E. coli into germ-free Balb/c mice significantly impacted the
tumour growth of mice subcutaneously inoculated with CT26.CL25

cells (Supplementary Fig. 3). Since many faecal bacterial speciesin our
experimental mice expressed H,S-producing enzymes (Supplementary
Table 9), thus possibly having a high background H,S production, we
chose to co-colonize WT or decR mutant £. coli with A. muciniphila
(Extended Data Fig. 8b). A major gut bacterial species sensitive to
MR in different mouse strains (Fig. 3a,b) and a weaker H,S producer
(Extended Data Fig. 8a), A. muciniphilais one of known keystone spe-
cies of human microbiome®®*’ important in the regulation of the effi-

cacy of anti-PD-limmunotherapy”. The repopulated germ-free Balb/c
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Fig. 7| Deficiency in gut microbiota-mediated H,S productionimpairs
antitumour immunity. a, MR altered faecal metabolites in H,S-producing
pathways. Faecal metabolites were analysed by metabolomics, and the log ratios
of the relative abundance of metabolites in MR/CTRL faeces were presented

by a colour scale (n =10 mice per group). b, MR altered the expression of key
H,S-producing microbial genesin the faeces (n = 5 mice per group; box-and-
whiskers plot, whiskers represent the minimum to maximum values, corrected
using the Benjamini-Hochberg method for the false discovery rate). ¢, MR
reduced the expression of indicated faecal microbial H,S-producing enzymes
(qPCR using total bacterial 16S rRNA gene as a control, n =10 mice per group,
from anindependent cohort, multiple two-tailed unpaired Student’s ¢-tests;
oneoutlierin CTRL group was removed for cysK and cysM by >Q3 + 3.0 times the
IQR). d, DecR mutant £. coli has reduced H,S-producing activity in vitro (n = 6
replicates, Kruskal-Wallis test). e, CT26.CL25 tumours exhibit increased growth
ingerm-free Balb/c mice repopulated with decR mutant £. coli/A. muciniphila
after treatment with anti-PD-1(n =10 tumours for WT and 12 tumours for decR

mutant, two-tailed unpaired Student’s ¢-test). Scale bars, 1 cm. f, The faecal
H,S-producing activity was negatively correlated with the tumour weight yet
positively correlated with the abundance of circulating T cellsin germ-free
Balb/c mice repopulated with E. coli/A. muciniphila. All mice in e were analysed
(n=15mice for WT and 14 mice for decR mutant; two tailed, 95% confidence
intervals arelabelled). g, The tumour weight was negatively correlated with the
abundance of circulating T cells in germ-free Balb/c mice repopulated with

E. coli/A. muciniphila (n =15 mice for WT and 14 mice for decR mutant; two tailed,
95% confidence intervals arelabelled). h, Dietary cysteine supplementation
rescued MR-induced growth and resistance of subcutaneous (s.c.) CT26.CL25
tumours to anti-PD-1 treatment in Balb/c mice (n =10 mice/10 tumour injections
per group, two-way ANOVA). Scale bar, 1cm. i, The tumour weight was negatively
correlated with the abundance of circulating CD8" T cells in Balb/c mice fed with
indicated diets (n =10 mice per group; two tailed, 95% confidence intervals are
labelled). Values are expressed as the mean + s.e.m., exceptinb, f, g and i. Details
of statistical tests are in Methods. Ctt, cystathionine; Hcy, homocysteine.
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mice were then subcutaneously inoculated with CT26.CL25 cells and
treated with anti-PD-1 (Extended Data Fig. 8b). We confirmed that
E. coli decR mutants displayed an expected defect in H,S production
invitro (Fig. 7d) and 3 weeks after repopulation into germ-free Balb/c
mice (Extended Data Fig. 8c,d). Remarkably, subcutaneously grafted
CT26.CL25 tumours were significantly bigger in germ-free Balb/c mice
repopulated with decR mutant £. coli plus A. muciniphila than those in
germ-free Balb/c mice repopulated with WT E. coli plus A. muciniphila
after anti-PD-1treatment (Fig. 7e). Importantly, the faecal H,S produc-
tion activity was negatively correlated with the tumour weight yet
positively correlated with the fraction of circulating T cells (Fig. 7f),
and there was also significant negative correlation between the tumour
weight and the abundance of circulating T cells (Fig. 7g). Together,
these observations indicate that reduced H,S production from gut
microbiota directly impairs antitumour immunity and dampens the
response of allograft tumours to antitumour immunotherapy.

Finally, we tested whether supplementation of cysteine, a major
precursor of H,S (Fig. 7a), could rescue MR-induced impairment in
antitumour immunity and increase in tumour growth. Dietary sup-
plementation of cysteine significantly increased faecal H,S production
activity in Balb/c mice fed with the MR diet (Extended Data Fig. 8e) and
rescued MR-induced resistance of subcutaneously grafted CT26.CL25
tumours to anti-PD-1 treatment (Fig. 7h). Additionally, the tumour
weight in all experimental mice was significantly negatively corre-
lated with the fraction of circulating T cells (Fig. 7i and Extended Data
Fig. 8f). Dietary cysteine supplementation alsorescued the MR-induced
enhancement of growth of B16.F10 tumours and their resistance to
anti-PD-1 treatment in immunocompetent B6 mice (Extended Data
Fig.8g). However, it failed toimpact the growth of CT26.CL25 tumours
inimmunocompromised NSG mice in response to anti-PD-1treatment
(Extended Data Fig. 8h). Again, dietary cysteine supplementation was
able to rescue MR-induced body weight loss in all mice regardless of
their status of immunity (Extended Data Fig. 8i-k), indicating that
dietary methionine and cysteine modulate antitumourimmunity inde-
pendently of their effects onbody weight. Altogether, our dataindicate
that MR-induced reduction of microbial H,S production contributes
to the observed suppression of antitumour immunity.

Dietary methionine supplementation enhances
antitumour immunity and suppresses tumour
growthinimmunocompetent mice
We further investigated whether dietary methionine supplemen-
tation could boost antitumour immunity. Intriguingly, compared
to the chow diet containing 0.4% L-methionine, a custom-made
methionine-supplemented chow diet containing 1.3% L-methionine
reduced the abundance of circulating T cells, particularly CD4" T cells
while not significantly impacting CD8" T cells in regular B6 mice (Fig. 8a
and Supplementary Fig.4a). These alterations were accompanied with
anincreased fraction of circulating IFN-y*CD8" and tumour necrosis fac-
tor (TNF)-positive CD8" T cells (Fig. 8b and Supplementary Fig. 4b) and
areduced fraction of PD-1'Tim3°CD4 " T cells (Fig. 8c and Supplemen-
tary Fig. 4c). Furthermore, the expression of various faecal microbial
sulfur metabolic genes was altered in these methionine diet-fed B6
mice (Extended Data Fig. 9a, shown on the KEGG sulfur metabolism
map*’, and Extended Data Fig. 9b). Particularly, the mRNA level of a
highly expressed microbial enzyme mediating H,S production from
cysteine, L-cysteine desulfhydrase, was dramatically induced by dietary
methionine supplementation in faeces of B6 mice (Fig. 8d and Extended
DataFig.9b,c). Additional qPCR analysis revealed that several other key
sulfur metabolic genes involved in H,S production, such as cys/, cysk
and dmsA, were also significantly induced in faeces from anindepend-
ent cohort of mice fed the methionine-supplemented diet (Fig. 8e).
In Apc™™~ mice, dietary methionine supplementation reduced
theintestinal tumour number and burden (Fig. 8f), increased the frac-
tions of circulating CD3" and CD8" T cells (Fig. 8g and Supplementary

Fig. 5a) and extended their healthspan (Fig. 8h). Remarkably, in the
syngeneic CT26 tumour model, dietary methionine supplementation
suppressed the growth of subcutaneously grafted CT26.WT tumoursin
immunocompetent Balb/c mice, yet it markedly enhanced their growth
inimmunocompromised NSG mice (Fig. 8i), further supporting the
notion that the impact of dietary methionine on tumour progression
is dependent on the status of the immune system. The suppression of
tumour growthin Balb/c mice fed a high-methionine diet was coupled
withasignificantly increased fraction of circulating CD8" T cellsin these
tumour-bearing mice (Fig. 8j and Supplementary Fig. 5b). Importantly,
the tumour suppression and immune activation effects of dietary
methionine supplementationinimmunocompetent Balb/c mice were
dependent onthe gut microbiota, as this dietary intervention failed to
suppress the growth of subcutaneously grafted CT26.CL25 tumours
(Fig. 8k;1gG), and did notincrease circulating CD8" T cells (Fig. 81, 1gG;
Supplementary Fig. 5c) in germ-free Balb/c mice. However, interest-
ingly, anti-PD-1treatment reduced the tumourincidence regardless of
diets (Fig. 8k) and significantly increased the abundance of circulating
CD3"and CD8" T cells (Fig. 81) when germ-free Balb/c mice were fed
with a1.3% diet but not a 0.4% diet, indicating that in the presence of
sufficient methionine, germ-free mice still possess a certain degree
of antitumour immunity that can be boosted by anti-PD-1antibody. In
sum, our findings indicate that dietary methionine supplementation
enhances antitumour immunity inimmunocompetent mice partially
through gut microbiota.

