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In brief

Exercise enhances antitumor immunity
and immunotherapy effectiveness by
increasing microbiota-derived formate,
which boosts CD8 T cell function and may
serve as a biomarker of melanoma
suppression.
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SUMMARY

Exercise improves immune checkpoint inhibitor (ICI) efficacy in cancers such as melanoma; however, the
mechanisms through which exercise mediates this antitumor effect remain obscure. Here, we identify that
the gut microbiota plays a critical role in how exercise improves ICI efficacy in preclinical melanoma. Our
study demonstrates that exercise stimulates microbial one-carbon metabolism, increasing levels of the
metabolite formate, which subsequently enhances cytotoxic CD8 T cell (Tc1)-mediated ICI efficacy. We
further establish that microbiota-derived formate is both sufficient and required to enhance Tc1 cell fate
in vitro and promote tumor antigen-specific Tc1 immunity in vivo. Mechanistically, we identify the transcrip-
tion factor nuclear factor erythroid 2-related factor 2 (Nrf2) as a crucial mediator of formate-driven Tc1 func-
tion enhancement in vitro and a key player in the exercise-mediated antitumor effect in vivo. Finally, we
uncover human microbiota-derived formate as a potential biomarker of enhanced Tc1-mediated antitumor
immunity, supporting its functional role in melanoma suppression.
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INTRODUCTION

A sedentary lifestyle is a leading risk factor for cancer.' Exercise
reduces cancer risk, prolongs survival, and improves therapy ef-
ficacy,”™ leading to its recommendation as standard of care
treatment.>”” Exercise restrains tumor growth® and enhances
immune checkpoint inhibitor (ICI) efficacy in various preclinical
cancer models,®'® yet the underlying mechanisms remain
poorly understood, especially in melanoma. Observational
studies show exercise alters gut microbiome composition in
mice'® and humans.'®'® Gut microbiome changes triggered
by environmental factors, such as probiotics,'®?° antibiotics
(ABX),%" and diet,”>? critically affect cancer etiopathogenesis
in mice and humans.'® However, whether exercise-induced mi-
crobiome changes play arole in the ability of exercise to promote
antitumor immunity has never been tested before. Pursuing links
between exercise, the microbiota, and antitumor immunity in
preclinical melanoma, we discovered a mechanism of how exer-
cise exerts its antitumor function and improves ICl efficacy via in-
duction of a microbiota metabolite.

RESULTS

Deployment of a translationally relevant model of
exercise-mediated melanoma tumor growth restraint

To interrogate the role of the microbiota in exercise-mediated
antitumor effects in melanoma, we first established a treadmill
running exercise regimen allowing control over distance, dura-
tion, intensity, and frequency of exercise (Figures S1A-S1C).
We used a subcutaneously engrafted BRAFY6°°E melanoma
model, which is clinically relevant and ICI resistant.”*** We
tested the antitumor potential of our exercise regimen in specific
pathogen-free (SPF) wild-type (WT) mice. In the prolonged exer-
cise setting, the exercised cohort underwent a 1-week acclima-
tion period, followed by 4 weeks of exercise prior to tumor cell
engraftment (TCE). The exercise regimen was slightly reduced
in intensity post-TCE until endpoint analysis (EPA) (Figures S1B
and S1C). To control for environmental stressors,?® sham con-
trol-treated (referred to as “sedentary”) mice were placed adja-
cent to the treadmill, ensuring similar environmental stimuli as
exercised mice (Figure S1A). Prolonged exercise significantly
restrained tumor outgrowth (Figure S1D). Both an interventional
exercise regimen (post-TCE) (Figure S1E) and a prophylactic
regimen (pre-TCE) significantly restrained tumor growth and pro-
longed survival of BRAFY®°®E melanoma tumor bearers
(Figure S1F). To control for treadmill-associated stressors, we
implemented a voluntary exercise regimen using electronically
monitored running wheels. Exercised mice were single-housed
with wheel access, while sedentary controls were single-housed
with a hut for environmental enrichment (Figure S1B). We found
that voluntary wheel running significantly restrained tumor
growth (Figure S1G), confirming tumor suppression was inde-
pendent of treadmill-associated stress.

Consistent with previous studies highlighting the antitumor
potential of exercise across distinct preclinical cancer
models,> % "32¢ exercise restrained tumor growth and pro-
longed survival in B16-F10 melanoma compared with sedentary
controls (Figure S1H). Endurance exercise did not affect body
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weight (Figure S1l), implying tumor growth effects were indepen-
dent of body weight changes.

In BRAFV6%%E melanoma, exercise significantly increased pro-
grammed cell death protein 1 (PD-1)-expressing and effector
cytokine-producing CD8 and CD4 T cells in tumor-draining
lymph nodes (tdLNs) (Figures S2A and S2B). While exercise
robustly increased interferon-y (IFNy) production of tumor-infil-
trating CD4 T cells, it failed to elevate the total abundance of in-
filtrated CD8 and CD4 T cells (Figures S2C-S2E). This implied
exercise functionally enhanced CD4 and CD8 T cells, particularly
in tdLN, a critical location for improving ICI efficacy.?’2° Exer-
cise treatment failed to majorly impact Foxp3 regulatory T cells
(Tregs) within either the tdLN or tumor microenvironment (TME)
(Figure S2F). Exercise has been found to restrain B16 melanoma
growth via natural killer (NK) cells.® In our model, exercise failed
to impact the frequency of innate immune and other T cell pop-
ulations in the tdLN and TME, including myeloid-derived sup-
pressor cells, dendritic cells, NK cells, and y6 T cells
(Figures S2G and S2H). While exercise significantly affected
macrophages and NK T cells (Figures S2G and S2H), its inability
to restrain BRAFY®°°® melanoma growth in Rag™’~ mice
(Figure S2I1) suggested that exercise-induced changes in innate
immune cells are insufficient to independently restrain tumor
growth, indicating adaptive immunity supports the exercise-
mediated antitumor effect. To further interrogate cellular drivers,
CD4 and CD8 T cells were depleted in BRAFY®°°E tumor-bearing
exercised mice, revealing exercise still potently suppressed tu-
mor growth in the absence of CD4 T cells, similar to isotype con-
trol-treated mice. However, exercise treatment was ineffective
once CD8 T cells were depleted (Figure S2J), identifying CD8
T cells as critical mediators of exercise-induced antitumor ef-
fects. While exercise enhanced T cell responses in cancer, it
did not globally enhance systemic T cell immunity during homeo-
stasis (Figures S2K and S2L).

Taken together, we established a model of exercise-induced
cytotoxic CD8 T cell (Tc1)-driven tumor growth restraint using
a translationally relevant ICl-resistant melanoma model.

The gut microbiota mediates the exercise-induced
antitumor effect in BRAFV®°°E melanoma

Given evidence that exercise alters the gut microbiota and
the fact that the gut microbiota plays a critical role in antitumor
immunity,*® we next examined whether the microbiota contrib-
utes to the exercise-induced antitumor effects in our model.
We performed 16S rRNA amplicon sequencing (16S seq) on
feces from non-tumor-bearing WT mice after 5 weeks of exercise
or sedentary treatment (Figure 1A). Exercise significantly altered
gut microbiota community composition (Figure 1B), notably ex-
panding an unclassified Erysipelotrichaceae genus and Mono-
globus (Oscillospiraceae) (Figures 1C, S3A, and S3B). Sedentary
conditions showed relative increases in Dubosiella (Erysipelotri-
chaceae), Bifidobacterium (Bifidobacteriaceae), an unclassified
Ruminococcaceae genus, and Lachnospiraceae A2 (Lachno-
spiraceae) (Figures 1C, S3A, and S3B).

To establish causality, we performed fecal microbial trans-
plantations (FMTs) into ABX-pretreated mice'® using feces
from exercised (referred to as “FMT-EX”) and sedentary
(referred to as “FMT-SED”) donors before BRAFV®°°E TCE
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Figure 1. The gut microbiota is required and sufficient for the exercise-induced antitumor effect in BRAF®°° melanoma
(A-C) 16S seq of feces (n = 8-12 mice/group). (A) Experimental outline for (B) and (C). (B) Principal-component analysis (PCA) plot. (C) Genus-level differential

abundance of amplicon sequence variants (ASVs).

(D) Experimental outline for (E)—(l). Mice received broad-spectrum antibiotics (ABX) followed by exercised or sedentary FMT and BRAF%°°€ TCE (n = 5-8 mice/

group).
(E) Tumor growth.
(F) Survival.

(G) Tumor-infiltrating IFNy* CD8 T cell frequency (left), representative plots (middle), and cells per g tumor (right).
(H and I) 16S seq of cecum. (H) PCA plot. () Genus-level differential abundance of ASVs.
(J) Experimental outline of (K). Exercised or sedentary mice were maintained on ABX before and after BRAFV6°°E TCE (n = 6-8 mice/group).

(K) Tumor growth.

(L) Experimental outline for (M) and (N). Germ-free (GF) mice underwent a voluntary running regimen and BRAF'®°°E TCE (n = 8 mice/group).

(M) Tumor growth.
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(Figure 1D). FMT-EX significantly suppressed tumor growth
(Figure 1E), prolonged survival (Figure 1F), and enhanced tu-
mor-intrinsic and systemic Tc1 immunity compared with FMT-
SED (Figures 1G, S3C, and S3D). To assess the taxonomic sta-
bility post FMT, we performed 16S seq on cecal contents of FMT
recipients 3 weeks post FMT and confirmed that FMT-EX and
FMT-SED recipients retained compositionally distinct micro-
biomes (Figure 1H). FMT-EX recipients had relatively enriched
Desulfovibrio, Coriobacteriaceae_UCG_002, Dubosiella, and
Monoglobus, and reduced Limosilactobacillus, Muribaculum,
Lachnospiraceae A2, and an unclassified Erysipelotrichaceae
genus (Figures 11, S3E, and S3F). Key donor taxa like Monoglo-
bus persisted, while Lachnospiraceae A2 remained reduced
post FMT.

We next utilized three independent yet complementary ap-
proaches to determine if the gut microbiome is required for the
exercise-induced antitumor effects: (1) broad-spectrum ABX,
(2) co-housing, and (3) germ-free (GF) mice. Mice underwent
prolonged exercise or sedentary treatment and received ABX
or vehicle control from 5 weeks pre-TCE until EPA (Figure 1J).
As anticipated, prolonged exercise potently suppressed tumor
growth in vehicle-treated mice (Figure 1K). Intriguingly, pro-
longed exercise failed to restrain tumor growth in ABX-treated
mice (Figure 1K). ABX suppressed bacterial load (Figure S3G)
but failed to impact running distance or willingness to run
(Figures S3H and S3l). Accordingly, ABX significantly impaired
interventional exercise-induced antitumor effects (Figure S3J).
In addition, co-housed sedentary and exercised mice showed
similar tumor growth, unlike non-co-housed controls
(Figure S3K), further supporting the antitumor benefits of exer-
cise-induced microbiome changes.

Finally, we evaluated the impact of exercise on melanoma pro-
gression in GF mice. Due to the incompatibility between our
treadmill and GF housing, we utilized the voluntary wheel-
running regimen, which was previously shown to significantly
suppress BRAFY®°E  melanoma growth in SPF mice
(Figures S1B and S1G). Strikingly, in the absence of the micro-
biota, voluntary exercise failed to restrain BRAF'6°°€ melanoma
growth (Figures 1L and 1M). Importantly, this lack of tumor re-
straint was not attributable to differences in physical activity,
as GF mice ran distances similar to SPF mice (~5,000 m/day)
(Figures 1N and S3L).

Collectively, using four independent approaches (FMT, ABX,
co-housing, and GF), we demonstrated that exercise-induced
microbiome changes are both sufficient and required for the anti-
tumor effect in ICI-resistant BRAFY®°°F melanoma.

Exercise-induced microbiota metabolites restrain
melanoma growth via enhanced Tc1 immunity

The gut microbiota modulates systemic tumor immunity via cell
wall components®’ and secreted metabolites.®” To discern
whether microbiota metabolites or cell wall components are crit-
ical in exercise-induced melanoma restraint, we performed
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FMTs using viable or heat-killed feces from sedentary and exer-
cised donors prior to BRAFV89°E TGE (Figure 2A). Viable FMT-EX
robustly restrained tumor growth compared with viable FMT-
SED (Figure 2B), consistent with previous findings (Figures 1E
and 1F). Importantly, unlike viable FMT-EX, heat-killed FMT-EX
failed to restrain tumor growth, suggesting that exercise-primed
bacterial cell wall components alone are insufficient and that mi-
crobiota-derived metabolites produced by live bacteria may be
essential in driving the exercise-induced antitumor effect
(Figure 2B). Tumor growth rates of viable and heat-killed FMT-
SED were comparable to autologous-viable FMT, suggesting
that heat-killing did not affect the immunogenicity of the trans-
planted feces (Figure 2B).

Based on this result, we hypothesized that exercise-induced
microbiota metabolites play a critical role in exercise-enhanced
antitumor Tc1 immunity. Indeed, we found that sterile-filtered
exercise microbiota metabolites (referred to as “EX-MM”)
enhanced Tc1 fate at both protein and transcriptional levels
more potently than sedentary microbiota metabolites (referred
to as “SED-MM?”) (Figures 2C-2E). To generate sufficient micro-
biota metabolites for in vivo treatments, we used a culturomics
approach®® and cultured feces from sedentary and exercised
mice under diverse broth conditions (Figure S3M). Oral adminis-
tration of cultured EX-MM significantly restrained BRAF8°F tu-
mor growth relative to cultured SED-MM and broth control
(Figure 2F). Furthermore, EX-MM-treated BRAFY®°*E_bearing
mice showed a significantly increased frequency of IFNy- and
Granzyme B (GzmB) double-producing CD8 T cells in tdLNs
(Figure 2G), supporting the EX-MM antitumor potential.

In summary, these observations pointed toward a critical anti-
tumor role of exercise-induced microbiota metabolites.

Exercise promotes functional metabolic changes in the
gut microbiome, upregulating the 1C pathway and
increasing formate production

To profile exercise-induced global metabolic changes in the gut
microbiota, untargeted metabolomics of fecal microbial superna-
tants from exercised and sedentary mice was performed using
high-resolution mass spectroscopy. Analysis of these profiles us-
ing an interpretable latent factor regression-based machine
learning approach, SLIDE,** revealed significant microbial metab-
olome differences (Figures 3A and 3B; Table S1) and identified
four latent factors driving these changes (Figure 3B; Table S1).
KEGG analysis of metabolites linked to each latent factor revealed
an exercise-induced enrichment in key pathways, including amino
acid metabolism, one-carbon (1C) metabolism, bile acid meta-
bolism, folate (vitamin B9) metabolism, antioxidant and xenobiotic
pathways, vitamin B metabolism, and tryptophan metabolism
(Figure 3C; Table S1). Complementary analysis using the Mummi-
chog algorithm®® (BioCyc library) confirmed an enrichment in bile
acid, vitamin B, and amino acid metabolism, prominently high-
lighting folate-dependent and -independent 1C pathways,
including tetrahydrofolate salvage, pyrimidine metabolism, and

(N) Average distance run. (E, K, and M) Mean + SEM, two-way ANOVA with Sidak’s correction for multiple comparisons. (B and H) PERMANOVA, each dot
indicates individual mouse. (C and I) Significantly enriched genera identified by Spearman correlation. (F) Log-rank test. (G, M, and N) Individual mice, unpaired t
test. Mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001; ns, not significant.

See also Figures S1, S2, and S3.
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methionine, tryptophan, and asparagine degradation (Figure 3D;
Table $1).%6%7

Subsequently, we rigorously examined the bile acid and the
1C pathway within gut microbiomes from sedentary and exer-
cised animals, as both prior unbiased machine learning and
pathway analyses indicated their modulation by exercise.
Microbiota-derived bile acids are implicated in antitumor immu-
nity in cancer.*® Yet, exercise did not significantly alter the micro-
bial abundance of any measured bile acid in our model
(Figures S4A and S4B; Table S1). The folate-dependent and -in-
dependent 1C pathway supports biochemical processes that
promote essential cellular functions such as cell proliferation, en-
ergy production, and DNA and protein synthesis.*° Targeted me-
tabolomics of 1C metabolites revealed that several precursors,
predominantly of the folate-dependent 1C pathway but not the
folate-independent 1C pathway, were significantly reduced in
microbiomes of exercised mice (Figures 3E-3H). We identified
a significant decrease in folic acid, glycine, and sarcosine and
a reduction of threonine, dimethyl glycine, and histidine with ex-
ercise (Figures 3F-3H), all of which serve as substrates for
formate production—a short-chain fatty acid (SCFA)**“° and
key 1C pathway product.®”**"***> Consistent with the depletion
of substrates, we found exercise significantly increased levels
of cecal formate (Figure 3l). Furthermore, we found formate
levels to be significantly increased in serum (Figure 3J) and
slightly elevated in tumors of exercised mice (Figure S4C), sug-
gesting that exercise-induced microbiota-derived formate rea-
ches systemic sites. Notably, serum formate correlated inversely
with tumor growth (Figure 3K) and directly with antitumor Tc1 im-
munity (Figure 3L), supporting the hypothesis that elevated
formate levels promote antitumor Tc1 immunity and restrain tu-
mor growth. Exercise specifically enhanced formate without
globally impacting other SCFAs (Figures S4D-S4F).

These findings revealed that exercise functionally remodels
the gut microbiome by promoting folate-dependent 1C meta-
bolism and thereby increasing formate production.

Formate improves ICI efficacy by enhancing tumor
antigen-specific Tc1 immunity

We next sought to test whether formate administration is suffi-
cient to restrain tumor growth in our model. Noting potential
toxicity of formate,*® we verified a 200 mg/kg oral dose yielded
safe, physiological formate levels, comparable to levels in exer-
cised and exercise-FMT-recipient mice (Figures S4G and S4H).
Daily oral formate administration potently restrained established
BRAFY®%E tumor outgrowth (Figure 4A) and prolonged survival
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(Figure 4B). Formate also restrained tumor growth in B16-F10
melanoma (Figure 4C), MC-38 adenocarcinoma (Figures 4D
and 4E), and EL4 lymphoma (Figure 4F) models and dramatically
reduced B16-F10 lung metastases (Figure 4G). While we
observed that both «PD-L1 and formate monotherapy restrained
tumor growth, combinatorial PD-L1 and formate therapy syner-
gistically slowed B16-F10 tumor growth (Figure 4H). Demon-
strating that formate requires adaptive immunity to restrict tumor
growth in BRAFY®%° melanoma-bearing mice, we found that
formate failed to inhibit tumor growth in immunodeficient
Rag~'~ mice (Figure 4l). Accordingly, formate treatment failed
to impact BRAFY6%°E melanoma cell viability in vitro (Figure S4l).

We next sought to determine if formate enhances tumor anti-
gen-specific Tc1 immunity (Figure 4J). Indeed, formate induced
a significant expansion of cytotoxic IFNy- and tumor necrosis
factor-a (TNF-a)-producing ovalbumin (OVA)-specific CD8
T cells relative to vehicle-treated B16-OVA tumor-bearing mice
(Figure 4K). An independent model using B16-F10 engrafted
mice with adoptively transferred congenically marked pmel-1
T cell receptor (TCR) transgenic CD8 T cells (Figure S4J) similarly
showed that formate significantly enhanced tumor antigen-spe-
cific Tc1 immunity linked with B16 tumor growth restraint
(Figures S4K and S4L).

To substantiate our hypothesis that formate acts directly on
CD8T cells to mediate its antitumor effect, we stimulated splenic
naive CD8 T cells with formate to probe Tc1 fate initiation and dif-
ferentiation (Figure 4L). Indeed, 24 h after formate addition, CD8
T cells displayed significantly increased expression of the Tc1
transcription factor Eomesodermin (Eomes), were highly prolifer-
ative based on Ki67 expression, and produced more antitumor
cytokines relative to PBS-treated CD8 T cells (Figure 4M). High-
lighting a formate-triggered enhancement of Tc1 differentiation,
these effector responses were even more pronounced after 72 h
(Figure 4M).

Collectively, these results demonstrated formate has potent,
tumor-model-independent antitumor potential by enhancing tu-
mor antigen-specific Tc1 immunity.

Microbiota-derived formate is essential for mediating
antitumor Tc1 immunity both in vitro and in vivo

Formate is produced by microbiota and host.®”*** Two key ob-
servations indicated that microbiota-derived formate mediated
the exercise-induced antitumor effect. First, while voluntary ex-
ercise, comparable to treadmill exercise, significantly
increased cecal formate abundance in SPF mice (Figures 3l
and 5A), voluntary exercise in GF mice—which failed to

Figure 2. Exercise-induced microbiota metabolites restrain ICI-resistant melanoma tumor growth and enhance antitumor Tc1 cell immunity

in vitro and in vivo

(A) Experimental outline of (B). ABX-pretreated mice received live or heat-killed FMT followed by BRAFV6%°E TCE (n = 5 mice/group).

B) Tumor growth.

D) Frequencies of cytokine production.
E) Relative gene expression.

(
(
(
(
(
(

C) Experimental outline of (D) and (E). Naive CD8 T cells stimulated with microbiota metabolites (n = 6 mice/group).

F and G) Mice received cultured microbiota metabolites orally after BRAFY6°° TGE (n = 5 mice/group). (F) Tumor growth. (G) Frequencies and representative plots.
B and F) Mean + SEM, two-way ANOVA with Sidak’s correction for multiple comparisons. (D and E) Individual samples/group, repeated measures one-way

ANOVA. (G) Individual mice, unpaired t test. Mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001; ns, not significant.

See also Figure S3.
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suppress melanoma growth (Figure 1M)—did not notably alter
formate levels in cecal contents or serum (Figures 5A and
S5A). Second, exercise-induced functional microbiome shifts,
characterized by increased formate production, persisted in
EX-FMT recipients for at least 3 weeks post FMT and correlated
with enhanced antitumor Tc1 immunity. Specifically, analysis of
cecal 16S seq data from FMT-SED and FMT-EX mice using
Phylogenetic Investigation of Communities by Reconstruction
of Unobserved States 2 (PICRUSt2)*® revealed global func-
tional shifts (Figure 5B), with predicted enrichment of 1C meta-
bolism pathways (Figure 5C; Table S2). Accordingly, predicted
abundance of pyruvate formate lIyase (pfll—an essential
enzyme for bacterial formate production®”—increased in EX-
FMT recipients (Figure 5D), primarily driven by Desulfovibrio,
an unclassified genus in the Erysipelotrichaceae family, and in
part by Dubosiella (Erysipelotrichaceae) (Figure S5B). Consis-
tently, EX-FMT recipients exhibited significantly elevated cecal
formate levels 3 weeks post FMT (Figure 5E). Furthermore, both
serum and tumor formate levels were elevated in FMT-EX mice
compared with FMT-SED recipients (Figures S5C and S5D),
which correlated positively with increased intratumoral Tc1 im-
munity (Figure S5E). Other SCFAs remained largely unaffected
in FMT recipients (Figure S5F). Further underscoring the dura-
bility of these functional microbiome changes post FMT, the ex-
ercise-induced increase in pfl abundance —observed after ex-
ercise but prior to FMT—was mainly driven by Dubosiella—a
member of the Erysipelotrichaceae family—and Bifidobacte-
rium (Figures 1 and S5G) and was associated with elevated
1C metabolism (Figures 3C-3H) and formate production
(Figure 3I).

Taken together, these findings suggested that exercise
induced lasting functional microbiome changes, leading to
enhanced formate production, which boosted antitumor Tc1 im-
munity and suppressed tumor growth.

To confirm the critical role of microbiota-produced formate in
mediating the antitumor effect, we generated a commensal
E. coli strain that lacks pfl (Apfl E. col)). We confirmed Apfl
E. coli, unlike WT E. coli, was unable to produce formate
in vitro (Figure S5H) or increase serum formate levels in vivo
(Figure S5I). Additionally, comparable growth rates in vitro and
survival in vivo suggested no significant fitness deficit in Apfl
E. coli (Figures S5J and S5K).
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To examine the impact of microbiota-derived formate on its
ability to promote Tc1 differentiation and effector function, we
stimulated naive WT CD8 T cells with sterile-filtered supernatant
derived from WT E. coli and Apfl E. coli that we confirmed for
presence and absence of formate, respectively (Figures 5F and
S5H). While we found that formate-containing WT E. coli super-
natant potently enhanced Tc1 differentiation and effector func-
tion, non-formate-containing Apfl E. coli supernatant did not
(Figures 5G-5I). Specifically, WT E. coli supernatant significantly
enhanced IFNy and GzmB production (Figure 5G), promoted
higher Eomes expression, which was linked to increased IFNy
production (Figure 5H), and enhanced cytotoxic Tc1 cell prolifer-
ation compared with Apfl E. coli supernatant (Figure 5I). This
observation demonstrated that other E. coli components (e.g.,
lipopolysaccharide [LPS]) besides formate are insufficient to
drive Tc1 fate, underscoring the critical role of microbiota-
derived formate in promoting Tc1 immunity in vitro.

Finally, to assess the impact of microbiota-derived formate on
BRAFY®%E tumor outgrowth, mice were colonized with WT
E. coli or Apfl E. coli. Excitingly, while WT E. coli treatment effi-
ciently restrained tumor growth, Apfl E. coli treatment, similar
to vehicle-treated mice, failed to impact tumor growth
(Figure 5J). In addition, WT E. coli, but not Apfl E. coli, restrained
B16-F10 tumor growth (Figure 5K), demonstrating that the mi-
crobiota-derived formate-mediated antitumor effect is not
restricted to BRAF%°°E melanoma. Early immune responses, as-
sessed by flow cytometry of B16-F10 tumor-infiltrating lympho-
cytes 2 days post-E. coli administration, showed WT E. coli treat-
ment expanded intratumoral CD8 T cells with increased
proliferation and GzmB production versus Apfl E. coli treatment
(Figure 5L).

Collectively, our findings demonstrate that microbiota-derived
formate is required to promote Tc1 immunity in vitro and to
mediate antitumor effects in vivo.

Nrf2 activation within CD8 T cells is critical for formate-
enhanced Tc1 immunity in vitro and formate-mediated
antitumor effects in vivo

To understand the mechanism by which exercise-induced mi-
crobial metabolic alterations, including increased formate,
enhance Tc1 antitumor immunity, we mined the KEGG pathway
database using the Mummichog algorithm, analyzing all

Figure 3. Exercise promotes enrichment in microbial 1C metabolism
—F and H) Untargeted metabolomics analysis of feces (n = 12—-16 mice/group).

(
(

A) SLIDE cross-validation performance.

B) Score plots for each sample using the top two components from partial least squares regression, using all metabolites in SLIDE latent factors.

(
(C) Correlation network for metabolites in SLIDE latent factor Z3.
(

D) Mummichog enrichment and significance for differentially expressed metabolites identified by partial least squares regression, with point size indicating

—logo p value.

F) Relative abundance of folate-dependent 1C metabolites.
G) Folic acid in cecum.
H) Relative abundance of folate-independent 1C metabolites.

(
(
(
(
(
(

E) Folate-dependent and folate-independent 1C metabolism. Metabolites identified by untargeted and targeted metabolomics (in F-H) are shown in red
increased with exercise), gray (no significant change with exercise), or blue (reduced with exercise). Statistical differences are indicated by asterisks.

|-L) Exercised or sedentary mice received BRAFV6°°E TCE. n = 12-16 mice/group. (I and J) Formate quantification. (K and L) Spearman correlations.