Discussion

As a sulfur-containing proteinogenic amino acid, methionine has a
broad array of cell-autonomous impacts on protein synthesis, histone
methylation and redox homeostasis in both cancer cells and immune
cellsand, thereby, is essential for their proliferation, stress resistance
and overall functions®>*'°">* The net effect of dietary methionine
on cancer growth, therefore, depends on the relative dependence of
cancer cells versusimmune cells on this nutrient in the tumour micro-
environment. In the present study, we demonstrate that in addition
to the reported cell-autonomous epigenetic alteration through SAM
production in immune cells'>?, the impact of dietary methionine on
tumour growth and antitumour immunity is also dependent, at least
inpart, ongut microbiota-mediated non-cell-autonomous activation
ofimmune cells. Specifically, our findings support the notion that the
restricted sulfur intake largely underlies MR-induced impairment of
antitumour immunity, as dietary supplementation of a H,S donor or
L-cysteine, a sulfur amino acid acting downstream of SAM, rescued
dietary MR-induced resistance to anti-PD-1treatmentinimmunocom-
petent mice but not inimmunodeficient mice.

Itisworthnoting thatinimmunocompetent mice fed with the CTRL
diet, oral supplementation of GYY or cysteine had a trend to increase
tumour incidence/growth, especially after anti-PD-1 treatment (Figs. 6a
and 7h and Extended Data Fig. 8g), suggesting that too much H,S pro-
ductionis detrimental to antitumour immunity. Therefore, abalanced
level of H,Sisrequired for a healthy gutimmunity. Notably, inimmuno-
competentanimals, MR hasbeenreported to reduce tumour formation
when this dietary intervention was started close to the initiation of
tumourigenesis*>*. This observation is consistent with our finding
that dietary MR will take 3-4 weeks to substantially affect circulating
immune cell profiles and further suggests that the relative depend-
ence of cancer cells versus immune cells on methionine in the tumour
microenvironment may vary at different stages of tumour development.

Our study has several important clinical and translational impli-
cations. Firstly, due to its documented beneficial impacts on pro-
tection against metabolic diseases and ageing*’ and repression of
tumours>*'%*, dietary MR has been promoted as an effective dietary
regimen to control these pathological conditions. However, our dis-
coveryinthis study reveals an unexpected/neglected negative effect of
MR onantitumour immunity, which suggests that in the clinical setting,
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Fig. 8 | Dietary methionine supplementation activates T cells and suppresses
tumour progression inimmunocompetent mice. a, Dietary methionine
supplementation reduced the abundance of circulating T cells (n =11 mice on
1.3% diet and 9 mice on 0.4% diet, two-tailed unpaired Student’s ¢-test). b, Dietary
methionine supplementation increased the abundance and fraction of activated
CD8' T cells (n =11 mice on1.3% diet and 9 mice on 0.4% diet, two-tailed unpaired
Student’s t-test). ¢, Dietary methionine supplementation reduced exhaustion

of circulating CD4" T cells in C57BL/6) mice (n =11 mice on1.3% diet and 9 mice

on 0.4% diet, two-tailed unpaired Student’s ¢-test). d, Dietary methionine
supplementation increases the expression of microbial L-cysteine desulfhydrase
(lcd) genein faeces (n = Smice per group, box-and-whiskers plot, whiskers
indicate minimum to maximum values, corrected using the Benjamini-Hochberg
method for the false discovery rate). e, Dietary methionine supplementation
increased the expression of key sulfur metabolic genes in faeces (n =10 mice per
group, from anindependent experimental cohort, multiple Student’s t-tests).

f, Dietary methionine supplementation inhibited tumour growth in Apc™""" mice
(n=11mice on1.3% diet and 28 mice on 0.4% diet, two-tailed unpaired Student’s
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t-test). g, Dietary methionine supplementation increased blood T cell fractions
in Apc™"*~mice (n =5 mice per group, two-tailed unpaired Student’s t-test).

h, Dietary methionine supplementation increased survival of Apc™"" mice
(n=9 miceona0.4%dietand 6 mice onal.3% diet. Log-rank test). i, Dietary
methionine supplementation repressed tumour growth inimmunocompetent
mice but enhanced tumour growth inimmunodeficient mice (n =10 tumours per
group, two-tailed unpaired Student’s ¢-test between 1.3% versus 0.4% only).

Jj, Dietary methionine supplementation increased blood CD8'CD3" T cells in
Balb/c mice (n =10 miceon al.3% diet and 9 mice on a 0.4% diet, two-tailed
unpaired Student’s ¢-test). k, Dietary methionine supplementation dose not
significantly affected tumour growth and response to anti-PD-1 treatment in
germ-free Balb/c mice (n = 8 mice/16 tumour injections per group, two-way
ANOVA; one outlier in the 1.3% + anti-PD-1group was removed). I, Theimpact

of dietary methionine supplementation on blood T cells in germ-free Balb/c
mice (n =8 mice per group, two-way ANOVA). Values are expressed as the

mean + s.e.m., exceptin h. Details of statistical tests are included in Methods.

Nature Metabolism | Volume 5 | September 2023 | 1526-1543

1537


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-023-00854-3

MR may be more suitable to treat immunocompromised individuals
with cancer. For immunocompetent individuals, there might be a
therapeutic window before MR becomes detrimental to their antitu-
mour immunity. Conversely, dietary methionine supplementation
may boost antitumour immunity in immunocompetent individuals
butwill support tumour growth inimmunocompromised individuals
with cancer. This distinction may be critical for the success of clinical
dietary interventions in cancer. In addition, the inverse relationship
between the dietary protein intake and cancer risk that we observed
inhumans (Supplementary Table 1) concurs with our findings in mice.
This supports the translational significance of our study that the low
dietary methionine may favor cancer development/progress (while
the high methionine might be protective) in both mice and humans.

Secondly, the discovery that the gut microbiotaisinvolved inmedi-
ating theinfluence of MR onantitumourimmunity and tumour progres-
sion implies that manipulating the microbiome could be applied for
development of new therapeutic anticancer approachesinconjunction
with dietary interventions.

Finally, the positive association between dietary methionine,
the H,S-producing activity of gut microbiota, redox homeostasis in
immune cells and antitumour immunity revealed in our study raises an
exciting possibility that H,S chemical donors, when used at appropri-
ate doses, may help to boost antitumour immunity and/or the efficacy
of antitumour immunotherapies without direct impact on growth of
tumour cells.

Methods

Cells

CT26.WT mouse colon cancer cells (American Type Culture Collection
(ATCC) CRL-2638), CT26.CL25 cells (ATCC CRL-2639), a subclone of
CT26.WT cells, and B16.F10 mouse melanoma cells (ATCC CRL-6475)
were obtained from the ATCC. Human PBMCs were obtained from
STEMCELL Technologies (70025). All cell lines were tested by the
National Institute of Environmental Health Sciences (NIEHS) Quality
Analysis Laboratory before inoculating into experimental mice.

Animal experiments

Allmice were housed in the animal facility at the NIEHS with an ambient
temperature around 21-23 °C, humidity of 40-60%, and a dark-light
cycleof 12 h. They were maintained under strict specific pathogen-free
conditions. Allmice were housed inmicro-isolator static cages (Techni-
plast) withautoclaved nesting material (Nestlet, Ancare) and housed on
hardwood bedding (Sani-chips, P.J. Murphy). Allanimals were housed,
cared for and used in compliance with the Guide for the Care and Use
of Laboratory Animals and housed and used in an Association for the
Assessmentand Accreditation of Laboratory Animal Care, International
(AAALAC) Program.

An MR diet containing 0.172% DL-methionine without cystine
(510029) and acontrol diet containing 0.86% DL-methionine without cys-
tine (510027) were purchased from Dyets. The cysteine-supplemented
CTRL diet containing 0.86% DL-methionine + 0.5% L-cysteine and MR
diet containing 0.172% DL-methionine + 0.5% L-cysteine were custom
made by Dyets. The custom-made 1.3% methionine-enriched chow
diet and normal chow diet (National Institutes of Health (NIH)-31)
were purchased from Harlan Teklad. All diets were tested by the NIEHS
Quality Analysis Laboratory before feeding.

All animal procedures in this study were reviewed and approved
by the NIEHS Animal Care and Use Committee under the Animal Study
Proposal numbers ASP2014-0016 and ASP2017-0012. Both male and
female mice were used in this study. We did not observe any significant
sex differences in experiments using both sexes.

Methionine diet feeding procedure in Apc™™"~ mice
Six- to eight-week-old Apc™""" mice (Jax: 002020, both sexes),
with 8-12 mice per group, were fed with diets containing different

methionine ad libitum for up to 8 weeks with free access to water.
The first pair includes an MR diet containing 0.172% DL-methionine
or a CTRL diet containing 0.86% DL-methionine, and the second pair
includes the NIH-31 chow diet containing 0.4% methionine and a1.3%
methionine-supplemented chow diet. After 8 weeks of feeding, mice
were euthanized by CO, for tissue collection, and bled immediately
afterward for other experiments.