(A and F-J) Individual mice, unpaired t test. Mean + SEM. (K and L) Individual mice, Spearman correlation. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns, not

significant.
See also Figure S4.
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metabolite features from exercised and sedentary mouse micro-
biomes (Table S1). We found several pathways to be significantly
enriched, with the most statistically significant being the aryl hy-
drocarbon receptor (AhR) activation pathway (Figure 6A;
Table S1). Prior work demonstrated that the microbial AhR
agonist indole-3-aldehyde enhances Tc1 immunity, aggravating
autoimmunity® and improving ICI efficacy.*>*” Although
formate activated AhR (Figure S6A), both its enhancement of
Tc1 effector function in vitro (Figures S6B and S6C) and the ex-
ercise-induced antitumor effect (Figure S6D) were AhR-indepen-
dent. AhR ligands can also signal via nuclear factor erythroid
2-related factor 2 (Nrf2),"®=°" a pleiotropic transcription factor
involved in redox homeostasis, metabolism, and immune modu-
lation.>® The role of Nrf2 in cancer is poorly understood and
controversial, presumably driven by cell type-specific ef-
fects.”>°° We first set out to assess the role of Nrf2 in the exer-
cise-induced antitumor effect. We observed that exercise
enhanced the production of microbiota-derived Nrf2-activating
metabolites that may reach the periphery, as evidenced by the
significantly increased Nrf2 activation potential of intestinal con-
tents (Figure 6B) and sera (Figure 6C) from exercised mice. Next,
mice with established BRAFY%°E tumors were exercised or kept
sedentary while receiving an Nrf2 inhibitor or vehicle to test if
Nrf2 blockade affects the exercise-triggered antitumor effect.
While exercise restrained tumor outgrowth in vehicle-treated
mice, Nrf2 inhibition significantly impaired the exercise-induced
tumor suppression (Figure 6D). Microbial Nrf2 activity directly
correlated with formate levels (Figure S6E), implying that formate
drives microbial Nrf2 activity. Consistently, intestinal contents
from FMT-EX recipients showed increased Nrf2 activation ability
compared with FMT-SED recipients (Figure S6F). In addition, we
found that formate activated the Nrf2 pathway (Figure 6E) and
increased Nrf2 downstream gene transcription in CD8 T cells
in vitro (Figure 6F).

We next investigated whether Nrf2 activation is essential for
formate to enhance Tc1 immunity. While formate, as expected,
boosted Tc1 immunity in Nrf2*/* CD8 T cells, it strikingly failed
to promote Tc1 effector function in Nrf2~~ CD8 T cells
(Figure 6G). Moreover, Nrf2 inhibition prevented formate-
induced Tc1 differentiation in vitro (Figure 6H) and limited
formate-improved tumor antigen-specific OT-l tg CD8 T cell
B16-OVA tumor cell killing abilities (Figure 6l). Further supporting
the role of microbiota-derived formate in promoting Tc1 immu-
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nity through Nrf2 activation, we found that Nrf2 blockade signif-
icantly impaired the ability of formate-containing WT E. coli su-
pernatant to enhance Tc1 immunity in vitro (Figure 6J). Next,
we generated a mouse model with selective Nrf2 depletion in
CD8 T cells to assess the role of Nrf2 signaling in formate-medi-
ated tumor suppression. As expected, formate effectively
restrained tumor growth in Nrf2"" CD8 Cre~ littermates
(Figure 6K). However, in Nrf2"" CD8 Cre* mice, formate failed
to suppress tumor growth, highlighting the critical role of Nrf2
signaling in CD8 T cells for formate-driven tumor growth restraint
(Figure 6K).

We investigated whether other Nrf2 agonists beyond formate,
such as the food additive tert-butylhydroquinone (TBHQ), possess
antitumor potential.’®>” After verifying TBHQ as an Nrf2 agonist
(Figure S6G), we interrogated its impact on melanoma tumor
growth. Oral TBHQ treatment significantly suppressed tumor
growth in two melanoma models (Figures S6H and S6l). TBHQ
treatment enhanced CD8 T cell, but not CD4 T cell, infiltration
(Figure S6J), proliferation (Figure S6K), and the expansion of acti-
vated, cytotoxic Tc1 cells within the TME (Figure S6L). Additionally,
TBHQ directly promoted Tc1 immunity in vitro (Figures SEM-S60).
These data suggest that the Nrf2 agonist TBHQ triggers an anti-
tumor mechanism mirroring that of formate.

To understand how formate promotes Nrf2-dependent Tc1
differentiation, we analyzed global transcriptomic changes in
naive CD8 T cells stimulated with formate. As expected, formate
triggered an upregulation of differentially expressed genes
(DEGs) involved in 1C metabolism, such as serine hydroxyme-
thyltransferase 2 (Shmt2)*>°® and cystathionine gamma-
lyase (Cth),>° as well as genes regulated by Nrf2 (e.g., Cth,"°
NADH dehydrogenase 4 [mt-Nd4],°" and transketolase
[Tkt]°%%) (Figure 6L; Table S3). Importantly, formate significantly
increased genes associated with Tc1 activation and differentia-
tion, such as receptor-interacting serine/threonine-protein ki-
nase 2 (Ripk2),°* zinc transporter ZIP8 (SIc39a8),°° furin,®® poly
(ADP-ribose) polymerase 1 (Parp1),°”°® ezrin (Ezr),°° and inter-
feron regulatory factor 8 (Irf8).”°~"? Transcription factor enrich-
ment analysis’® revealed that formate-induced transcriptional
changes were linked with an enrichment in transcription factors
regulating proliferation and metabolism (e.g., Myc, Max, and
Myb),” effector function (e.g., Fos, Rela, Stat1, and Cebpb),”>""
and differentiation and epigenetic control (e.g., Ets1, Yy1, and
Pou2f2)® (Figure 6M).

Figure 4. 1C metabolite formate restrains growth of multiple tumor types and improves aPD-L1 efficacy

(A-F) Mice received oral formate or vehicle once tumors were palpable (n = 5-10 mice/group). BRAF'%°°E (A and B), B16-F10 (C), MC-38 (D and E), and EL-4
(F) tumor models. (A, C, D, and F) Tumor growth. (C and F) Tumor weight. (B and E) Survival.

(G) Following intravenous B16-F10 administration, mice received oral formate or vehicle (n = 5 mice/group). Total number of pulmonary metastases and

representative images.

(H) Mice received oral formate and intraperitoneal (i.p.) injection of aPD-L1 once B16-F10 tumors were palpable (n = 6 mice/group). Tumor growth and repre-

sentative images.

() Rag™"~ mice received oral formate beginning when BRAF'%°°F tumors were palpable (n = 5-6 mice/group). Tumor growth.
(J) Experimental outline of (K). Mice received oral formate starting once B16-OVA tumors were palpable (n = 8-11 mice/group).

K
L
(

M) Frequency and mean fluorescence intensity (MFI) of CD8 T cells.

Frequencies and representative plots of CD8 T cells.

Experimental outline of (M). Naive CD8 T cells were stimulated with formate (n = 5 mice/group).

(A, C, D, F, H, and l) Mean + SEM, two-way ANOVA with Sidak’s correction for multiple comparisons. (B and E) Log-rank test. (C, F, G, and K) Individual mice,
unpaired t test. Mean + SEM. (M) Individual samples/group, paired t test. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001; ns, not significant.

See also Figure S4.
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Figure 5. Microbiota-derived formate is essential for mediating antitumor Tc1 immunity both in vitro and in vivo

(A) Formate quantification.

(B-E) 16S seq and formate abundance of FMT-recipient cecum contents. (B-D) PICRUSt2 analysis between FMT groups. (B) PCA plot of MetaCyc pathways. (C)
Predicted gene counts collapsed and annotated with MetaCyc pathway database. Selected pathways were significant at false discovery rate (FDR)-corrected p
value < 0.05 with linear discriminant analysis (LDA) Z score > 3.9. (D) Predicted relative abundance of EC_2.3.1.54 (pfl) in cecum contents. (E) Formate
quantification.

(F) Experimental outline for (G)—(I). WT E. coli or Apfl E. coli cell-free culture supernatant was applied to naive CD8 T cells in vitro (n = 5 mice/group).

(G) Frequency of CD8 T cells.

(H) Mean fluorescence intensity (MFI) and frequency of CD8 T cells.

() Frequency of CD8 T cells.

(J-L) Mice engrafted with BRAFV6?°E (J) and B16-F10 (K) tumor cells. Tumor growth. B16-F10 tumors were analyzed in (L), and the dotted gray line indicates the
mean of vehicle-treated samples.

(A, D, E, and L) Individual mice/group, unpaired t test. Mean + SEM. (G-I) Individual samples/group, paired one-way ANOVA. (J and K) Mean + SEM, two-way
ANOVA with Sidak’s correction for multiple comparisons. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001; ns, not significant.

See also Figure S5.
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We then examined if formate-induced transcriptional changes
drive Nrf2-dependent functional alterations influencing Tc1 fate.
We previously demonstrated the microbiota AhR agonist,
indole-3-aldehyde, potently induced cAMP response element-
binding protein (CREB) phosphorylation in CD8 T cells, triggering
enhanced cytotoxic cytokine production.®” CREB serves as a crit-
ical transcriptional enhancer of key type 1 effector genes’® and in-
duces CCAAT enhancer binding protein beta (CEBPB) expres-
sion, a potential driver of formate-induced transcriptional
changes (Figure 6M). However, formate failed to enhance CREB
phosphorylation in CD8 T cells (Figures S6P and S6Q). Next, we
focused on evaluating the role of signal transducer and activator
of transcription (STAT1), a key Tc1 immune-enhancing transcrip-
tion factor’® that we also identified as one potential driver of
formate-induced transcriptional changes (Figure 6M). Intriguingly,
we found that formate stimulation of CD8 T cells in vitro led to
significantly increased phosphorylation of STAT1 (Figure 6N).
Irf8, a transcription factor transcriptionally upregulated by formate
(Figure 6L), is pivotal for Tc1 differentiation”®"? and regulated by
STAT1.%° Consistent with the increase in STAT1 activation
(Figure 6N), we found that formate significantly enhances IRF8
protein expression in activated CD44* CD62L" effector CD8
T cells in vitro (Figure 60). Supporting the notion that formate-
induced upstream signaling events enhance Tc1 differentiation,
we found formate promotes a robust increase in the Tc1 effector
profile, as evidenced by elevated expression of Tbet, Eomes,
IFNyR1,%" and IFNy (Figure 6P). Importantly, formate failed to
induce pSTAT1 activation and Tc1 cell effector function in Nrf2-
deficient CD8 T cells, demonstrating that formate promotes Tc1
effector function in an Nrf2-dependent manner (Figures 6N-6P).

Collectively, we demonstrate that exercise-induced, micro-
biota-derived formate enhances Tc1-mediated antitumor immu-
nity by activating the Nrf2 pathway in CD8 T cells, which is
essential for formate-driven Tc1 differentiation, effector function,
and tumor suppression.

A high-formate-producing human microbiota enhances
tumor suppression and promotes robust antitumor Tc1
immunity

With the goal to interrogate a possible link between formate
production in the human gut microbiome and human ICI efficacy

Cell

in melanoma, we performed a meta-analysis of microbial
sequencing data from nine published independent cohorts of
aPD1-treated patients with melanoma.®*®” Deploying two inde-
pendent bioinformatic approaches, namely batch correction (us-
ing ConquR®®) and meta-analysis using the common effects
model (using Meta-Mar®?), we uncovered in each approach that
an increased fecal abundance of pfi is linked with response to hu-
man ICl therapy in melanoma (Figures 7A, 7B, and S7A; Table S4).
We found that the taxa driving the increase in pfl abundance in
feces of human ICI responders are primarily Lachnospiraceae,
as well as Erysipelotrichaceae and Oscillospiraceae (Figure S7B;
Table S4). To determine whether the primary pfl drivers in human
ICI responder microbiomes are similar to those induced by exer-
cise in our model—and consequently linked to formate produc-
tion—we performed metagenomic analyses of cecal contents
from exercised and sedentary mice. Indeed, the exercise-induced
increase in pfl gene abundance was primarily driven by metage-
nome-assembled genomes (MAGs) affiliated with Lachnospira-
ceae (MAGs: 100, 99, 150, 123, 166, and 153), Erysipelotrichaceae
(MAG 10), Akkermansiaceae (MAG 12), Acutalibacteraceae (MAG
121), and Oscillospiraceae (MAG 137) (Figures S7C-STE;
Table S5). Among these, three MAGs—100, 99, and 150—
emerged as the top contributors to the observed increase in pfl
abundance and were significantly enriched in the exercised meta-
genomes (Figure S7E; Table S5). Notably, MAG 100, affiliated with
Lachnospiraceae, specifically genus UBA3282, exhibited the
most pronounced exercise-induced increase, with a 13.4-fold
enrichment in pfl gene abundance relative to sedentary controls
(Figure S7E; Table S5). Importantly, pfl gene abundance in MAG
100 directly and significantly correlated with cecal formate levels
(Figure S7F). Altogether, these data posit that similar pfl-express-
ing taxa may drive formate production in both exercised mice and
human ICI responders.

Next, to assess a possible link between systemic formate
levels and human ICI response, we measured serum formate
levels in a new cohort of advanced melanoma patients that un-
derwent ICI treatment. While there was no statistically significant
difference between responders and non-responders (Figure 7C),
stratifying patients by high or low serum formate levels revealed
a significant association between higher formate levels and pro-
longed progression-free survival (Figure 7D).

Figure 6. Nrf2 activation within CD8 T cells is critical for formate-enhanced Tc1 immunity in vitro and formate-mediated antitumor effects

in vivo

(A) KEGG pathways.

(B and C) Relative luminescence of Nrf2 reporter cells.
(D) BRAFVE%°E tymor volume (n = 6-10 mice/group).
(E) Relative luminescence of Nrf2 reporter cells.

(F) Naive CD8 T cells stimulated with formate (n = 4 mice/group). Nrf2 downstream gene expression.

(G) Nrf2** or Nrf2~/~ naive CD8 T cells stimulated with formate (17 = 4 mice/group). Frequencies of CD8 T cells.

(H) Naive CD8 T cells stimulated with formate and Nrf2 inhibitor (ML-385) (n = 5 mice/group). Frequency and mean fluorescence intensity (MFI) of CD8 T cells.
() Number of viable tumor cells following application of pretreated tumor antigen-specific CD8 T cells.

(J) Naive CD8 T cells stimulated with WT E. coli cell-free supernatant (CFS) and Nrf2 inhibitor. Frequency of CD8 T cells.

(K) BRAFY6°%E Tymor growth (n = 6-13 mice/group).

(L and M) Bulk RNA-seq of naive CD8 T cells stimulated with formate. (L) Volcano plot. (M) Transcription factor enrichment analysis of DEGs.

(N-P) Nrf2*"* or Nrf2~/~ naive CD8 T cells stimulated with formate (1 = 5 mice/group). (N) Frequency of CD8 T cells. (O and P) MFI of activated CD8 T cells.
(B, C, and I) Individual samples/group, unpaired t test. Mean + SEM. (D and K) Mean + SEM, two-way ANOVA with Sidak’s correction for multiple comparisons. (F,
G, and N-P) Individual samples/group, paired t test. (H and J) Individual samples/group, RM one-way ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; ns,
not significant.

See also Figure S6.
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Finally, to explore if human microbiota-derived formate is a
biomarker for enhanced antitumor Tc1 immunity, we quantified
absolute formate levels in stool from 26 healthy adults
(Figure 7E). To assess if fecal formate correlates with antitumor
effects, we transplanted human donor stool from the three high-
est (referred to as “Formate-HIGH”) and three lowest (referred to
as “Formate-LOW”) formate producers into ABX-pretreated
mice (Figures 7F and 7G). Of note, Formate-HIGH donor material
displayed a significantly higher formate content over Formate-
LOW donor material (Figure 7F). Excitingly, Formate-HIGH
FMT recipients showed significantly greater BRAFY®°°F tumor
suppression compared with both Formate-LOW FMT and self-
FMT groups (Figure 7H). This was accompanied by a signifi-
cantly elevated Tc1 antitumor immunity within the TME in
Formate-HIGH FMT recipients when compared with Formate-
LOW FMT recipients (Figure 71). At EPA, day 19 post-TCE, a
time point associated with a robust antitumor Tc1 response
(Figure 71), cecal formate levels were significantly higher in
Formate-HIGH recipients, confirming that the formate-produc-
ing phenotype remained stable post-transplantation and corre-
lated with potent Tc1 immunity (Figure 7J). While serum formate
levels were elevated in Formate-HIGH recipients compared with
Formate-LOW recipients, the difference was not statistically sig-
nificant (Figure 7K). However, serum formate levels inversely
correlated with tumor growth (Figure 7L), suggesting a systemic
link between formate abundance and antitumor effects.

Taken together, our findings identify human microbiota-
derived formate as a potential biomarker of enhanced Tc1-medi-
ated antitumor immunity and support its functional role in driving
melanoma tumor suppression.

DISCUSSION

Our study shows that exercise-stimulated, microbiota-derived
formate enhances antitumor immunity by promoting Tc1 immu-
nity and improving ICI efficacy. We demonstrate that exercise-
induced changes in the gut microbiota are both necessary and
sufficient to restrain tumor growth in BRAFY?°E melanoma,
mediated by an enrichment in the folate-dependent 1C meta-
bolic pathway. We identify formate as a key metabolite driving
this effect, showing that it enhances tumor antigen-specific
Tc1 immunity, improves ICI response, and restrains tumor pro-
gression across multiple cancer models. Mechanistically, we
establish that formate activates Nrf2 within CD8 T cells, a critical
step in promoting exercise-enhanced Tc1 effector function,
which is required for antitumor effects of exercise. Finally, we
provide translational evidence that a high-formate-producing
human microbiota is associated with enhanced tumor suppres-
sion and robust Tc1 immunity.

Exercise exerts potent antitumor effects in both preclinical
models®®'® and cancer patients.® We discovered that exer-
cise-induced microbiome changes are critical for the exercise-
induced antitumor effect. Future studies should explore the
mechanism(s) of how exercise triggers microbiome changes.

Our findings reveal that exercise induces lasting functional
changes in the microbiome —along with taxonomic shifts —high-
lighted by enhanced formate production persisting for at least
3 weeks post FMT. Most consistently, we observed a sustained
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increase in pfl expression within the Erysipelotrichaceae family
(particularly in an unclassified genus and the genus Dubosiella)
and the Lachnospiraceae family, suggesting these taxa are key
contributors to exercise-induced formate production. Moreover,
exercise boosted pfl abundance in microbial taxa regardless of
whether their overall population increased or decreased in
response to the exercise regimen, suggesting that both enriched
and reduced taxa are key contributors to exercise-induced
formate production.

In vitro formate pretreatment of human colorectal adenocarci-
noma HT-29 cells accelerated tumor growth in immunocompro-
mised mice.?® Consistently, our findings in Rag™'~ mice showed
that formate failed to restrain tumor growth. By contrast, our
study using immunocompetent WT mice demonstrated that
formate exerts potent antitumor effects by enhancing Tc1 immu-
nity, emphasizing the critical role of immune cells, particularly
CD8 T cells, in formate-mediated antitumor immunity. Formate
facilitated aPD-L1 efficacy in B16-F10 melanoma that was corre-
lated with an increase in CD8 T cell effector function®'; further,
methanol, which elevated serum formate levels, enhanced
aPD1 efficacy in an MC38 colon cancer model.?” These findings,
together with our work, imply that the impact of formate in cancer
is cell-type and context dependent, stressing the importance of
studying the role of formate across various cell types and cancer
models in further analyses.

We observed that the synthetic Nrf2 agonist and food additive
TBHQ®**" suppressed melanoma tumor growth and enhanced
antitumor Tc1 immunity both in vitro and in vivo. These findings
align with prior reports on the Nrf2 agonist Auranofin—a gold
(I)-containing phosphine compound—which enhanced the anti-
tumor function of human tumor-infiltrating T cells by reducing
reactive oxygen species.”® Further investigation is warranted to
elucidate the mechanisms by which TBHQ"®° contributes to tu-
mor suppression.

We uncovered that formate-enhanced Tc1 immunity in vitro is
linked with an increased activation of the pSTAT1-IRF8 axis that
depends on Nrf2. Future research aimed at identifying the down-
stream molecular mediators of formate in CD8 T cells that are
critical to drive Tc1 fate could unveil therapeutic strategies to
harness the antitumor benefits of exercise, enhancing cancer
immunotherapy at a molecular level.

Our meta-analysis of microbial sequencing data from nine in-
dependent aPD-1-treated melanoma cohorts®*®’ revealed a
higher abundance of pfl, a key enzyme in bacterial formate pro-
duction, linked to ICI efficacy. However, further studies in larger
cohorts are needed to determine whether microbiota-derived
formate levels predict ICI response in melanoma and other
cancers.

The observation that human high-formate-producing micro-
biota is associated with tumor suppression and enhanced anti-
tumor Tc1 immunity in a preclinical melanoma model begs the
question of whether human microbiota-derived formate could
serve as a metabolic biomarker for identifying FMT “super-do-
nors” to enhance human ICI efficacy. However, this hypothesis
requires further investigation in both preclinical and clinical
studies. Additionally, it will be crucial to identify the key microbial
taxa that predominantly drive formate production in the human
microbiome.
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Figure 7. A high-formate-producing human microbiota
enhances tumor suppression and promotes robust anti-
tumor Tc1 immunity

(A and B) Meta-analysis of microbial sequencing data from stool
samples of aPD-1-treated melanoma patients. (A) Boxplots of the
batch-corrected metagenomic relative abundances in parts per-
million (PPM) of genes annotated with EC_2.3.1.54 (pfl); NR, non-
responder; R, responder. (B) Common effects model forest plot.
(C and D) Melanoma patient formate in serum. (C) Formate
quantification. (D) Kaplan-Meier progression-free survival (PFS)
curve (n = 19 patients).

(E-L) Healthy human stool was used for FMT, followed by
BRAFV%%E TCE (n = 15 mice/group). (E and F) Formate quantifi-
cation. (G) Experimental outline for (H)-(L). (H) Tumor growth. (I)
Frequency of CD8 T cells. (J and K) Quantification of formate. (L)
Pearson correlation.

(A) Individual samples/group, Mann-Whitney t test. Mean + SEM.
(C, F, and I-K) Individual samples/group, unpaired t test. Mean +
SEM. (D) Log-rank test. (H) Two-way ANOVA with Sidak’s
correction for multiple comparisons.

(L) Spearman correlation, each dot representing individual mouse.
*p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

See also Figure S7.
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While we demonstrated that aerobic exercise enhances ICl ef-
ficacy in preclinical melanoma models through the microbiota-
derived metabolite formate, it needs to be explored whether
other exercise modalities, such as anaerobic high-intensity inter-
val training, elicit similar effects.

Future precision dietary interventions aimed at enhancing mi-
crobiota-derived formate production warrant investigation for
their potential to amplify antitumor responses in melanoma and
other cancer types.

Exercise influences the development of diseases like cancer,
autoimmune disorders, and infections. We thus hypothesize
that exercise-induced changes in the gut microbiota contribute
to immunomodulatory effects in cancer and also autoimmunity
and infections. However, this hypothesis requires further
validation.

Our findings underscore the critical role of the microbiota in
mediating exercise-driven enhancement of ICl therapy and iden-
tify formate as a promising metabolic target for improving cancer
immunotherapy. Our study lays a rational mechanistic founda-
tion for future investigations aimed at developing therapeutic
strategies that combine exercise and microbial metabolites to
evaluate the clinical antitumor efficacy of microbial Nrf2 ago-
nists, such as formate, in ICl-resistant cancer patients.

Limitations of the study

Further studies are needed to identify the primary formate-pro-
ducing microbes induced by exercise. Additional studies are
warranted to better understand the molecular mechanisms by
which formate influences Tc1 fate. Furthermore, the precise
mechanism by which formate activates the Nrf2 pathway war-
rants further investigation in future studies. Beyond formate,
other microbial factors or diverse CD8 T cell interactions may
additionally contribute to the exercise-induced antitumor effect.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Marlies Meisel (marlies@
pitt.edu).

Materials availability
Mouse lines generated in this study are available from the lead contact upon
request.

Data and code availability

16S rRNA-seq (PRINA1245478), RNA-seq (GEO: GSE294230), and metage-
nomic data (PRJNA1246250) are available via NCBI (SRA or GEO). Sample
metadata and SRA accession numbers are in Table S4. All other supporting
data are in the manuscript and supplemental information. Additional data for
reanalysis are available upon request. No original code is reported.
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Detailed methods are provided in the online version of this paper and include
the following:
o KEY RESOURCES TABLE
o EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
o Melanoma patient serum samples
o Healthy human feces samples for human to mouse fecal microbiota
transplant (FMT)
o Bioinformatic meta-analysis of melanoma microbiome samples of
nine independent cohorts
o Animals
o Gnotobiotic animal husbandry
o METHOD DETAILS
Exercise and sedentary treatment
Tumor models
Generation and growth of the E. coli Apfl mutant
Administration of antibiotics, formate, TBHQ, and bacteria
Fecal microbial transplantation (FMT)
Fecal microbiota metabolites (MM)
Cultured fecal microbiota metabolites for in vivo treatment
Bacterial Cell Free Supernatants
CD8/CD4 T cell depletion and anti-PDL1 mAb immunotherapy
Adoptive CD8 T cell transfer experiment
In vivo AhR and Nrf2 inhibitor treatment
Tissue harvest and cell purification
Flow cytometry
In vitro naive CD8 T cell stimulation
Phospho-CREB analysis
Phospho-STAT1 analysis
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RNA processing and RT-PCR of CD8 T cells
RNAseq of CD8 T cells
Transcription Factor Enrichment Analysis (TFEA)
Collection and processing of intestinal contents and serum for Nrf2
reporter cell assays
o Nrf2 reporter cell assay
o AhR reporter cell assay
o DNA for 16S quantification in feces
o Tumor cell killing assay
o Growth curve of BRAF%F with CCK-8 Assay
O 16S Analysis and sample processing
o Untargeted high-resolution LC-HRMS
o Significant Latent Factor Interaction Discovery and Exploration
(SLIDE) Analysis
Bile acids detection in fecal samples
3NP-Short chain fatty acid (SCFA) detection
Enzyme-linked immunosorbent assay (ELISA) to measure folic acid
Recovery of WT E. coli and Apfl E. coli from SPF Mice
Bioinformatic meta-analysis of melanoma microbiome samples of
nine independent cohorts
o Metagenomic Sequencing of mouse cecum contents
o Human stool fecal microbial transplant (FMT) into mice
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Anti-Mouse CD45 monoclonal antibody
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Anti-mouse CD45 monoclonal antibody
(Rat, Clone 30-F11), BUV 395 conjugated

Anti-mouse TCRp monoclonal antibody
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Alexa Fluor® 700 conjugated

Anti-mouse TCRyd monoclonal antibody
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FITC conjugated

Anti-mouse CD4 monoclonal antibody
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Anti-mouse CD4 monoclonal antibody

(Rat, Clone GK1.5), Brilliant Violet 650 conjugated

Anti-mouse CD8x monoclonal antibody
(Rat, Clone 53-6.7), Brilliant Violet 570 conjugated
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(Rat, Clone 53-6.7), BUV 737 conjugated

Anti-Mouse CD279 (PD-1) monoclonal antibody
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Violet 786 conjugated

Anti-Mouse CD90.1 (Thy-1.1) monoclonal
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450 conjugated

Anti-Mouse CD90.2 (Thy-1.2) monoclonal
antibody (Rat, Clone 53-2.1), BUV 563 conjugated
anti-Mouse I-A/I-E (MHC 1) monoclonal
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BUV 496 conjugated
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FITC conjugated
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Anti-mouse F4/80 monoclonal antibody

(Rat, Clone BM8), PE-Cyanine5 conjugated

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BD Biosciences

BioLegend

BD Biosciences

BD Biosciences

BioLegend

BD Biosciences

BD Biosciences

Invitrogen

BD Biosciences

BD Biosciences

Thermo Fisher Scientific

BioLegend

BD Biosciences

eBioscience

BD Biosciences

eBioscience

Cat # 553142; RRID: AB_394657

Cat # 566095; RRID: AB_2739499

Cat # 557659; RRID: AB_396774

Cat # 564279; RRID: AB_2651134

Cat # 560705; RRID: AB_1727573

Cat # 107504; RRID: AB_313313

Cat # 563790; RRID: AB_2738426

Cat # 563232; RRID: AB_2738083

Cat # 100740; RRID: AB_2563055

Cat # 612759; RRID: AB_2870090

Cat # 744548; RRID: AB_2742319

Cat # 48-0900-82; RRID: AB_1272254

Cat # 741213; RRID: AB_2870768

Cat # 750281; RRID: AB_2874472

Cat # 11-5321-82; RRID: AB_465232

Cat # 117306; RRID: AB_313775

Cat # 565452; RRID: AB_2744278

Cat # 47-0112-80; RRID: AB_1603193

Cat # 741934; RRID: AB_2871246

Cat # 15-4801-80; RRID: AB_468798
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Anti-Mouse Gr1 monoclonal antibody
(Rat, Clone 3C7), PerCP-Cy5.5 conjugated

Anti-mouse NK1.1 monoclonal antibody
(Rat, Clone PK136), Brilliant Violet 786 conjugated

Anti-mouse IFN-gamma monoclonal antibody
(Rat, Clone XMG1.2), Brilliant Violet 605 conjugated