To analyse the long-term impact of methionine diets on
symptoms-free survival of Apc™™*/~ mice, a small group of Apc™""
mice were maintained on their respective diets. Their health status
was monitored twice a week, and mice were removed from the study
(euthanized) when they lost 20% of their starting body weight, expe-
rienced severe rectal bleeding or displayed any signs of distress such
as hunching, laboured breathing, incoordination, seizures, lethargy
or becoming prostrate.

Methionine diet feeding procedure in AOM-DSS CRC mice
Six-to eight-week-old C57BL/6) mice (Jax: 000664, females) were fed
with CTRL (19 mice) or MR (20 mice) diets for 3 weeks. They were then
intraperitoneally injected with 10 milligram per kilogram of body
weight AOM. One week later, they were treated with 2% DSS in drinking
water for 7 d, then regular water for the rest of the procedure. During
the DSS treatment week and the following week, the body weight and
health status of the experimental animals were monitored twice aday,
and any mice experiencing more than 25% of their starting body weight,
severerectal bleeding, or displayed any signs of distress, such as hunch-
ing, laboured breathing, incoordination, seizures and lethargy, were
euthanized. After this period, their health status was monitored once
aweek, and mice were euthanized when they lost 20% of their starting
body weight, experienced any of above clinical signs or became pros-
trate. Colon tissues were dissected 14 weeks after the AOM injection
to analyse the development and progression of CRC.

Another cohort of C57BL/6) male mice were fed with CTRL (24
mice) or MR (24 mice) diets for 4 weeks, theninjected with 10 milligram
perkilogram of body weight AOM, and treated with 2% DSS in drinking
water for two cycles (7 d DSS water treatment and 14 d regular water
break). Since most of mice in the MR group died or had to be removed
from the experiment due to health concerns during the procedure, the
experiment was terminated before reaching the endpoint.

Orthotopic colon cancer model

Six-to eight-week-old BALB/c mice (Jax: 000651, males), with 10 mice
per group, were fed with CTRL or MR diets for 3-4 weeks. They were
thenorthotopically (rectum) implanted with 1 x 10* mouse colon can-
cer CT26.CL25 cells for each mouse. Mice were continually fed with
their respective diets for additional 4-5 weeks.

Allograft experiments and PD-1treatment

Six- to eight-week-old BALB/c (Jax: 000651) and NSG (Jax: 005557)
male mice, five to eight mice per group, were fed with two groups of
high-methionine and low-methionine diets as described above for 3
weeks. Mice were then inoculated subcutaneously with 2 x 10° mouse
colon cancer CT26.WT cells and continually fed with the different
methionine diets for an additional 3-4 weeks.

For the immunotherapy experiments with anti-PD-1, the mice
were first fed with different methionine diets for 3 weeks, and then
inoculated subcutaneously with 2 x 10° mouse colon cancer CT26.CL25
cells. Isotype-matched control antibody rat IgG2a (BioXCell, BEOO89)
and rat anti-PD-1 (BioXCell, BEO146) were given intraperitoneally at a
dose of 200 pg per mouse on day 4 after cellinoculation, thenevery 4 d
forthe duration of the experiment. Mice were continually fed with their
respective diets forabout additional 3-4 weeks with free access towater.

For allexperimental mice in this procedure, theirbody weight and
health status were monitored weekly during the first 3-4 weeks of diet
feeding period. After cell inoculation, their body weight, tumour size
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and health status were monitored twice weekly. If an animal became
hunched, lost more than 20% of its initial body weight or the tumour
size exceeded 1.5 cm?’, interfered with normalambulation or ulcerated,
the animal was removed and euthanized by CO,.

Faecal transplantation procedure

One cohort of 6- to 8-week-old C57BL/6) male mice fed with control
or MR diets (six mice/diet) for 2 weeks were used as donors to provide
fresh faeces for faecal transplantation. Gut microbiota depletion and
faecal transplantation were conducted as follows: 8- to 10-week-old
Apc™™/ mice (both sexes) fed on regular chow diet were given auto-
claved water subjected to reverse osmosis or deionized water contain-
ingan antibiotic cocktail (1g1™ ampicillinand 0.575 g1 enrofloxacin)
for 1 week and were then inoculated daily by oral gavage for 7 d with
100 pl per mouse of faecal solution prepared with combined faeces
freshly collected from donor C57BL/6) mice (1:1 dilution of faeces
with PBS). Apc™"~ mice were maintained with sterile water subjected
to reverse osmosis or deionized water and chow diet during faecal
transplantation and afterward. They were monitored for their health
status as described above daily, then analysed for intestinal tumour
formation 3-4 weeks after the faecal transplantation.

GYY4137 supplementation procedure

Six- to eight-week-old C57BL/6), BALB/c mice and immunodeficient
NSG mice, all males, with five to eight mice per group, were divided
into six groups each, with three groups fed with the control diet and
three groups fed with the MR diet for 3 weeks. Starting from day 21,
mice in IgG group and one of the anti-PD-1 groups were dosed daily
with a vehicle carboxymethyl cellulose, while mice in the second
anti-PD-1 group were dosed daily with 50 milligram per kilogram of
body weight GYY4137, respectively, through gavage. Also, on day
21, they were inoculated (subcutaneously) with 2 x 10° cancer cells
(B16.F10 or CT26.CL25) and administered with 200 pgIgG or anti-PD-1
per mouse on day 4 after cell inoculation, then every 4 d for the dura-
tion of the experiment. The mice were continually fed with their
respective diets for about additional 4 weeks with free access to water.
For the faecal transplantation experiment, miceinthe CTRLgroup and
one ofthe MR groups were gavaged daily with 100 pg water, while mice
in the other MR group were gavaged daily with 50 mg per kilogram
of body weight GYY4137 during faecal transplantation and until the
end of experiment.

Wild-type or decR mutant E. coli repopulation, followed by
allograft and anti-PD-1treatment

Six-to eight-week-old germ-free Balb/c mice (Taconic, Balb/cAnNTac
(GF), males), with four to eight mice per group, were gavaged with
WT (Horizon discovery, OEC5042) or decR mutant (mut994, mutant
(Horizon Discovery, OEC4987-200825994) E. coli (0.1 OD4,,/mouse)
plus A. muciniphila (ATCC, BAA-835,10D,,/mouse) in 150 pl PBS
5d aweek for 4 weeks. Five days after the first gavage dosing, 2 x 10°
mouse colon cancer CT26.CL25 cells were subcutaneously inoculated,
and 200 pg of anti-PD-1wasinjected every 5 d. Faeces were collected
for faecal H,S production assay 3 weeks after tumour cell inoculation
using the lead acetate method with 400 pM cysteine as a substrate
(pleaserefer to ‘Lead sulfide assay for faecal H2S production’ for more
details). Tumours were collected 4 weeks after tumour cellinoculation.
To confirm the success of bacterial colonization, total DNA from the
intact colon, including host colon tissue and the colonic lumen con-
tent containing gut microbiota, was purified, then analysed by qPCR
using primers for total 16S rRNA gene, E. coli-specific 16S rRNA gene,
E. coli decR (ybaO) gene and A. muciniphila. The qPCR results were
normalized using the mouse Gapdh gene. The relative abundance of
the above genes was also analysed from faeces using total 16S rRNA
gene as the loading control. All primer sequences can be found in
Supplementary Table 10.

Methionine diet feeding and allograft experimentingerm-
free mice

Six-to eight-week-old germ-free Balb/c mice (Taconic, Balb/cAnNTac
(GF), males), with four to eight mice per group, were fed with irradi-
ated CTRL or MR diets, or autoclaved NIH-31 chow diet containing
0.4% methionine or a 1.3% methionine-supplemented chow diet for
3 weeks. They were then inoculated subcutaneously with 2 x 10°mouse
colon cancer CT26.CL25 cells and fed with the respective methionine
diets for an additional 4-5 weeks.

Image and immunohistochemistry quantification

The total number of visible tumours in the small intestine of Apc™"*/"
mice under different treatments was counted manually. The tumour
surfaceareainthe colonand the colonic tissue surface areawere quan-
tified in Fiji (Image]J v.2.1.0/1.53 g) and the final tumour burden was
calculated using the total surface area of tumours against the total
surface area of the colon.

The mucin-positive areas in the colons of Apc™™* mice under
control or MR diets were quantified in Fiji using ‘Colour Deconvolu-
tion’ with vector of H DAB. The final percentage of positive area was
calculated using the total staining area against the total tissue area.

The UK Biobank data analysis

Data. We used a subset (Supplementary Table 1) of the UKB (https://
www.ukbiobank.ac.uk/). The UKB participants were recruited starting
from 2006. Diet by 24-hrecall information (diet24) was collected dur-
ingon-line cycles 3 (October 2011 to December 2011) and 4 (April 2012
toJune 2012), including the estimation of protein intake. We selected
these cycles because they include the largest number of individuals
who have diet24 informationin both cycles. Only existing human data
from the UKB were used in this study. The reference ID for Duke IRB
Protocol of this study is Pro00109279.

Approach. We evaluated the difference in cancer risk between indi-
viduals with low-to-normal protein intake versus high protein intake
during 24 h (diet24). We considered all cancers combined, except skin
cancer and glioblastoma. The ‘risk’ of cancer was defined as the ratio
ofthe number of individuals who have a cancer onset to allindividuals
inthe group.

Thelow-to-normal protein intake (lowP) was defined as less than
1.0 g of protein consumed per kg of body weight per 24 h. The high
protein intake (highP) was defined as more than 1.6 g of protein con-
sumed per kg of body weight per 24 h. Note that definitions of ‘low
protein’ and ‘high protein’ intakes vary across studies** *°. The age
of participants at time of diet24 data collection was between 40 and
75 years, withamodal class (of most frequently seen ages) of between
55 and 70 years in both groups, that is, with ‘low protein” and with
‘high protein’intake.

Allindividuals were divided in two groups: lowP = (<1.0 gram per
kilogram of body weight) and highP = (>1.6 gram per kilogram of body
weight). Withineach group, individuals were further divided into two
subgroups: those with cancer onset after 1July 2012 (after collection
of diet24 data was completed), and those without cancer onset after
1July 2012; that s, all participants (female/male) were categorized into
the four groups (Supplementary Table1).

Statistical methods and tools. Fisher’s exact test, confidence intervals
for binomial probabilities (Wilson score interval), confidence intervals
for the difference of two binomial proportions (Wald interval) and
confidenceintervals (Wald) for the risk ratio (RR) were used. Rstandard
software packages along with Hmisc and epitools R packages were used.

Immunoblotting and quantitative real-time PCR
Immunoblotting was performed using anti-Bax (Cell Signaling, cs2772;
1:1,000 dilution), anti-beta-actin (Millipore Sigma, MAB1501; 1:10,000
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dilution) or anti-GAPDH (Millipore Sigma CB1001; 1:2,000 dilution)
and scanned on an Odyssey imaging system.

Total RNA was purified from tissues using an RNeasy Mini kit
(Qiagen) followed by cDNA synthesis with the High-Capacity cDNA
Reverse TranscriptionKit (Thermo Fisher Scientific). Real-time PCRwas
performed usingiQ SYBR Green Supermix (Bio-Rad). Specific primers
are listed in Supplementary Table 10.

Flow cytometry analysis

Blood samples were collected with EDTA-coated tubes. Red blood
cellswere lysed with ACK lysis buffer at room temperature for 10 min.
The collected lymphocytes were incubated with anti-mouse CD16/
CD32 at room temperature for 10 min to block the IgG Fc receptors.
Expression of surface markers was detected by simultaneously staining
with the following antibodies (eFluor 450 anti-mouse CD45, APC-Cy7
anti-mouse CD4, FITC anti-mouse CD4, FITC anti-mouse CD3, PE-Cy7
anti-mouse CD3, FITC anti-mouse CD8, PerCP-CyS5.5 anti-mouse CDS,
PerCP-Cy5.5 PE anti-mouse CD279 (PD-1) and BV711 anti-mouse Tim3)
and LIVE/DEAD fixable Aqua dead cell stainkit (Thermo Fisher, L34957)
atroom temperature for 15 min followed by flow cytometry.

For the IFN-y and tumour necrosis factor staining, after per-
forming the cell surface staining, the cells were first fixed using BD
Cytofix solution (554655) then permeabilized using BD Perm/Wash
buffer (554723) and stained with the corresponding antibodies. Flow
cytometric analysis was performed on BD LSRFortessa instrument
(BD Biosciences) and analysed using FACSDiva (BD Biosciences) or
FlowJo V10 (FlowJo) software. All antibodies are listed in Supplemen-
tary Table 11. The FACS gating strategy is shownin Supplementary Fig. 6.

qPCR analysis of faecal microbial sulfur metabolic enzymes
Tovalidate and further analyse the impact of dietary methionine on the
expression of faecal microbial sulfur metabolic enzymes, we designed
qPCR primers based on the consensus sequences of all known tran-
scripts of each microbial sulfur metabolic gene. Five primer sets for cys/,
cysK, cysM, dmsA and cth were validated and used in the subsequent
gPCRanalysis. The qPCR results were normalized against total bacterial
16S rRNA gene. All primer sequences can be found in Supplementary
Table10.

Lead sulfide assay for faecal hydrogen sulfide production

H,S production of mouse faecal samples was detected by the lead
sulfide method described by Hines and Mitchell*. Faecal samples
were collected into 1.5-ml tubes and weighed. PBS was added to each
tube and samples were homogenized by vortexing and pipetting.
An equal amount of faecal content from each sample was then sus-
pended in PBS supplemented with 400 uM or 10 mM cysteine and
1 mM pyridoxal-5-phosphate. Then, 150 pl of each sample was plated
in 96-well plates. A piece of 703-style Whatman filter paper (VWR),
soaked in 20 mM lead acetate (Sigma) and dried, was placed over the
plate wells and covered with the plate lid witha heavy object on the top.
The plate was incubated at 37 °C for 18 h. The formation of lead sulfide
indicated by the dark circles on the filter paper was recorded with a
digital camera. Therelative intensities of lead sulfide were quantified
using Fiji 2.0.

Invitro lymphocyte activation analysis by faecal bacteria

To test whether faecal microorganisms from C57BL/6) mice fed with
different methionine diets have distinct abilities to activate T cells,
wholeblood collected from naive C57BL/6) mice fed with chow diet was
treated with 1x RBC Lysis Buffer (Invitrogen, 00-4300-54) for 15 min
to lyse red blood cells. The resulting PBMCs were cultured in RPMI
1640 +10% FBS ina12-well plate at 1 x 10° cells per well overnight. The
next day, five fresh faecal pellets were collected from C57BL/6) mice
fed with either control diet or MR diet, washed with 1x PBS three times.
The washed faecal microorganisms were then added to the cultured

PBMCswithal:1,000 ratio of bacteria:cells and incubated for an addi-
tional 6 or12 h. The same amount of PBMCs incubated with CD3/CD28
beadsand PMA/ionomycin (BioLegend, 423301) were used as a positive
control. PBMCs without any treatment were used as anegative control.
The fraction of IFN-y*CD8" T cells was analysed by flow cytometry.

Seahorse analysis

To analyse the impact of methionine and H,S donor on glycolysis, the
extracellular acidification rate was measured in a Seahorse XFe96
Analyzer (Seahorse Biosciences) inimmune cells treated with different
conditions. Specifically, human PBMCs (from STEMCELL) cultured in
RPMI1640 +10% FBS and 1% penicillin-streptomycin were activated
with 300 IU ml™ recombinant human IL-2 (PeproTech, 200-02) and
anti-CD3/CD28 beads (Gibco, 11141D) at a 3:1 ratio (beads:T cells) for
14 d. Two days after activation, PBMCs were cultured in control RPMI
1640 medium containing 100 pM methionine (CTRL) oran MR medium
containing 10 pM methionine with or without 100 pM NaSH overnight.
Treated PBMCs were then plated at 2 x 10° per well (n = 8-12) onto
coated XF96 cell platesin 40 pl XF RPMI assay medium at pH 7.4. After
adding an additional 140 pl XF assay medium, cells were incubated
for 1 hat 37 °C without CO,. The XF measurements included serial
injections of glucose (10 mM), oligomycin (1 uM) and 2-DG (50 mM).
The XF assay protocol consisted of 12 measurement cycles, and each
cyclewas 6 min, including 3 min of mixing, 0 min of waiting and 3 min
of measuring. After the Seahorse assay, the remaining assay media
from each well were removed without disturbing the cells and protein
concentration was measured by BCA (Pierce, 23227) assay. The final
glycolysis, glycolytic capacity and glycolytic reserve were normalized
to total cell protein contents.

GAPDH activity assay and sulfhydration analysis

The activity of GAPDH in activated human PBMCs cultured in differ-
ent media was measured in total cell lysates with the GAPDH activ-
ity assay kit based on manufacturer’s instruction (Millipore Sigma,
MAK277-1KT).