Anti-mouse IFN-gamma monoclonal antibody
(Rat, Clone XMG1.2), PE-Cy7 conjugated

Anti-mouse FoxP3 monoclonal antibody
(Rat, Clone FJK-16s), eFluor 450 conjugated

Anti-mouse Foxp3 monoclonal antibody
(Rat, Clone FJK-16s), FITC conjugated

Anti-mouse Granzyme B monoclonal
antibody (Rat, Clone NGZB), PE conjugated

Anti-mouse Ki67 monoclonal antibody
(Rat, Clone SolA15), PE-eFluor 610 conjugated

Anti-mouse TNF-alpha monoclonal
antibody (Rat, Clone MP6-XT22), APC conjugated

Anti-mouse Tbet monoclonal antibody
(Mouse, Clone 4B10), Brilliant Violet 421 conjugated

Anti-mouse Eomesodermin (EOMES) monoclonal
antibody (Rat, Clone Dan11mag),
Alexa Fluor™ 488 conjugated

InVivoMAb anti-mouse CD8a (Clone 2.43)
InVivoMAb anti-mouse CD4 (Clone GK1.5)
InVivoMADb rat IgG2b isotype control (Clone LTF-2)
InVivoMAb anti-mouse PD-L1

Biotin anti-mouse CD45 antibody (Clone 30-F11)
Biotin anti-mouse CD8 antibody (Clone 53-6.7)

Anti-mouse CD3e monoclonal antibody
(Armenian hamster, Clone 145-2C11), unconjugated

Anti-mouse CD28 monoclonal antibody
(Syrian Hamster, Clone 37.51), unconjugated

BD Biosciences

BD Biosciences
BioLegend

Thermo Fisher Scientific
Thermo Fisher Scientific
eBioscience
eBioscience
eBioscience

BioLegend

BioLegend

Invitrogen

BioXCell

BioXCell

BioXCell
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BioLegend
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BD Biosciences

BD Biosciences
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Cat # 100703; RRID: AB_312742
Cat # 553057; RRID: AB_394590

Cat # 553294; RRID: AB_394763

Chemicals, peptides, and recombinant proteins

Zombie NIR™ Fixable Viability Kit

Super Bright Complete Staining Buffer
Horseradish Peroxidase-conjugated streptavidin
Proteinase K Solution

iTag™ Universal SYBR® Green Supermix
GolgiStop™

GolgiPlug™

Phorbol myristate acetate (PMA)
lonomycin calcium salt

Mouse Erythrocyte Lysing Kit

Percoll™

RPMI 1640

DMEM

Penicillin-Streptomycin-Glutamine
Non-Essential Amino Acid Solution
Collagenase IV
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BioLegend

eBioscience

Jackson Immuno Research
Invitrogen

Bio-Rad

BD Biosciences

BD Biosciences
Sigma-Aldrich
Sigma-Aldrich

R & D Systems

Thermo Fisher Scientific
Thermo Fisher Scientific
Gibco™

Gibco™

Sigma-Aldrich
Worthington Biochemical

Cat # 423105

Cat # SB-4401-75
Cat # 016-030-084; RRID: AB_2337238
Cat # 25530049
Cat # 1725125
Cat # 554724

Cat # 555029

Cat # P1585

Cat # 10634

Cat # WL2000

Cat # 45-001-747
Cat # MT10040CV
Cat # 11-995-065
Cat # 10-378-016
Cat # M7145

Cat # L.S004189
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Sodium Formate Fisher Scientific Cat # S648-500
AHR inhibitor (CH-223191) Sigma-Aldrich Cat # C8124
Tert-butylhydroquinone (TBHQ) Sigma-Aldrich Cat # 112941-5G
NRF2 inhibitor (ML385) Sigma-Aldrich Cat # SML1833
RNAprotect™ Qiagen Cat # 76106
DNase | Roche Cat # 10104159001

Cooked Meat Medium
Reinforced Clostridial Medium
deMann Rosa Sharpe Medium
Brain Heart Infusion Medium

BD Difco Dehydrated Culture Media:
LB Broth, Miller (Luria-Bertani)

Defibrinated Sheep Blood

Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Fisher Scientific

HemoStat Laboratories

Cat # DF0267-17-9
Cat # CM0149B
Cat # CM0359B
Cat # CM1135B
Cat # DF0446-17-3

Cat # DSB050

Gentamicin Sigma-Aldrich Cat # G1914-5G
Metronidazole Sigma-Aldrich Cat # M3761-25G
Colistin Sigma-Aldrich Cat # C4461-1G
Kanamycin Fisher Scientific Cat # 11-815-024
Vancomycin Sigma-Aldrich Cat # V2002
Normocin InvivoGen Cat # ant-nr-1
Zeocin InvivoGen Cat # ant-zn-05
Chloramphenicol Sigma-Aldrich Cat # C3175
Hygromycin B InvivoGen Cat # ant-hg-1
QUANTI-Luc™ InvivoGen Cat # rep-glc1
Recombinant Mouse IL-12 BioLegend Cat # 577002
Recombinant Human IL-2 PeproTech Cat # 200-02
Critical commercial assays

FoxP3 Transcription Factor Staining Kit eBioscience Cat # 00-5523-00
EasySep™ Mouse Naive CD8 T cell Isolation Kit STEMCELL Cat # 18958

Fast DNA Stool Mini Kit Qiagen Cat # 51604
RNeasy Plus Mini Kit Qiagen Cat # 74136
iScript™ cDNA Synthesis Kit Bio-Rad Cat # 1708891
CCK-8 ApexBio Cat # K1018
Mouse Folic acid,FA Elisa Kit AFG Scientific EK730149

Experimental models: Cell lines

BRAF V6% (YUMM1.7) cell line

B16-F10 cell line

MC-38 cell line

EL-4 cell line

B16-OVA cell line

HT29-Lucia™ AhR reporter cell line

HEK 293 ANRF2/ARE Nrf2 reporter cell line

ATCC

ATCC

Kerafast

ATCC

Provided by M. Shlomchik
Invivogen

Signosis

Cat # CRL-3362
Cat # CRL-6475
Cat # ENH204-FP
Cat # TIB-39

N/A

Cat # ht2l-ahr
Cat # SL-0042

Experimental models: Organisms/strains

Mouse: B6.C57BL/6J

Mouse: B6.Cg-Rag2™""°9"/J (Rag™")

Mouse: B6.129X1-Nfe212!™1YWk/g (Nrf2 )

Mouse: B6.Cg-Thy1%/CyTg(TcraTcrb)8Rest/J (pmel+)
Mouse: C57BL/6-Tg(TcraTcrb)1100Mjb/J (OT-1+)

Jackson Laboratory
Provided by M. Shlomchik
Jackson Laboratory
Jackson Laboratory
Provided by A. Joglekar

Stock No: 000664
N/A
Stock No: 017009
Stock No: 005023
N/A
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Mouse: B6. Ahr" CD8a Cre (B6. AhR™3 7573/ x
B6.C57BL/6J-Tg(CD8a*-cre)B8Asin/J x)
Mouse: B6. Nrf2" CD8a Cre

(B6. C57BL/6-Nfe212!™1-15ed/ghis J x
B6.C57BL/6J-Tg(CD8a*-cre)B8Asin/J x)

Jackson Laboratory

Jackson Laboratory

Stock No: 006203 x Stock No: 008766

Stock No: 025433 x Stock No: 008766

Oligonucleotides

Primers for qRT-PCR, qPCR, 16S Table S6 N/A
Software and algorithms

SLIDE N/A N/A
QIIME2 (version 2023.7) N/A N/A
SoftMax Pro 3.0.7 Software SpectraMax® i3x N/A
X-PAD Software Ugo Basile N/A
CFX Maestro Bio-Rad N/A
Ingenuity Pathway Analysis (IPA) Qiagen N/A
GraphPad Prism 10 GraphPad Software N/A
FlowJo 10.8.1 Tree Star N/A
Adobe lllustrator Adobe N/A
BioRender BioRender N/A

Actimetrics ClockLab Wireless Collection System
ChEA3 TFEA tool (ENCODE-CHIP-SEQ)

Lafayette Instrument
N/A

Cat # AM1-CWO01
N/A

Other

Rodent Treadmill
Actimetrics Wireless Low-profile Running Wheel
Actimetrics Wireless USB Gateway

Ugo Basile
Lafayette Instrument
Lafayette Instrument

Cat # 47300
Cat # ACT-557-WLP
Cat # ACT-557W-0

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Melanoma patient serum samples

Study design, baseline clinical and demographic (age, sex, race) characteristics, assessments and definition of endpoints of a cohort
of advanced stage IV melanoma patients was recently described.®® Briefly, clinical data and sera of advanced stage IV melanoma
patients that either responded (referred to as responders (R)) = partial response or complete response, n = 14) or failed to respond
(referred to as non-responders (NR) = stable disease or progressive disease, n = 18) to combinatorial IFNa and «PD1 were used in this
study (ClinialTrials.gov identifier: NCT02112032; KEYNOTE-020). Serum samples collected at baseline of treatment-naive patients
were used to analyze systemic formate by mass spectroscopy. Approval to treat patients was obtained from the University of Pitts-
burgh’s Hillman Cancer Center Institutional Review Board (No. PRO14030075).

Healthy human feces samples for human to mouse fecal microbiota transplant (FMT)

Study design, clinical characteristics, and demographic (age, sex, race) characteristics of a cohort of aged healthy adults was
recently described.’® Stool sampling bags (labeled sterile containers with spatula, thermal bag, feces catcher (https:/www.
fecesvanger.nl/en_GB/), and instructions) were provided to participants and used to collect stool samples The samples were not
older than 24 hours and were maintained below 4 °C until delivery. Samples were aliquoted on the same day, flash-frozen in liquid
nitrogen, and stored at -80 °C until further analysis. For our analysis, we exclusively used fecal samples at baseline derived from the
untreated control arm of the study.

Bioinformatic meta-analysis of melanoma microbiome samples of nine independent cohorts

Whole metagenomic shotgun sequencing data from stool samples of melanoma patients from the studies and cohorts described in
Table S7 were downloaded and re-analyzed using the JAMS package (https://www.biorxiv.org/content/10.1101/2023.03.03.
531026v1) version 1.9.8 publicly available at https://github.com/johnmcculloch/JAMS_BW. Study design, baseline clinical and de-
mographic (age, sex, race) characteristics, assessments and definition of endpoints is described in the studies and cohorts
described in Table S7.
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Animals

C57BL/6J wild type mice were obtained from The Jackson Laboratory. Female mice between 4-10 weeks of age were used for all
experiments unless otherwise noted. Nrf2”~ mice (B6.129X1-Nfe212™ Y% /J, The Jackson Laboratory, 017009), and pmel-1 trans-
genic mice (B6.Cg-Thy1%/Cy Tg(TcraTcrb)8Rest/J, The Jackson Laboratory, 005023) were obtained from The Jackson Laboratory
and bred in-house. Rag2”~ mice were kindly provided by Dr. M. Shlomchik, University of Pittsburgh. OT-1 transgenic mice were
kindly provided by Dr. A. Joglekar, University of Pittsburgh. Ahr"”™ CD8®"™® mice were generated by crossing Ahr" (Ahr'™3-1Bra/g,
The Jackson Laboratory, 006203) mice with CD8a°" (C57BL/6-Tg(Cd8a-cre)1ltan/J, The Jackson Laboratory, 008766) mice. Nrf2™
CD8®™ mice were generated by crossing Nrf2" (C57BL/6-Nfe2l2!™1-1S7d/ShisJ, The Jackson Laboratory, 025433) mice with
CD84°™ (C57BL/6-Tg(Cd8a-cre)1ltan/J, The Jackson Laboratory, 008766) mice. For experiments using Nrf2"" CD8C" mice, both
male and female mice were used in equal ratios and no sex-dependent effects were observed. Mice were housed at the University
of Pittsburgh animal facilities under specific pathogen-free (SPF) conditions, where cages were changed on a weekly basis. Venti-
lated cages, bedding, food and non-acidified water were autoclaved before use, the ambient temperature was maintained at 23 °C,
and 5% Clidox-S was used as a disinfectant. Experimental and breeding cages were randomly housed on two different racks in the
vivarium, and all cages were kept on automatic 12-hour light/dark cycles. Animal care and experimentation were conducted in accor-
dance with NIH guidelines and approved by the Institutional Animal Care and Use Committee at the University of Pittsburgh.

Gnotobiotic animal husbandry

Food, bedding, and water (non-acidified) were autoclaved before transfer into the sterile isolators. Cages within isolators were
changed weekly, and all the cages in the vivarium were kept on 12 hour light/dark cycles. Microbiology testing of fecal (experimental
mice) or of cecum samples (sentinel mice; aerobic and anaerobic culture, 16S gPCR) was performed every other week to confirm
germ-free (GF) status.

METHOD DETAILS

Exercise and sedentary treatment

Treadmill Exercise Treatment

Mice were exercised on a rodent treadmill (Ugo Basile, 47300/47350) for 5 consecutive days per week for 1 hour per day to stimulate
aerobic exercise in all experiments. Running was encouraged with an electric shock of 0.7 mA, 2 Hz dispensed through a metal grate
at the rear end of the treadmill belt. All mice received 2-5 days to acclimate to treadmill running, in which they ran on the treadmillata 5
meter per minute (5 m/min) pace and the electric shock grate was activated so that they could learn how to run successfully. Accli-
mation sessions lasted 15-45 minutes, with increasing duration of each session every day. Exercise training included a 5-minute 5
m/min warm-up and cool-down at the start and end of each workout, and 50 minutes of exercise at a pace of 8-14 m/min in between
(see Figure S1C). Mice which received 20 electric shocks had their electric grate deactivated and were removed from the treadmill for
that day, and that day was counted as a “failed session”. Mice which failed > 10% of sessions were excluded from the study. Be-
tween each exercise session, the treadmill was thoroughly disinfected with 5% Clidox-S.

Treadmill Sedentary Treatment

Sedentary control mice were visually inspected and exposed to circulating vivarium air at the same time exercised mice received
exercise treatment. Sedentary mice were placed in a sterile ventilated cardboard bucket directly next to the treadmill, exposing
mice to the sounds, smells, and vibrations of the treadmill, similar to the exercised mice. Sedentary treatment occurred at the
same frequency and duration as exercise treatment (1 hour/day, 5 consecutive days/week) (see Figures S1TA-S1C).