The sulfhydration of GAPDH was detected using the modified
biotin switch assay described by Paul and Snyder*®. Briefly, activated
human PBMCs cultured in different media were homogenized in HEN
buffer (250 mM HEPES-NaOH, pH 7.7, EDTA 1 mM and neocuproine
0.1 mM) with 0.1% SDS and 0.1% sodium deoxycholate containing
1x Protease inhibitors and phosphatase inhibitors single-use cocktail
(Thermo Fisher, 78443). Next, 100 pg of cell lysates was added to the
blocking buffer (HEN buffer with 2.5% SDS, and 20 mM methyl meth-
anethiosulfonate (MMTS)) and incubated at 50 °C for 20 min with
rotation on a thermomixer at 1,400 r.p.m. The MMTS was removed
by acetone precipitation at —20 °C for 20 min. The protein pellets
were resuspended in HENS buffer (HEN buffer with 1% SDS; Thermo
Fisher,90106) and incubated with 0.8 mM Biotin-HPDP (ThermoFisher,
21341) on a rotator in the dark at room temperature for 75 min. The
biotinylated proteins were acetone precipitated, resuspended in HENS
buffer andincubated with streptavidin agarose (Thermo Fisher,20347)
with rotation at 4 °C overnight. The streptavidin-bound complexes
were washed six times in HENS buffer, and eluted with 2x Laemmli
sample buffer (Bio-Rad, 1610747) by boiling at 95 °C for 5 min. The
eluted protein was subjected to western blot analysis with anti-GAPDH
(Millipore Sigma, CB1001;1:2,000 dilution).

Statistics and reproducibility

Values are expressed as the mean + s.e.m. from at least three biological
replicates, unless otherwise indicated in the figure legend. Differences
between the means with two comparison groups were analysed by
two-tailed, unpaired Student’s t-test*” and Pvalues were reported. Dif-
ferences between the means with more than two comparison groups
were analysed by either Kruskal-Wallis test or two-way ANOVA with
correction for multiple comparisons by controlling the false discovery

Nature Metabolism | Volume 5 | September 2023 | 1526-1543

1540


http://www.nature.com/natmetab

Article

https://doi.org/10.1038/s42255-023-00854-3

rateand adjusted Pvalues (g values) were reported. Datawere analysed
using Prism Software 8.0 (GraphPad). For all in vivo experiments,
outlier samples that were below Q1 minus 3.0 times the IQR or above
Q3 plus 3.0 times the IQR were removed.

For animal studies, the sample size in each independent experi-
ment was estimated to achieve 30% of the tumour size/weight dif-
ference with 80% of power (syngeneic tumour models) or to achieve
a twofold difference of tumour number/burden with 80% of power
(Apc™™~model or AOM/DSS CRC model). For gene expression analysis,
the sample size was estimated to achieve a twofold difference of gene
expression level with 80% of power. In vitro cell culture experiments
wereindependently performed at least three times and similar results
were observed. Eachindependent experiment was performed with at
least three biological replicates, and no explicit calculations were done
to determine the sample size.

Additional methods on RNA-seq, scRNA-seq, bacterial 16S rRNA
gene amplicon sequencing, faecal bacterial RNA-seq (metatranscrip-
tomics) and faecal metabolites by liquid chromatography-mass spec-
trometry (LC-MS) are available in the Supplementary Information.

Reporting summary
Furtherinformation onresearch designisavailableinthe Nature Port-
folio Reporting Summary linked to this article.

Data availability

The RNA-seq dataset hasbeen deposited to the Gene Expression Omni-
bus under accession number GSE165993. The scRNA-seq dataset has
been deposited to the Gene Expression Omnibus under accession
number GSE181220. The metatranscriptomic data have been submitted
tothe Sequence Read Archive under accession number PRJNA892072.
Additionalinformation about differentially expressed genes of RNA-seq
dataandIPAresultsis included in Supplementary Tables 2 and 3. The
16S rRNA amplicon sequencing results are in Supplementary Table 4.
The scRNA-seq results on immune cell clusters and T cell popula-
tions arein Supplementary Tables 5-7. The faecal metabolite data are
available in Supplementary Table 8. The list of active transcripts of
H2S-producing enzymesisin Supplementary Table 9. All primersand
antibodies usedin the study are in Supplementary Tables 10 and 11.
Databases used for faecal metabolite annotation were as follows:
mzCloud Advanced Mass Spectral Database (mzCloud, Thermo Fisher
Scientific; https://www.mzcloud.org/); NIST 2020 LC-MS/MS library
(NIST library, National Institute of Standards and Technology; https://
www.nist.gov/programs-projects/nist20-updates-nist-tandem-and-
electron-ionization-spectral-libraries); and ChemSpider chemical
structure database (ChemSpider; http://www.chemspider.com/).
Source data are provided with this paper.
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Extended Data Fig. 1| Dietary methionine restriction enhances tumor
progressioninimmunocompetent mice. a, MR-induced tumor growth is
associated with reduced expression of apoptotic and DNA damage response
genes in theileum of Apc™™” mice. The expression of indicated apoptotic

genes was analyzed by qPCR (For Bax, n=6 mice on CTRL diet; 6 mice on MR
diet; For Casp8and Gadd45a, n =4 mice on CTRL diet; 6 mice on MR diet; two-
tailed unpaired Student’s t-test. Values are expressed as mean + s.e.m.). b, MR
increases the cleavage of Bax in the ileum of Apc™"~ mice. The ileum sections
from mice fed with CTRL diet and MR diet were immunoblotted with an anti-Bax
antibody. The ilea from five pairs of CTRL and MR diet fed Apc™™”~ mice from
one experiment were analyzed. ¢, Schematic diagram of dietary methionine
restrictionin the AOM/DSS CRC model. Regular C57BL/6 mice (B6) were fed with
CTRL diet or MR diet for 3-4 weeks. They were theni.p. Injected with 10 mg/kg

bwt AOM. One week later, they were treated with 2 % DSS in drinking water for

7 days, thenreturn to regular water for the rest of the procedure. Colon tissues
were dissected 14 weeks after the AOM injection to analyze the development and
progression of CRC. Mouse cartoon images were drawn by using pictures from
Servier Medical Art (https://smart.servier.com/wp-content/uploads/2016/10/
Animals.pptx). Servier Medical Art by Servier is licensed under a Creative
Commons Attribution 3.0 Unported License (https://creativecommons.org/
licenses/by/3.0/).d, MR enhances tumor progression in C57BL/6 mice inan
AOM/DSS CRC model. B6 mice were treated as in (¢). Colonimages from all
experimental mice are shown. e, MR enhances orthotopically grafted CT26.CL25
tumor growth. Images of orthotopic tumors are shown. Details of statistical tests
areincluded in the Methods.
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Extended Data Fig. 2| Dietary methionine restriction enhances tumor
progression inimmunocompetent Apc™™”" mice by modulating anti-tumor
immunity. a, MR reduces the fraction of CD3*CD8" T cells in the blood of Apc™"*
mice. Representative flow cytometry plots are shown. b, MR has a trend to reduce
the fraction of CD3* T cells in intestinal tissues of Apc™"*~ mice (n=4 micein
eachgroup, two-tailed unpaired Student’s t-test). ¢, MR from age of one month
increases tumor growth in the intestine of Apc™™”-mice. One-month old Apc™™"-
mice were fed with with CTRL or MR diet for 3 months (n=10 mice for CTRL diet,
9 mice for MR diet, two-tailed unpaired Student’s t-test). d, MR from age of one
month reduces blood T cells abundance in Apc™™” mice. Apc™™/ mice were fed
asin (c)and the cellnumber of indicated cells in the blood was analyzed by FACS
(n=10 micein each diet, two-tailed unpaired Student’s t-test). e, Correlation
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burden

Small intestinal
tumor number
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between colon tumor burden and blood T cell faction of Apc™"*~ mice fed with
CTRL or MR diet for 3 months (n =10 mice for CTRL diet, 9 mice for MR diet). The
Pearson correlation coefficient between the tumor burden in the colon with the
blood fraction of indicated T cells was analyzed in Prism. f-g, MR suppresses
intestinal tumor growth in Apc™™~mice on animmunodeficient background.
Apc™™” [Rag2”~ mice were fed with CTRL or MR diet for about 2 months. Their
small intestinal tumor number and colon tumor burden were analyzed around

4 months of age (n=8 mice on the CTRL diet and 9 on the MR diet, two-tailed
unpaired Student’s t-test). h, Healthy survival of Apc™"/~ /Rag2”" mice under
CTRL or MR diet (n=8 mice onthe CTRL dietand 9 on the MR diet, log-rank test).
Values are expressed as mean + s.e.m., except (e and h). Details of statistical tests
areincluded in the Methods.
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Extended Data Fig. 3| MR suppresses anti-tumor immunity and enhances
tumor progression in syngeneic cancer models. a, Representative flow
cytometry plots of blood CD8'CD3* T cells in tumor-bearing Balb/c mice.

b, MRreduces blood CD3" T cells in tumor-free Balb/c mice (n=9 mice/group,
two-tailed unpaired Student’s t-test). ¢, MR exerts distinct impacts on the
transcriptomic profiles of CT26.WT tumors in Balb/c mice or NSG mice. The
transcriptomes of CT26.WT tumors collected from indicated mice were analyzed
by RNA-seq (n=6 tumors in each group). d, GSEA pathway enrichment maps
for MR-induced gene setsin CT26/WT tumors collected in Balb/c mice or NSG
mice. Enrichment maps were generated using Cytoscape. For each node, size
represents “size of gene set”, the density of color represents “Enrichment score.
e, ThemRNA levels of 8,233 significantly differentially expressed genes from
(c) were clustered and presented by heatmaps (Cluster 1,4031; Cluster 2,2041;