Voluntary Exercise Treatment

Single-housed SPF and GF mice received an electronic running wheel (Lafayette Instrument, ACT-557-WLP) starting two weeks prior
to tumor engraftment and continuing throughout the experiment. To ensure accurate measurement of prescribed running activity for
each individual, mice were single-housed with free access to a running wheel. The wireless receiver (Lafayette Instrument, ACT-
557W-0) was activated using the ClockLab Wireless Collection software program (Lafayette Instrument, AM1-CWO01) and pro-
grammed to collect data from wheels every 60 seconds. Data describing the number of wheel rotations was used to calculate dis-
tance run by each mouse in meters using the formula: distance run =2 * n * r * x; where = = 3.14159; r = radius of the running wheel
0.076325 meters (diameter 6.01 inch = 0.15265 meters / 2) and x = the number of wheel rotations. Mice that ran less than 1000 meters
per day on average were excluded from the study. Control mice received a sterile plastic hut and were single-housed to control for the
enrichment conditions of the voluntary exercised mice.

Tumor models

Tumor cell models used include: BRAFY®°°E (YUMM1.7, ATCC, CRL-3362), B16-F10 (ATCC, CRL-6475), B16-OVA (kindly provided
by Dr. M Shlomchik, University of Pittsburgh), MC-38 (Kerafast, ENH204-FP) and EL4 (ATCC, TIB-39). Tumor cells were grown in vitro
under standard conditions (37 °C, stationary, 5% CO,) in DMEM media (Gibco) supplemented with the following: 10% heat-inacti-
vated FBS, 1x Penicillin-Streptomycin-Glutamine (Gibco), and 1% non-essential amino acids (Sigma-Aldrich) as recommended by
manufacturers. In vitro cell cultures were kept below 20 passages. Adherent cells were lifted from tissue culture treated dishes using
StemPro™ Accutase™ (Gibco) or 0.25% trypsin (Gibco) solution as recommended by manufacturers. Cells were suspended in PBS
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(Gibco) and injected subcutaneously (s.c.) into the right hind flank of recipient mice at a concentration of 5 x 10° — 1 x 10° cells per
100pL injection unless otherwise indicated. B16-OVA cells (1 x 10° cells per mouse) resuspended in PBS were s.c. injected into the
hind flank of C57BL/6J recipient WT mice. Mice then received daily oral gavage (OG) of 200 pl of 200 mg/kg of formate in PBS or
receive a PBS control treatment once their tumors reached ~300 mm? in volume until end point analysis (EPA). Tumors were digested
and analyzed for CD8-MHC tetramer (K°)-OVA-specific T cells (see “flow cytometry™). For pulmonary metastases tumor model, mice
received 2x10° B16-F10 tumor cells by intravenous injection into the tail vein. Tumor measurements were taken using digital calipers
and tumor volume was calculated according to the formula tumor volume = Y length x width,? where length represents the largest
tumor diameter and width represents the diameter perpendicular to Iength.96 For survival experiments, mice were euthanized when
calculated tumor volume exceeded 2000 mm?® (BRAFY6%°E and MC38 tumors) or 3000 mm? (B16 tumors).

Generation and growth of the E. coli Apfl mutant

Generation

A mutant lacking the genes encoding the three pyruvate formate lyases (PfIB, PfID, and YbiW) as well as the bifunctional
2-oxobutanoate formate-lyase/pyruvate formate-lyase (TdcE) was created by allelic exchange. The upstream and downstream
flanking regions were amplified by PCR using primers listed in Table S6. Gel-purified PCR products were inserted into Sphl-digested
pGP706°" using Gibson assembly (New England Biolabs). The Gibson assembly mixture was introduced into E. coli DH5a Apir®® us-
ing chemical transformation, and positive clones confirmed by Sanger sequencing of the inserts. Plasmids were moved into the
conjugation-competent E. coli strain S17-1 Apir®® by chemical transformation. For mutagenesis, plasmid constructs were sequen-
tially introduced into the E. coli strain NRG857¢'°° by conjugation. Strains with a single cross-over event were selected on agar plates
containing Kanamycin (50 mg/L) and Carbenicillin (100 mg/L), cultured in Luria-Bertani (LB) overnight, and strains with a second
cross-over event were selected by sucrose selection (8 g/L nutrient broth base, 5% sucrose, 15 g/L agar). Deletion of the target
gene was verified by PCR (see Table S6). This process was repeated to create a NRG857c ApfIB ApfID AybiW AtdcE mutant
(Apfl). NRG857c is naturally resistant to Carbenicillin (100 mg/ml), Chloramphenicol (15 mg/ml) and Tetracycline (20 mg/ml).
Culture Conditions

Both strains, that carry a chloramphenicol resistance gene, were grown from frozen stock in LB broth overnight (37 °C, 200 rpm). The
overnight culture was then used to seed new broth cultures at a 1:1000 dilution the following morning. Strains were grown to the
desired optical density, then pelleted by centrifugation (10 minutes, 4800 rpm) and resuspended at the desired concentration.

Administration of antibiotics, formate, TBHQ, and bacteria

Mice receiving a daily oral gavage with broad-spectrum antibiotic cocktail received the following compounds at indicated concen-
trations suspended in 100pL sterile PBS: metronidazole (2.15 mg/mL) (Sigma-Aldrich, M3761-25G), kanamycin (4 mg/mL) (Gibco,
11815024), colistin (17010 1U/mL) (Sigma-Aldrich, C4461), gentamicin (0.35 mg/mL) (Sigma, G1914-5G), and vancomycin
(0.45 mg/mL) (Sigma, V2002-5G)." In experiments where mice were maintained on antibiotics-supplemented water bottles, water
bottles were refreshed weekly and included the following compounds at indicated concentrations suspended in sterile water: metro-
nidazole (0.043 mg/mL), kanamycin (0.08 mg/mL), colistin (170 IU/mL), gentamicin (0.007 mg/mL), and vancomycin (0.45 mg/mL).
Mice receiving oral gavage with formate (200 mg/kg bodyweight (b.w.)) (Fisher Chemical, S648-500) were treated daily beginning
once tumors were palpable (~150 mm®) and continuing until end-point analysis (EPA) unless otherwise indicated. Formate oral
gavage was suspended in 200uL sterile PBS. Mice receiving daily oral gavage with tert-butylhydroquinone (TBHQ) were treated daily
with the indicated concentrations resuspended in a final volume of 200 pL sterile PBS. Mice receiving daily oral gavage with WT or
Apfl E. coli received 1 x 10*9 CFU resuspended in 200 pL sterile PBS each day starting when tumors became palpable unless indi-
cated otherwise.

Fecal microbial transplantation (FMT)

Preparation

Donor feces were collected from exercised or sedentary mice after 5 weeks of exercise or sedentary treatment and weighed. Similar
bacterial load between groups was confirmed by 16S seq. Donor feces were submerged in sterile PBS (0.2 mg feces/mL) for 30 min,
then manually homogenized with a sterile serological pipette. The fecal homogenate was centrifuged to pellet large fibers and debris
(300 g for 10 minutes). Supernatant was gently removed using a sterile serological pipette and passed through a 0.45 pm filter into a
new conical tube to further eliminate large debris. To heat-kill FMT solutions as done in Figures 2A and 2B, FMT solutions were heated
at 90 °C for 2 hours.

Administration

FMT homogenate was created as described above. Mice received 7 consecutive days of oral gavage with a broad-spectrum anti-
biotic cocktalil (see “administration of antibiotics, formate, TBHQ, and bacteria”) followed by a 24-hour washout period. Mice then
received two FMTs by oral gavage 2 days apart. Each FMT was derived from 40 mg of feces and administered in 200 pL of PBS. After
48 hours, mice were engrafted with tumor cells as described above.
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Fecal microbiota metabolites (MM)

Preparation

FMT solutions prepared as described above were centrifuged to pellet bacteria (4800 rpm, 10 min). Supernatant was gently removed
and passed through a 0.22 pm filter.

Administration

Naive CD8 T cells were stimulated in the presence of a 1% vol/vol solution of the fecal microbiota metabolites derived from either
sedentary or exercised FMT or vehicle control for 72 hours (see “in vitro naive CD8 T cell stimulation”).

Cultured fecal microbiota metabolites for in vivo treatment

Preparation

Equal volumes of exercised- or sedentary-FMT suspension, prepared as described above, were aliquoted into four different broth
media: Cooked Meat Medium (BD Difco™, DF0267-17-9), Reinforced Clostridial Medium (Oxoid™, CM0149B), De Man Rogasa
Sharpe (MRS) Medium (Oxoid™, CM0359), and Brain-Heart Infusion Medium (Oxoid™, CM1135B) with a 5% vol/vol defibrinated
sheep’s blood supplement (HemoStat Laboratories, DSB050). Degassed broth cultures were incubated anaerobically for 48 hours
at 37 °C. Cultures were then pelleted by centrifugation (4800 rpm, 10 min) and supernatant was removed and transferred to a new
tube. Supernatant was pelleted a second time (4800 rpm, 10 min) to ensure removal of debris. Supernatant was then passed through
a 0.22 pM filter and supernatants of exercised-FMT cultures were pooled together to create cultured exercised microbiota metab-
olites (EX-MM) and supernatants of sedentary-FMT cultures were pooled together to create cultured sedentary microbiota metab-
olites (SED-MM).

Administration

MM solution was created as described above. Starting one day after TCE, mice received daily oral gavage with 200 pL of either EX-
MM, SED-MM, or broth control. Daily oral gavage continued until EPA.

Bacterial Cell Free Supernatants

1 x 10*8 CFU WT and Apfl E. coli were inoculated in LB broth and grown for 18 hours (37 °C, 200 rpm). Cultures were pelleted by
centrifugation (10 minutes, 4800 rpm) and resulting supernatant was sterile-filtered using a 0.22 pm filter. Levels of formate were
determined by mass spectroscopy (see Figure S5H) and sterile filtered supernatant used in murine in vitro naive CD8 T cell cultures.

CD8/CD4 T cell depletion and anti-PDL1 mAb immunotherapy

For depletion of CD8/CDA4 T cells, mice received weekly intraperitoneal injections with 250 ug InVivoMAb anti-mouse CD8a (BioXCell,
BE0061), InVivoMAb anti-mouse CD4 (BioXCell, BEO003-1), or isotype control (BioXCell, BEO090) starting 4 days prior to TCE and
continuing weekly until EPA, for a total of 3 treatments.®? For anti-PDL1 immunotherapy treatment,** mice received intraperitoneal
injections on days 6, 8, 10, and 13 post TCE with either 100 ug InVivoMAb anti-mouse PDL1 (BioXCell, BEO101) or an equivalent vol-
ume of PBS.

Adoptive CD8 T cell transfer experiment

C57BL/6J WT recipient mice received 108 B16-F10 tumor cells subcutaneously (s.c.). Two days later, magnetically purified bulk con-
genically marked (Thy1.1%) CD8 T cells were obtained from spleen and inguinal and axillary lymph nodes of pmel-1 transgenic (tg)
mice as previously described.** 5 x 106 CD8 T cells were then adoptively transferred by intraperitoneal injection into WT recipient
mice. 24 hours later, mice began receiving daily oral gavage with formate (200 mg/kg b.w.) or vehicle (PBS) which continued until
EPA. Congenically marked Thy1.1 pmel-1 tg CD8 T cells were analyzed by flow cytometry at EPA.

In vivo AhR and Nrf2 inhibitor treatment

BRAFV5%E tumor-bearing mice underwent interventional exercise or sedentary treatment alongside treatment with vehicle (corn oil),
AhR inhibitor (CH223191; 300 pg/mouse), or Nrf2 inhibitor (ML385; 100 pg/mouse) via intraperitoneal injection (volume: 200 pL).
Treatment was performed five consecutive days/week until EPA.

Tissue harvest and cell purification

Tumors, tumor-draining lymph nodes (tdLNs), and spleens were harvested using autoclaved dissection tools under sterile conditions
and tumor weight was recorded. Spleens and tdLNs were mashed and underwent erythrocyte lysis using the Mouse Erythrocyte
Lysing Kit (R&D Systems, WL2000). Remaining splenocytes and tdLN cells were used for flow cytometry analysis. Tumor-intrinsic
lymphocytes were isolated by collagenase type 4 digest (Worthington, LS004189), followed by purification of mononuclear cells us-
ing a2 40% Percoll centrifugation (Cytiva, 17089101), an erythrocyte lysis using the previously mentioned kit, and enrichment of CD45*
cells as follows: cells were incubated on ice with rat serum and Fc block (BD Biosciences, 553142) for 5 min, then incubated on ice
with biotinylated anti-CD45 antibody (Biolegend, 103104) for another 15 min. Cells were washed and incubated with streptavidin
beads (BD Biosciences, 557812) for 30 min, followed by a 5 min incubation in an EasySep magnet (STEMCELL, 18000). Cells poured
out of the magnet were discarded, and cells remaining were used for flow cytometric analysis.
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Flow cytometry
Single cell suspensions were prepared as described above and stimulated in RPMI containing PMA (0.1 pg/mL), ionomycin (1 pg/mL),
Golgi Stop (GS) (1.95 uM), and Golgi Plug (GP) (1 pg/mL). After 3 hours of stimulation, cells were washed and resuspended in FACS
buffer (PBS, 2% FBS) for immunostaining and subsequent FACS analysis. Cell suspensions were incubated with Fc Block (BD Bio-
sciences, 553142), followed with an optional tetramer stain (SIINFEKL-APC MHC | Tetramer, provided by NIH Tetramer Core Facility)
for 30 min at room temperature. Then, cells received a surface marker antibody (Ab) stain for 20 min at 4 °C. Surface Abs were used as
follows: anti-CD45 (BV480, BD Biosciences, 566095; BUV395, BD Biosciences, 564279; APC-Cy7, BD Biosciences, 557659), anti-
TCRp (Alexa Fluor 700, BD Biosciences, 560705), anti-TCRyd (FITC, BioLegend, 107504), anti-CD4 (BUV395, BD Biosciences,
563790; BV650, BD Biosciences, 563232), anti-CD8a (BV570, BioLegend, 100740; BUV737, BioLegend, 612759), anti-CD279
(PD-1) (BV786, BD Biosciences, 744548), anti-CD90.1 (Thy-1.1) (eFluor 450, BD Biosciences, 741213), anti-CD90.2 (Thy-1.2)
(BUV563, Invitrogen, 48-0900-82), anti-I-A/I-E (MHC 1) (BUV496, BD Biosciences, 750281; FITC, Thermo Fisher Scientific, 11-
5321-82), anti-CD11c (FITC, BioLegend, 117306; BV421, BD Biosciences, 565452), anti-CD11b (APC-eFluor 780, eBioscience,
47-0112-80; BUV805, BD Biosciences, 741934), anti-F4/80 (PE-Cyanineb, eBioscience, 15-4801-80), anti-Gr1 (PerCP-Cy5.5, BD
Biosciences, 552093), anti-NK1.1 (BV421, BD Biosciences, 568224), anti-CD44 (PECy5, BD Pharmingen, 553135), anti-CD62L
(Percp-Cy5.5, MFR, BD Pharmingen, 560513), and anti-IFNyR1 (PE, ThermoFisher, 12-1191-82). For dead cell exclusion, cells
were stained with Zombie NIR Fixable Viability Kit (BioLegend, 423105) for 10 min at 4 °C and washed in FACS buffer. For intracellular
cytokine and transcription factor staining, surface Ab-stained cells were first fixed and permeabilized using the FoxP3 Transcription
Factor Staining Buffer kit (eBioscience, 00-5523-00) following manufacturer’s instructions. Cells were further stained with Abs
against intracellular proteins for 30 min at 4 °C. Intracelluar Abs were used as follows: anti-IFNy (BV605, BioLegend, 505839; PE-
Cy7, Fisher Tonbo Biosciences, 50-105-4909), anti-FoxP3 (FITC, eBioscience, 11-5773-82; efluor 450, Thermo Fisher Scientific,
50-163-74), anti-Granzyme B (PE, eBioscience, 12-8898-80), anti-Ki67 (PE-eFluor 610, eBioscience, 61-5698-82), anti-TNFa
(APC, BioLegend, 506308), anti-Tbet (BV421, BioLegend, 644832), and anti-Eomesodermin (EOMES) (Alexa Fluor 488, Invitrogen,
53-4875-82). Samples were gated on FSC-A/SSC-A to exclude debris and gated to exclude dead cells. Samples were collected us-
ing a Cytek Aurora flow cytometer and analyzed with FlowJo 10 Software (Tree Star). Flow cytometry of tumor draining lymph node
and tumor of sedentary and exercised mice displayed in Figures S2A-S2H was performed at day 13 post TCE (pTCE).