Cluster 3,2151). f, The top five enriched canonical pathways in the three gene
clusters in (e) identified by Ingenuity Pathway Analysis. g, MR fails to enhance
the growth of B16.F10 mouse melanoma cells in CD8a KO mice. WT C57BL/6
control mice and CD8a KO mice were fed with CTRL or MR diets. B16.F10 mouse
melanoma cells were injected and the image for final tumors are shown. h, Anti-
PD-1antibody (200 pg/injection) fails to suppress tumor growth in methionine-
restricted immunocompetent mice (n =8 tumors/group, 2-way ANOVA). i, MR
reduces circulating CD3" T cells but increases circulating Tim3*CD4" exhausted
T cellsin Balb/c mice (n=12 mice/group, 2-way ANOVA). j, MR reduces tumor
CD3"T cellsin anti-PD-1antibody treated mice (n =4 tumors for CTRLIgG group;
4 tumors for CTRL anti-PD-1group; 4 tumors for MR IgG group; and 5 tumors for
MR anti-PD-1group, 2-way ANOVA). Values are expressed as mean + s.e.m. Details
of statistical tests areincluded in the Methods.
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Extended Data Fig. 4 | Dietary methionine restriction alters gut microbiotain
differentimmunocompetent mice. a, MR alters fecal bacterial compositionin
Apc™™ mice. Apc™™" mice were fed witha CTRL diet or aMR diet (n =12 mice on
CTRL diet and 11 mice on MR diet, two-tailed unpaired Student’s t-test). The ratio
of firmicutes/Bacteroidetes was calculated. b, MR alters the fecal abundance of
A.muciniphila, Odoribacter, and Bifidobacterium. ¢, MR alters fecal bacterial
compositionin B6 mice. C57BL/6) (B6) donor mice were fed witha CTRL diet or
aMRdiet (n=10 mice on CTRL diet and 10 mice on MR diet, two-tailed unpaired
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Student’st-test). d, MR reduces firmicutes in the small intestine of B6 mice.
C57BL/6) (B6) donor mice were fed with a CTRL diet or a MR diet. Total intestinal
DNA samples were analyzed for microbiome using 16S rRNA gene amplicon
sequencing as described in Methods (n =10 mice/group, two-tailed unpaired
Student’s t-test). e, MR reduces bacilli while increasing actinobacteria in the small
intestine of B6 mice (n=10 mice/group). Values are expressed as mean +s.e.m.
Details of statistical tests are included in the Methods.
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Extended Data Fig. 5| Dietary methionine restriction promotes intestinal
cancer progression and suppresses anti-tumor immunity through

gut microbiota inimmunocompetent mice. a, Schematic of the fecal
transplantation experiment. C57BL/6) mice were fed with either CTRL diet or a
MR diet for 2 weeks. Fresh fecal solutions from these fed mice were then gavaged
into antibiotic treated Apc™™~mice daily for one week. The recipient Apc™™"-
mice were fed with regular chow diet for the duration of the experiment, and
intestinal tumors were analyzed 2-3 weeks after fecal transplantation. Mouse
cartoonimages were drawn by using pictures from Servier Medical Art (https://
smart.servier.com/wp-content/uploads/2016/10/Animals.pptx). Servier Medical
Artby Servier is licensed under a Creative Commons Attribution 3.0 Unported
License (https://creativecommons.org/licenses/by/3.0/). b-c, Relative fecal
abundance of total 16S rRNA gene and A. muciniphila in recipient Apc™™/~ mice
during antibiotic depletion of gut microbiota and fecal transplantation.

The recipient Apc™™” mice were treated with antibiotics (Abx) and fecal
transplanted (FT) as described in Methods. Their feces were collected at

indicated days to confirm the success of gut bacteria depletion and fecal
transplantation by qPCR (n=5FT-CTRLand 7 FT-MR). d, Apc™"*" mice
transplanted with feces from MR diet fed C57BL/6) mice have reduced abundance
of CD3" T cellsin the blood and small intestine. Representative flow cytometry
plots are shown. e, Apc™"" mice transplanted with feces from MR diet-fed
C57BL/6) mice have more intestinal tumors. Representative tumor images are
shown. f, Fecal bacterialevels in regular and GF mice after CTRL or MR diet
feeding (n=4, 5,4, and 4 mice/group, 2-way ANOVA). g-h, MR fails to significantly
alters tumor growth and circulating T cell abundance in germ-free Balb/c mice.
Germ-free Balb/c mice fed withirradiated CTRL or MR diets were subcutaneously
injected with CT26.CL25 cells as described in Methods (n =4 mice/8 tumor
injections/group, two-tailed unpaired Student’s t-test). i, MR reduces body
weight of germ-free Balb/c mice (n =4 mice/group, two-tailed unpaired Student’s
t-test). Values in are expressed as mean + s.e.m. Details of statistical tests are
included in the Methods.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | sScRNA-seq analysis of CD45' immune cells from the
smallintestine of diet-fed B6 donor or fecal transplanted Apc™™* mice.

a, Dot plot showing the expression of marker genes in different function groups
of total CD45" immune cells. Cell population annotation of CD45" immune cells
from CTRL or MR fed B6 donor mice and from Apc™™/~ mice transplanted with
fecal solution from CTRL or MR B6 mice. b, Total CD45" immune cells from the

whole smallintestine of indicated mice were analyzed by scRNA-seq as described
inMethods. ¢, Heat map showing the expression of marker genes in different
sub-groups of T cells.d, Sub T cell group annotation. e, Dietary methionine
restriction and MR diet-trained fecal microbiota reduces the fraction of several
subgroups of intestinal CD8" T cells. f, Representative FACS plots for in vitro
activation of T cells by fecal microbes from control diet or MR diet fed B6 mice.
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Extended Data Fig. 7| Hydrogen sulfide chemical donors rescue anti-tumor
immunity in mice under dietary methionine restriction. a, Schematic of
the GYY4137 and anti-PD1immunotherapy experiment. Balb/c or NSG mice
were fed with either CTRL diet or a MR diet for 3 weeks. After s.c. injected

with2 x10° CT26.CL25 cells, mice in each group were randomly divided with 3
groupsto be daily gavaged with GYY4137, and i.p. injected with 200 pg control
IgG or anti-PD-1antibody every 4 days. Allografted tumors were monitored
and analyzed 2-3 weeks after inoculation. Mouse cartoon images were drawn
by using pictures from Servier Medical Art (https://smart.servier.com/wp-
content/uploads/2016/10/Animals.pptx). Servier Medical Art by Servier is
licensed under a Creative Commons Attribution 3.0 Unported License (https://
creativecommons.org/licenses/by/3.0/). b, GYY4137 supplementation rescues
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the expression of IFNyin CD8" T cells treated with fecal microbiota from

MR diet fed mice. Purified mouse PBMCs were treated with fecal microbiota
(FM) from CTRL diet or MR diet fed donor mice plus indicated amount of
GYY4137 for 6 hours in vitro as described in Methods. The fraction of [FNy*
CD8'T cells were analyzed by flow cytometry (n =4 or 2 biological replicates/
sample, 2-way ANOVA). ¢, Glycolysis of activated human PBMCs treated with
indicated conditions. Cells were treated and ECAR in each group was measured
asdescribed in Methods (n = 8 biological replicates/group, 2-way ANOVA).

d, Oxygen consumption of activated human PBMCs treated with indicated
conditions. Cells were treated and OCR in each group was measured as described
inMethods (n =3 biological replicates/group). Values are expressed as mean +
s.e.m. Details of statistical tests are included in the Methods.
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Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | Dietary methionine restriction impairs gut
microbiota-mediated H,S production from cysteine. a, A. muciniphila
produces H,S invitro. b, Schematic of anti-PD-1immunotherapy in mice
repopulated with WT or decR mutant £. coli plus A. muciniphila. Germ free (GF)
Balb/c mice were gavaged with WT or decR mutant £. coli plus A. muciniphila 5
days a week for 4 weeks. Five days after the first bacteria gavage, 2 x 10° CT26.
CL25 cells weress.c.injected, immediately followed with i.p. injection of 200
pg/injection anti-PD-1antibody every 5 days. Mouse cartoon images were
drawn by using pictures from Servier Medical Art (https://smart.servier.com/
wp-content/uploads/2016/10/Animals.pptx). Servier Medical Art by Servier
islicensed under a Creative Commons Attribution 3.0 Unported License
(https://creativecommons.org/licenses/by/3.0/). ¢, The relative abundance
of indicated bacteria in the colons and feces of mice in (b) (n =15 mice for WT
and 14 mice for decR mutant, multiple two-tailed unpaired Student’s t-test).
d, Fecal H,S producing activities of mice in (b) (n =15 mice for WT and 14 mice

for decR mutant, two-tailed unpaired Student’s t-test). 400 uM of cysteine was
used asasubstrate. e, Dietary cysteine supplementation in MR dietincreases
fecal H,S production. 10 mM of cysteine was used as a substrate (n=10 mice/
group, 2-way ANOVA; one outlier in CTRL group was removed by <Q1-3.0*IQR).

f, The tumor weight is negatively correlated with the abundance of circulating
Tcellsin Balb/c mice (n=10 mice/group). g, Dietary cysteine supplementation
does notimpact the growth and the anti-PD1response of CT26.CL25 tumors
inNSG mice (n=5mice/10 tumor injections/group, 2-way ANOVA). h, Dietary
cysteine supplementation rescues MR-induced growth and resistance of B16.F10
tumors to anti-PD1 treatment in C57BL/6) mice (n=5mice/10 tumor injections/
group, 2-way ANOVA). i, Dietary cysteine supplementation rescues MR-induced
body weight loss in Balb/c mice (n =10 mice/group, 2-way ANOVA). j-k, Dietary
cysteine supplementation rescues MR-induced body weight loss in C57BL/6) and
NSG mice (n=5mice/group, 2-way ANOVA). Values are expressed as mean + s.e.m.
Details of statistical tests are included in the Methods.
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a Expression of microbial sulfur metabolic genes in feces from mice fed 1.3% vs 0.4% methionine diets
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | Dietary methionine supplementation alters microbial
sulfur metabolic genesinfeces of C57BL/6) mice. a-b, Dietary methionine
supplementation alters the expression of several key microbial sulfur metabolic
genesin the feces. Fecal RNAs from mice fed 1.3% or 0.4% methionine diets

were subjected to metatranscriptomic analysis as described in Methods
(n=5mice/group, all highlighted genes were significantly altered). The logr
atios of the relative levels of indicated microbial gene in feces from mice fed

1.3% vs 0.4% methionine diets were presented by a color scale in aKEGG

sulfur metabolism map (adapted from KEGG PATHWAY, https://www.genome.
jp/entry/pathway+map00920) (a), or in an organic sulfur metabolic network (b).
¢, Dietary methionine supplementation dramatically increases the expression

of microbial lcd gene in feces (n =5 mice/group, Box and whiskers plot, whiskers:
Min to Max). Multiple comparisons were corrected using the Benjamini-
Hochberg method for the false-discovery rate.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
N Only common tests should be described solely by name; describe more complex techniques in the Methods section.

[ ] A description of all covariates tested
|:| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings
For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection

Data analysis

Flow cytometry: BD LSRFortessa instrument (BD Biosciences)

Real-time PCR: BioRad CFX Manager

Immunoblotting: Odyssey imaging system

Seahorse: Wave software

RNA-seq: NextSeq500 (lllumina)

scRNA-seq library prepartion: 10x Genomics

scRNA-seq: NovaSeg6000 (lllumina)

Fecal and small intestinal bacterial 165 rRNA gene amplicon sequencing: MiSeq (lllumina)
Fecal bacterial RNA-seq (metatranscriptomics): NovaSeg6000 (lllumina)

Fecal metabolite analysis: LC-MS- Sieve 2.2 (Thermo Scientific)

Image quantification: ImageJ (Fiji).

Flow cytometry: FACSDiva (BD Biosciences) or FlowJo V10 (FlowJo LLC).

RNA-seq: STAR (Version 2.6) with Gencode vM23 annotation- Reads alignment; featureCount (subread, Version 1.4.6)- quantification;
Bioconductor package DESeq2- DEG idenfication; Ingenuity Pathway Analysis (IPA, QIAGEN, USA; Content version 60467501) and GSEA
software (Version 4.1)- Pathway enrichment analysis.

scRNA-seq: CellRanger 6.0.1 -preprocession the sequencing data; R version 4.0.1 - R environment for data analysis; Seurat_4.0.2 - R Data Class
Environment used throughout analyses, SNN graph clustering implementation; celda_1.4.7- Remove ambient RNA; uwot_0.1.8- Creation of
UMAP embeddings in R; harmony_|.0 - Batch correction for single cell data; MAST_1.16.0 - Used for calling marker gene and differential
expression genes; pheatmap_1.0.12 - Data visualization; reticulate_1.20 - used for runing Python implementations within R;
clusterProfiler_3.18.1 - preranked GSEA analysis of silenced or depressed genes; SingleCellExperiment_1.12.0- R Data Class Environment used

>
Q
Q
c
@
O
]
=
o
=
—
®
©O
]
=
S
(e}
wv
c
3
3
Q
<




throughout analyses; https://biit.cs.ut.ee/gprofiler/gost- Pathway enrichment analysis.

Fecal bacterial 16S rRNA gene amplicon sequencing: lllumina Bcl2Fastqg 2.18.0.12- Sequence conversion; QIIME 2 2018.11- Data processing
and analysis.

Fecal bacterial RNA-seq (metatranscriptomics) analysis: fastp (v0.20.1)-reads trimming; bbduk (v38.84)-reads decontamination; kallisto index
(v.0.46.2-k 15)-gene index; R DESeq2 package (v1.34.0)-differential expression analysis.

Fecal metabolite data processing: ProteoWizard (Version 3)-data conversion; XCMS (Version 3.16.1) in the IPO package (ver 1.20.0), which
includes centWave, obiwarp, and density-parameter optimization; missForest package (ver.1.4), random forest algorithm-missing value
imputation.

Fecal metabolite analysis: Sieve 2.2 (Thermo Scientific)-LC-MS peak extraction and integration; MetaboAnalyst4.0- Pathway analysis.

All other routine data analysis: Microsoft Excel and GraphPad Prism

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

The RNA-seq dataset has been deposited to Gene Expression Omnibus under the accession number GSE165993.

The scRNA-seq dataset has been deposited to Gene Expression Omnibus under the accession number GSE181220.

The metatranscriptomic data has been submitted to the Sequence Read Archive under the accession number PRINA892072.
Additional information about DEGs of RNA-seq data and IPA results is included in Supplementary Table 2 and 3.

The 16S rRNA amplicon sequencing results are in Supplementary Table 4.

The scRNA-seq results on immune cell clusters and T cell populations are in Supplementary Table 5, 6, and 7.

The fecal metabolites data are available in Supplementary Table 8.

The list of active transcripts of H2S producing enzymes in Supplementary Table 9.

All primers and antibodies used in the study are listed in Supplementary Table 10 and 11.

The raw data of all figures, including uncut immunoblots, are included in Source files.

Databases used for fecal metabolite annotation:

mzCloud Advanced Mass Spectral Database (mzCloud, Thermo Fisher Scientific) (https://www.mzcloud.org/); NIST 2020 LC-MS/MS library (NIST library, National
Institute of Standards and Technology, MD) (https://www.nist.gov/programs-projects/nist20-updates-nist-tandem-and-electron-ionization-spectral-libraries); and
ChemSpider chemical structure database (ChemSpider) (http://www.chemspider.com/).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender We analyzed the relationship between dietary protein intake and cancer risk using a subset of the existing UK Biobank data
(UKB, https://www.ukbiobank.ac.uk/). This subset of data contains 31,626 total participants, including 16,462 (52%) females
and 15,164 (48%) males (self-reported). Our analysis indicates that all and male participants in the low dietary protein intake
group had significantly higher overall cancer risk compared to those in the high dietary protein intake group. In females, this
difference is not significant. This information is provided in the Methods section and in Supplementary Table 1.

Reporting on race, ethnicity, or  No such information is specified for our analysis.
other socially relevant

groupings

Population characteristics The age of participants at time of diet24 data collection was between 40 and 75, with a modal class (of most frequently seen
ages) being between 55 and 70 years in both groups, i.e., with 'low protein' and with 'high protein' intake.

Recruitment Only existing human data from the UKB were used in this study. No recruitment of participants.

Ethics oversight The reference ID for Duke IRB Protocol of this study is Pro00109279.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size For all allograft experiments, the sample size was estimated to achieve 30% of tumor size/weight difference with 80% of power. For all animal
studies in Apcmin+/- mice, the sample size was estimated to achieve 2-fold difference of tumor number with 80% of power. For gene
expression analysis, the sample size was estimated to achieve 2-fold difference of gene expression level with 80% of power. For in vitro cell
culture experiments, no explicit calculations were done to determine the sample size. They were performed with at least 3 biological
replicates and 2-tailed unpaired student's t-test was used to determine the significance of the difference.

Data exclusions  For all in vivo experiments, outlier samples that fall below Q1 - 3.0 IQR or above Q3 + 3.0 IQR were removed. There were marked in the
source data files.

Replication For all allograft experiments, 4-5 mice per group and 2 tumor injections/mouse were used in each independent experiment. Because not all
injections resulted in tumor growth, so the final tumor number was 4-10/group. For tumor number/burden studies in Apcmin+/- mice, at
least 10 mice/group were used in each independent experiment. Gene expression and FACS analysis were done with at least 4 mice/group.
For scRNA-seq experiment, single cell suspension from 2 mice/group was combined for each sample. In vitro cell culture experiments were
independently performed at least three times. All attempts at replication were successful with similar results. The replication number or
mouse number for each experiment was indicated in the figure legends.
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Randomization  Mice in all animal experiments were randomized to experimental groups.