T Cell Gating Strategies: Lymphocytes (FSC-H vs SSC-H), Single Cells (FSC-H vs FSC-A), Live CD45+ cells (Zombie NIR- and CD45+),
T cells (TCRp+ or TCRy8+); CD8 T cells (CD8a+, CD4- gated on TCRB+ cells); CD4 T cells (CD8a-, CD4+ gated on TCRp+ cells); TNFa-pro-
ducing CD8 T cells (TNFa+ gated on CD8 T cells); TNFa-producing CD4 T cells (TNFa+ gated on CD4 T cells); Proliferating CD8 T cells
(Ki67+ gated on CD8T cells); Proliferating CD4 T cells (Ki67+ gated on CD4 T cells); Cytokine-producing proliferating CD8 T cells (IFNy+,
GzmB+, or TNFa+ gated on Proliferating CD8 T cells); Cytokine-producing proliferating CD4 T cells (IFNy+, GzmB+, or TNFo+ gated on
Proliferating CD4 T cells); Activated CD8 T cells (PD-1+ gated on CD8 T cells); Activated CD4 T cells (PD-1+ gated on CD4 T cells); Cyto-
kine-producing activated CD8 T cells (IFNy+, GzmB+, or TNFa+ gated on Activated CD8 T cells); Cytokine-producing proliferating CD4
T cells (IFNy+, GzmB+, or TNFa+ gated on Activated CD4 T cells); EOMES+ CD8 T cells (EOMES+ gated on CD8 T cells); Tbet+ CD8
T cells (Tbet+ gated on CD8 T cells); Th1 cells (IFNy+ gated on CD4 T cells); Tc1 cells (IFNy+ gated on CD8 T cells); GzmB-producing
Th1 cells (GzmB+ gated on Th1 cells); GzmB-producing Tc1 cells (GzmB+ gated on Tc1 cells); IFNy GzmB double-producing CD8
T cells (IFNy+ GzmB+ gated on CD8 T cells); IFNy GzmB double-producing CD4 T cells (IFNy+ GzmB+ gated on CD4 T cells); OVA-an-
tigen specific CD8 T cells (SIINFEKL+ gated on CD8 T cells); OVA-antigen specific Tc1 cells (IFNy+ gated on OVA-antigen specific CD8
T cells); TNFa-producing OVA-antigen specific CD8 T cells (TNFa+ gated on OVA-antigen specific CD8 T cells) Treg cells (Foxp3+ gated
on CD4 T cells); yd T cells (TCRyS +, TCRp- gated on Live CD45+ cells); Effector Tc1 cells (CD44+CD62- gated on CD8T cells), IRF8+
CD8T cells (IRF8+ gated on CD8T cells), pSTAT1+ CD8T cell (pSTAT+ gated on CD8T cells) and pCreb+ CD8T cells (pCreb+ gated
on CDS8T cells). Gating Strategies for Figures S2G and S2H: Lymphocytes (FSC-H vs SSC-H), Single Cells (FSC-H vs FSC-A), Live
CD45+ cells (Zombie NIR- and CD45+); DCs (MHC-II+, CD11c+ gated on Live CD45+ cells); Macrophages (CD11b+, F4-80+ gated
on Live CD45+ cells); MDSCs (CD11b+, Gr-1+ gated on Live CD45+ cells); NK cells (NK1.1+, CD11b- gated on Live CD45+, CD8a-
and CD4- cells); NK T cells (NK1.1+, CD11b- gated on CD8a+ T cells and CD4+ T cells).

In vitro naive CD8 T cell stimulation

Naive CD8 T cells derived from spleen, axial and inguinal lymph nodes of WT mice were purified with EasySep™ Mouse Naive CD8 T
Cell Isolation Kit (Stem cell Technologies, 19858). Purity test by flow cytometry revealed 95%-98% enriched TCRb+ NK1.1- TCRgd-
MHCII- CD44- CD25- CD62L+ cells (data not shown). 2-5 x 10° naive CD8 T cells were stimulated in complete RPMI-1640 culture
medium in a plate precoated with «CD3 (BD Biosciences, 553057) and soluble «CD28 (BD Biosciences, 553294) (both 1 pg/mL)
in the presence of experimental stimulants as follows: Microbial metabolites (MM): 1% (vol./vol.) EX-MM, SED-MM, or vehicle control
(PBS) for 72 hours followed by re-stimulation with PMA/ionomycin in presence of GS and GP for 3h and flow cytometry (see “flow
cytometry”). Formate: 2mM formate or vehicle control (PBS) for 24 or 72 hours followed by re-stimulation with PMA/ionomycin in
presence of GS and GP for 3 hours and flow cytometry (see “flow cytometry”). WT or Apfl E. coli cell free supernatant: 0.1%
(vol./vol.) of bacterial cell-free culture supernatant or equivalent volume sterile PBS was added to naive CD8 T cell cultures for 72
hours, followed by re-stimulation with PMA/ionomycin in presence of GS and GP for 3 hours and flow cytometry (see “flow
cytometry”). TBHQ: 1 nM TBHQ or vehicle control (PBS) was added to naive CD8 T cell cultures for 72 hours, followed by re-stim-
ulation with PMA/ionomycin in presence of GS and GP for 3 hours and flow cytometry (see “flow cytometry”). Nrf2 Inhibitor ML385:
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10 uM Inhibitor or equivalent volume vehicle (DMSO) control. Cells were analyzed for cytokine production by flow cytometry or lysed
for analysis of gene expression by gPCR using the RNA processing method as described in “RNA processing and RT-PCR of CD8
T cells”.

Phospho-CREB analysis

Naive CD8 T cells were purified from splenocytes and lymph nodes of WT mice using a naive CD8 T cell purification Kit (Stem cell
Technologies). Phospho-CREB analysis in murine naive CD8 T cells followed our previously published protocol.®® Briefly, cells
were treated with vehicle (PBS) or 2.5 pM Sodium Formate (Fisher) for 72 hours and followed by additional stimulation with PMA
(0.1 pg/mL) and ionomycin (1 pg/mL) for 30 min. Cells were then fixed with BD Phosflow Lyse/Fix Buffer (BD Biosciences,
558049) for 15 min at 37 °C. Fixable live/dead viability stain (Zombie NIR, BioLegend, 423105) was added 15 min prior to fixation.
Samples were then permeabilized with ice-cold pre-chilled True-Phos Perm Buffer (BioLegend, 425401) and incubated at -20 °C
for 2 hours. After wash, cells were incubated with Abs against CD45 (BV480), CD4 (BV605), CD8 (BV570), CD44 (PECy5), CD62L
(Percp5.5), TCRp (Alexa Fluor® 700), and phospho-CREB (PE, Cell Signaling Technology, 14228S) in FACS buffer for 30 min at
RT. Samples were acquired on an Aurora (Cytek) flow cytometer and analyzed with FlowJo 10.

Phospho-STAT1 analysis

Naive CD8 T cells were purified from splenocytes and lymph nodes of Nrf2 *+and Nrf2”~ mice using a naive CD8 T cell purification Kit
(Stem cell Technologies). Phospho-STAT1 analysis in murine naive CD8 T cells (density: 5x10° cells in 96 well plate) followed the pre-
viously published protocol.® Briefly, CD8 T cells were activated with «CD3 and soluble «CD28 (each 1 pg/mL) in presence of vehicle
(PBS) or 2.5 pM Sodium Formate (Fisher) for 12 hours before fixed with Lyse/Fix Buffer (BD Biosciences, 558049) for 15 min at 37 °C.
Fixable live/dead viability stain (Zombie NIR, BioLegend, 423105) was added 15 min prior to fixation. Samples were then permeabi-
lized with ice-cold pre-chilled True-Phos Perm Buffer (BioLegend, 425401) and incubated at -20 °C for 2 hours. After wash, cells were
incubated with Abs against CD45 (BV480), CD4 (BV605), CD8 (BV570), CD44 (PECy5), CD62L (Percp5.5), TCRp (Alexa Fluor® 700),
and phospho-STAT1 (PE, Biolegend, 686404) in FACS buffer for 30 min at RT. Samples were acquired on an Aurora (Cytek) flow cy-
tometer and analyzed with FlowJo 10.

RNA processing and RT-PCR of CD8 T cells

Lymphocytes were isolated from the spleen and peripheral lymph nodes of naive mice. Naive CD8" T cells were purified by naive CD8
T cell purification Kit (Stem cell Technologies) and purity test was performed (data not shown, purity >98%). Naive CD8" T cells were
then cultured in complete RPMI-1640 culture medium with 10 ng/ml recombinant mouse IL-12 (BioLegend) in a plate pre-coated with
aCD3 (1 pg/mL) and aCD28 (1 pg/mL) for 18 hours. Activated CD8 T cells were subsequently treated with vehicle control (PBS) or
2 mM Formate (Fisher Scientific) for additional 24 hours. Following in vitro stimulation, CD8 T cells were collected and stored in
RLT buffer (Qiagen) supplemented with 1% vol/vol p-mercaptoethanol. RNA was extracted using the RNeasy Mini Kit (Qiagen).
cDNA synthesis was performed using iScript cDNA Synthesis Kit (Bio-Rad) according to manufacturer’s instructions. Expression
analysis was performed in duplicate via real-time PCR on a BioRad CFX384 Touch Real-Time PCR Detection System using iTaq Uni-
versal SYBR (Bio-Rad). Expression levels were quantified and normalized to Gapdh expression. Primer sequences see Table S6.
These cells were used for RNAseq analysis displayed in Figures 5L and 5M.

RNAseq of CD8 T cells

After initial QC and adapter trimming, the sequenced data was quantified using Kallisto'®" to obtain transcript level abundances using
mm10 (UCSC) as reference. Post quantification differentially expressed genes (DEGs) and transcripts between the PBS and 2mM
formate treated CD8 T cells were identified using Sleuth.'%® Significant differentially expressed transcripts were defined using a
g-value (Benjamini-Hochberg adjusted p-value) threshold of <0.2.

Transcription Factor Enrichment Analysis (TFEA)
We used the web-based ChEA3 TFEA tool (ENCODE-CHIP-SEQ)® to identify the transcription factors responsible for observed
changes in gene expression when comparing PBS and formate treated CD8 T cells (Using all DEGs padj < 0.2; Table S3).

Collection and processing of intestinal contents and serum for Nrf2 reporter cell assays

Luminal intestinal contents (small intestine, cecum, and colon) were weighed and homogenized in sterile PBS. Luminal intestinal con-
tent homogenate was centrifuged (5000 rpm, 10 min) and pelleted debris and bacteria were discarded, supernatant was transferred
to a new tube and saved. Serum was diluted 1:1 with sterile PBS. Colon, cecum, and small intestinal content supernatant was added
to reporter cells at a 1:4 dilution (vol/vol). Serum was added to reporter cells at a 1:10 dilution (vol/vol).

Nrf2 reporter cell assay

Luciferase-expressing HEK 293 ANRF2/ARE cells (referred to as “Nrf2 reporter cells”) were purchased from Signosis (SL-0042). Cells
were cultured in DMEM media supplemented with 10% AFBS, penicillin/streptomycin, and hygromycin B (50 pg/mL) (InvivoGen, ant-
hg-1). 96-well tissue culture plates pre-treated with gelatin were seeded with 3 x 10* Nrf2 reporter cells and incubated overnight
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(87 °C). Cells were then exposed to experimental treatments and controls at the indicated concentration. Tert-butylhydroquinone
(TBHQ) was used as a positive control to induce Nrf2 signaling. Reporter cells were incubated with experimental treatments for
24 hours and then plates were washed with PBS. Cells were lysed and then lysate was transferred to a 96-Well Clear Bottom Black
Microplate (Corning) and combined with luciferase substrate. Luminosity was immediately recorded using a Spectral Max i3x 96-well
plate reader with SoftMax Pro 3.0.7 Software under the following settings: read type endpoint at all wavelengths, integration time
10 s, read height 2 mm. Nrf2 activity in intestinal contents and serum of sedentary and exercised mice was performed at day 13
pTCE (Figures 6B and 6C).