Blinding For omics data, the bioinformaticians were blinded to sample allocation in the initial analyses and sample processing steps. They were
informed sample allocation for final statistical analyses. For other experiments, since prior knowledge is required for experimental set up,
investigators were not blinded to experimental conditions.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Antibodies

Antibodies used For flowcytometry, all antibodies were used at a 1:1000 dilution.
LIVE/DEAD™ Fixable Near-IR: Company: Invitrogen Catalog L;10119 Lot No. 1951432
anti-mouse CD16/32: Biolegend Clone:93 Catalog No: 101320 Lot No: B295040
anti-CD45-antibody-eFluor™ 450: Company: Invitrogen Clone: 30-F11 Catalog No. 48-0451-82 Lot No. 2423798
Anti-CD4-antibody-FITC: Company: Biolegend Clone: GK1.5 Catalog No: 100406 Lot No: B351029
Anti-CD4-antibody-APC/Cyanine7: Company: Biolegend Clone: RM4-5 Catalog No: 100525 Lot No: B351740
Anti-CD3-antibody-FITC: Company: Biolegend Clone: 17A2 Catalog No: 100204 Lot No: B351638
Anti-CD3-antibody-PE/Cyanine7: Company: Biolegend Clone: 17A2 Catalog No: 100220 Lot No: B356288
Anti-CD8-antibody-PerCP/Cyanine5.5: Company: Biolegend Clone: 53-6.7 Catalog No: 100734 Lot No: B292848
Anti-CD279 (PD-1)-antibody-PE: Company: Biolegend Clone: 29F.1A12 Catalog No: 135206 Lot No: B351740
Anti-CD366 (Tim-3)-antibody- Brilliant Violet 711™: Company: Biolegend Clone: RMT3-23 Catalog No: 119727 Lot No: B309627
anti-IFN gamma-antibody-APC: Company: Invitrogen Clone: XMG1.2 Catalog No. 17-7311-82 Lot No. 2175632
anti-TNF alpha-antibody-PE: Company: Invitrogen Clone: MP6-XT22 Catalog No. 12-7321-82 Lot No. 2124591
Rat 1gG2b kappa Isotype Control-eFluor™ 450: Company: Invitrogen Clone: eB149/10H5 Catalog No. 48-0451-82 Lot No. 2423798
Rat 1gG2b k Isotype Control-FITC: Company: Biolegend Clone: RTK4530 Catalog No: 400605 Lot No: B265825
Rat 1gG2b k Isotype Control-PerCP/Cyanine5.5: Company: Biolegend Clone: RTK4530 Catalog No: 400631 Lot No: B327703
Rat 1gG2b k Isotype Control-PE/Cyanine7: Company: Biolegend Clone: RTK4530 Catalog No: 400617 Lot No: B334374
Rat Ig2a k Isotype Control-APC: Company: BD Clone: R35-95 Catalog No: 553932 Lot No: 1165045

The following antibodies were used for in vivo treatment:
anti-PD-1 blocking antibody: Company: BioXcell Clone: RMP1-14 Catalog No: BE0146 (200 or 300 ug per mouse)
InVivoMAD rat 1gG2a isotype control: Company: BioXcell Clone: 2A3Catalog No: BEOO89 Lot No: 849322J2 (200 or 300 ug per mouse)




Validation

For western blot:

Bax-antibody: Company: Cell signaling Clone:87G3 Catalog No: ¢s2772 1:1000 dilution
Actin-antibody: Company: Millipore Sigma Clone:48H2 Catalog No: 9197 1:10,000 dilution
GAPDH-antibody: Company: Millipore Sigma Clone:13E5 Catalog No: 5125 1:2000 dilution

All these antibodies are routinely used for FACS and immunoblotting, and have been cited by many publications. They are all
validated by manufacturers, mainly eBioscience and Biolegend. Validation materials are available on respective manufacturer home
pages for each antibody.

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

CT26.WT (ATCC CRL-2638), CT26.CL25 (ATCC CRL-2639), B16.F10 (ATCC CRL-6475) were purchased from ATCC.

The authentication of all above murine cell lines was performed by ATCC cell line authentication service using short tandem
repeat (STR) profiling in 2022.

Mycoplasma contamination All cell lines were tested negative for the mycoplasma contamination by the Quality Assurance Laboratory of the National

Institute of Environmental Health Sciences.

Commonly misidentified lines  No commonly misidentified lines were used.

(See ICLAC register)

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in

Research

Laboratory animals

Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

Mouse, Apcmin+/- (Jax: 002020), males and females, adults (staring from 6-8 weeks old).
Mouse, Apcmin+/- /Rag2-/-, males and females, adults (staring from 6-8 weeks old).
Mouse, C57BL/6J (Jax: 000664), males and females, adults (staring from 6-8 weeks old).
Mouse, BALB/cJ (Jax: 000651), males, adults (staring from 6-8 weeks old).

Mouse, NSG (Jax: 005557), males, adults (staring from 6-8 weeks old).

The study did not involve wild animals.

A few studies using Apcmin+/- mice were performed using both sexes (Fig. 1a, 5b, 8f, and ED Fig. 2g). Both males and females
displayed similar responses to dietary treatments. We provided disaggregated data for sex in the corresponding source data files.

The AOM/DSS CRC procedure was performed in both sexes, and consistent results on body weight and survival were obtained and
reported as source data for Fig. 1d. The final tumor results in Fig. 1e were from females, because 75% of MR-diet fed male mice

underwent this procedure died or were removed due to healthy concerns before reaching the experimental endpoint.

All experiments with syngeneic cancer models were performed only in male mice, primarily because the observations from above
two cancer models showed no sex-based difference for this study.

The study did not involve samples collected from the field.

All animal work was approved by the Institutional Animal Care and Use Committee of the National Institute of Environmental Health
Sciences under the Animal Study Proposal numbers ASP2014-0016 and ASP2017-0012.

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Flow Cytometry

Plots
Confirm that:

|Z| The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

|Z| The axis scales are clearly visible. Include numbers along axes only for bottom left plot of group (a 'group' is an analysis of identical markers).

|Z| All plots are contour plots with outliers or pseudocolor plots.

g A numerical value for number of cells or percentage (with statistics) is provided.

Methodology

Sample preparation

Blood samples were collected with EDTA coated tubes. Red blood cells were lysed with ACK lysis buffer at room temperature
for 10 min. The collected lymphocytes were incubated with anti-mouse CD16/32 at room temperature for 10 min to block
the IgG Fc receptors. Expression of surface markers was detected by simultaneously staining with the following antibodies
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Instrument
Software

Cell population abundance

Gating strategy

(eFluor 450 anti-mouse CD45, APC-Cy7 anti-mouse CD4, FITC anti-mouse CD4, FITC anti-mouse CD3, PE-Cy7 anti-mouse CD3,
FITC anti-mouse CD8, PerCP-Cy™5.5 anti-mouse CD8, PerCP-Cy5.5 PE anti-mouse CD279 (PD-1), BV711 anti-mouse Tim3) and
LIVE/DEAD fixable Aqua dead cell stain kit (ThermoFisher, Cat. # L34957) at room temperature for 15 min followed by flow
cytometry.

For the IFNy and TNFa staining, after perform cell surface staining, the cells were first fixed using BD Cytofix ™ solution (Cat. #
554655) then permeabilized using BD Perm/Wash buffer (Cat. # 554723). Add 2 ml PBS to wash cells once. Add 1 ml the
True-Nuclear™ 1x Perm Buffer to each tube, centrifuge tubes at 400 g at room temperature for 5 minutes and discard the
supernatant. Resuspend the cell pellet in 100 pL of 1x Perm buffer with antibody for 30 minutes in the dark. Add 1 ml of 1x
Perm buffer to each tube. Centrifuge the tubes at 400g at room temperature for 5 minutes and discard the supernatant. Add
1 ml cell staining buffer (Biolegend, Cat. # 420201) to each tube. Centrifuge the tubes at 400g at room temperature for 5
minutes and discard the supernatant. Resuspend in 0.3ml cell staining buffer, and then acquire the tubes on a flow
cytometer.

Flow cytometric analysis was performed on BD LSRFortessa instrument (BD Biosciences).
FACSDiva (BD Biosciences) or FlowJo V10 (FlowJo LLC) software.

Initial forward scatter versus side-scatter gates were carefully adjusted by backgating on live CD45+ populations to include all
cells and exclude debris. Stringent exclusion of dead cells and doublets was performed before gating for immune cells (CD45
+).

T cells were gated by live CD45+CD3+ and subsetted into CD4 T (CD4+) cells or CD8 T (CD8+) cells; CD4 T cells were further
subsetted as Treg cells (CD4+CD25+FOXP3+) or exhausted CD4+ T cells (CD4+Tim3+PD1+); CD8 T cells were further subsetted
as the IFNy expressing CD8+ T cells (CD8+ IFNy+).

Tick this box to confirm that a figure exemplifying the gating strategy is provided in the Supplementary Information.
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