AhR reporter cell assay

Luciferase-expressing HT29-Lucia™ AhR reporter cells under the control of Cyp7a7 gene promoter (referred to as “AhR reporter
cells”) were purchased from InvivoGen (ht2l-ahr). Cells were cultured in DMEM (Gibco) supplemented with 10% FBS, 1x
Penicillin-Streptomycin-Glutamine (Gibco), 100 pg/mL Normocin (InvivoGen), and 100 pg/mL selective antibiotic Zeocin
(InvivoGen). Briefly, 20 pL of sample was incubated with approximately 50,000 AhR reporter cells for 24 h. Following incubation,
20 pL of supernatant was transferred into a 96-Well Clear Bottom Black Microplate (Corning) and 50 pL QUANTI-Luc™
(InvivoGen) was added. Samples were immediately assessed for luminescence using a SpectraMax® i3x plate reader with
SoftMax Pro 3.0.7 Software under the following settings: read type endpoint at all wavelengths, integration time 100 ms, read height
2 mm.

DNA for 16S quantification in feces

The Fast DNA Stool Mini Kit (Qiagen, 51604) was used to extract DNA from feces for fecal 16S quantification in Figure S3G. Quan-
titative PCR (QPCR) was performed as recently described.®'***° Briefly, qPCR was performed on a Bio-Rad CFX384 Touch™ Real-
Time PCR Detection System using iTag™ Universal SYBR (Bio-Rad, 1725125) and the following universal 16S rRNA-encoding gene
primers: (340For, 5’-ACTCCTACGGGAGGCAGCAGT-3’ and 514Rev, 5’-ATTACCGCGGCTGCTGGC-3’). Reactions were run at
95 °C for 3 min, followed by 40 cycles of 95 °C for 15 min and 63 °C for 60 seconds. Purified genomic DNA from Blautia producta
(Prevot) (ATCC, 27340D-5) was used as a standard.®" Standards ranging in concentration from 10° — 108 plasmid copies per pL
were run in parallel with our fecal samples during each gPCR run. Using those results, a standard curve was generated to quantify
the copy numbers within the samples. To determine the bacterial load in the feces samples, the results were normalized to fecal
weight.

Tumor cell killing assay

Spleens were harvested from OT-1 transgenic C57BL/6J mice and bulk CD8 T cells were isolated using magnetic purification. CD8
T cells were stimulated and incubated at 37 °C and 5% CO, for 72 hours in an a«CD3 (Fisher Scientific) coated 96-well flat-bottomed
plate containing DMEM with 2 pg/mL aCD28 (Fisher Scientific), 100 units/mL IL-2 (Peprotech), and 10 ng/mL IL-12 (BioLegend). Addi-
tionally, samples were stimulated with either formate (2 mM), formate and Nrf2 inhibitor (ML385) (10 tM), or an equal volume of vehicle
control media. After 72 hours, CD8 T cells were isolated and 3,000 live stimulated OT-1 CD8 T cells were then cocultured with 15,000
B16-OVA-GFP tumor cells per well in a 96 well flat-bottomed plate for 24 hours. After 24 hours, cocultures were transferred to a 96
well v-bottom plate for viability analysis by flow cytometry, with GFP as a B16-OVA marker and Zombie NIR (BioLegend) as a viability
marker. Samples from each spleen were run in duplicate and final absolute numbers were averaged together for sample readout.

Growth curve of BRAFV°°E with CCK-8 Assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8, APExBIO, Catalog No. K1018). BRAF'®°%E cells were seeded in
96-well plates at a density of 2,000 cells per well in 100 pL of complete medium supplemented with 2 mM Formate or PBS. Cell
viability was measured at four different time points: day 1, day 3, day 5, and day 7. At each time point, 5 pL of CCK-8 solution
was added to each well, and the plates were incubated for 2 hours at 37 °C. After incubation, the absorbance was measured at
450 nm using a microplate reader (Tecan, SPARK). The absorbance values were directly proportional to the number of viable cells.

16S Analysis and sample processing

Samples were homogenized in 1 mL of extraction buffer [50 mM Tris (pH 7.4), 100 mM EDTA (pH 8.0), 400 mM NaCl, 0.5% SDS] with
20 pL of proteinase K (20 mg/mL) in a 1.5 mL microcentrifuge tube. Silica beads (0.1 mm diameter) were added to the homogenate
and tubes were loaded onto a Mini-Beadbeater-8 cell disrupter (BioSpec Products, Bartlesville, OK) for 2 x 1-min cycles to lyse cells.
Tubes were incubated at 55 °C overnight on a shaker before genomic DNA was extracted via phenol:choloroform:isoamyl alcohol
and precipitated with ethanol. The isolated DNA was dissolved in nuclease-free water and analyzed for concentration (Nanodrop,
ThermoFisher) prior to sequencing. Library preparation and bioinformatics: Extracted DNA samples were submitted to the University
of Wisconsin Biotechnology Center for amplification and sequencing of the V3-V4 region of the 16S rRNA gene (forward: 341 Fwd:
5’-CCTACG-GGNGGCWGCAG-3’ and reverse: 805 Rev: 5’-GACTACHVGG-GTATCTAATCC-3’) on an lllumina MiSeq platform (lllu-
mina Inc., San Diego, CA, USA). The resulting sequences were demultiplexed and forward and reverse reads were paired in QIIME2
(version 2023.7).'% Paired-end reads were passed to DADA2 for trimming, dereplication, denoising, and filtering.'® Quality
threshold was set at 30 and chimeric sequences were removed. A total of 1,511 sequences were detected and average sequence
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length was 419 bp. A total of 4,542,990 reads were generated with a median of 148,438 reads per sample. Taxonomy was assigned
with a naive-Bayes classifier, trained with the 341F/805R amplicons against the Silva 138.1 nr99 SSU database.'%® Phylogenetic tree
was generated with the fasttree QIIME2 plugin."“® Predicted metagenomic function was assessed with PICRUSt2,** using EPA-NG
for phylogenetic read placement,'®” and castor for hidden state predictions.”” Predicted pathways were annotated with the MetaCyc
pathway database,°® and specific Enzyme Commission (EC) numbers were further compared between groups. The relative contri-
bution to predicted pfl (EC: 2.3.1.54 - pyruvate formate lyase) expression (referred to as "predicted pfl abundance”) was calculated
by dividing the predicted counts attributed to each taxa within each group to that group’s total predicted pfl count. Statistics & An-
alyses: The phylogenetic tree, taxonomy, and feature table were uploaded to the MicrobiomeAnalyst portal maintained by the Xia
laboratory at McGill University for analyses.'®® Low-count filter was set at counts = 4 with prevalence of 20% while low-variance filter
was set at 10% interquartile range. No rarefaction was used for these analyses as all samples had sufficient read depth. Beta diversity
was quantified with weighted and unweighted UniFrac''® and groups were compared with PERMANOVA, while alpha diversity was
quantified by CHAO1 counts and Shannon Diversity index and statistical differences were assessed with Student’s T-test or one-way
ANOVA. Untargeted differential abundance analyses were conducted with DESeg2'"" R package to quantify relative differences in
abundance between groups. PICRUSt2 data were analyzed and plotted with the ggpicrust2 R package.''?

Untargeted high-resolution LC-HRMS

Metabolic quenching and polar metabolite pool extraction was performed on stool samples by adding ice cold 80% aqueous meth-
anol containing deuterated D3-creatinine and Ds-alanine, D4-taurine and D-lactate (Sigma-Aldrich) at a final concentration of 10pM.
After 3 minutes of vortexing, samples were homogenized using a FastPrep-24 system (MP-Bio), with Matrix D at 60 Hz for 30 s, before
being cleared of protein by centrifugation at 16,000xg. Cleared supernatant (2 uL) was subjected to online LC-MS analysis. LC-HRMS
Method Analyses were performed by untargeted LC-HRMS. Briefly, Samples were injected via a Thermo Vanquish UHPLC and sepa-
rated over a reversed phase Thermo HyperCarb porous graphite column (2.1x100 mm, 3 um particle size) maintained at 55 °C. For
the 20-minute LC gradient, the mobile phase consisted of the following: solvent A (water / 0.1% formic acid) and solvent B (aceto-
nitrile / 0.1% formic acid). The gradient was the following: 0-1 min 1% B, increase to 15 %B over 5 minutes, continue increasing to
98% B over 5 minutes, hold at 98% B for five minutes, reequillibrate at 1% B for five minutes. The Thermo IDX tribrid mass spectrom-
eter was operated in both positive and negative ion mode, scanning in Data Dependent MS2 (ddMS2) mode (2 pscans) from m/z 70 to
800 at 120,000 resolution with an AGC target of 2 x 10° for full scan, 2 x 10* for MS2 scans using higher energy collisional dissociation
(HCD) fragmentation at stepped 15, 35, and 50 eV collision energies. Source ionization setting was 3.0 and 2.4 kV spray voltage
respectively for positive and negative mode. Source gas parameters were 35 sheath gas, 12 auxiliary gas at 320 °C, and 8 sweep
gas. Calibration was performed prior to analysis using the PierceTM FlexMix lon Calibration Solutions (Thermo Fisher Scientific). In-
tegrated peak areas were then extracted manually using Quan Browser (Thermo Fisher Xcalibur ver. 2.7). Untargeted differential
comparisons were performed using Compound Discoverer 3.3 (Thermo Fisher) to generate a ranked list of significant compounds
with tentative identifications from BioCyc, KEGG, and internal compound databases. Purified standards were then purchased
and compared in retention time, m/z, along with MS2 fragmentation patterns to validate the identity of significant hits.

Significant Latent Factor Interaction Discovery and Exploration (SLIDE) Analysis

Of the 6000 spectral features measured in total (see untargeted high-resolution LC-HRMS), 3200 of which have putative compound
identifications obtained by searching six compound databases (Predicted Compositions, mzCloud, mzVault, Metabolika,
ChemSpider, MassList). Unannotated measurements represent spectral features for which no chemical structure can be uniquely
assigned. These 3200 annotated spectral features corresponded to a total of 1700 unique compounds. For compounds with mea-
surements from multiple annotated spectral features, we used the average. For downstream analyses, we then focused on the top
75% of compounds in terms of variance. Variance in an unsupervised fashion to avoid signal leakage. This pre-filtering unsupervised
step removes compounds that do not vary meaningfully across the samples. We then applied Significant Latent Factor Interaction
Discovery and Exploration (SLIDE) on these compounds and built a multivariate machine learning model to determine context-spe-
cific metabolites which can differentiate between exercise or sedentary metabolomes.** Model performance was evaluated using
true class labels (SLIDE) and against shuffled labels (Permuted SLIDE). SLIDE identified 4 significant latent factors (context-specific
co-abundant metabolite modules) (Z3 (effect size 0.46) displayed in Figure 3C and Table S1; Z9 (effect size 0.36); Z5 effect size 0.35);
Z7 (effect size 0.19)) from 9 latent factors total using the following parameters for 1000 iterations: delta = 0.275, lambda = 0.5, spec =
0.1. Classification performance for significant latent factors was then evaluated using k-fold cross validation with permutation testing
for 25 replicates and k = 5. Functional analysis was performed using Metaboanalyst and Mummichog®® using the top 20 univariate
predictive and top 20 by latent factor loading metabolites from each significant latent factor. We visualize correlations between com-
pounds associated with relevant pathways using a network diagram, where for node colors we use orange to indicate compounds
that are predictors for exercise and light blue for predictors for sedentary metabolomes; edge colors we use purple for positive cor-
relations and green for negative correlations, and edge thickness is proportional to correlation strength. Metabolites with highest uni-
variate AUC or latent factor loading are visualized. Pathway associations for each metabolite are indicated. Putative metabolites of
each latent factor were linked to metabolic pathways by searching KEGG for associated pathway modules (see Table S1).
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Bile acids detection in fecal samples

Bile acids were quantified by a previously published stable-isotope-dilution liquid chromatography mass spectrometry (LC-MS/MS)
method'"® with some modifications. Briefly, ultrapure ice-cold water was added to weighted colon contents (150 pL) and vortexed
followed by the addition of ice-cold methanol (500 pL) with additional vortexing. Colonic extracts were centrifuged (14,000xg, 20 min,
4 °C) and ice-cold methanolic internal standard solution containing D4-chenodeoxycholic acid (D4-CDCA), D4-cholic acid (D4-CA),
D,4-deoxycholic acid (D4-DCA), D4-lithocholic acid (D4-LCA), D4-glycochenodeoxycholic acid (D4-GCDCA), Dy4-glycocholic acid
(D4-GCA), D4-glycodeoxycholic acid (D4-GDCA), D4-glycolithocholic acid (D4-GLCA), D4-glycoursodeoxycholic acid (D4-GUDCA),
Dy-taurocholic acid (D4-TCA), D4-taurodeoxycholic acid (D4-TDCA) and D,4-taurochenodeoxycholic acid (D4-TCDCA) (20 plL) was
mixed with the supernatant (80 uL) and transferred to glass HPLC vials with micro-inserts and subjected to LC-MS/MS analysis. Cali-
bration standards were prepared in methanol and quality control samples were prepared from pulled mouse colon content samples
and processed identically as samples.

LC-MS/MS analysis was performed on a chromatographic system consisting of two Shimadzu LC-30 AD pumps (Nexera X2), a
CTO 20AC oven operating at 40 °C, and a SIL-30 AC-MP autosampler in tandem with 8050 triple quadruple mass spectrometer (Shi-
madzu Scientific Instruments, Inc). An ACE Excel C18-Amide column (75 mm x 2.1 mm; 1.7 pm) (Cat# EXL-1712-7502U, Avantor)
was used for chromatographic separation. A gradient of solvent A (0.1% acetic acid in water) and B (0.1% acetic acid in acetonitrile:
methanol 50:50; v/v) was used for chromatographic separation with a flow rate of 0.4 mL/min and a 1 puL injection volume. Electro-
spray ionization in negative ion mode was used with the following multiple reaction monitoring (MRM) conditions: m/z 373.3=373.3
for cholenic acid and 3-keto-cholanic acid; m/z 375.3=2375.0 for iso-LCA, LCA, allo-iso-LCA, and allo-LCA; m/z 377.3=>377.3 nor-
DCA; m/z 387.3=387.3 for 3,7-diketocholanic acid, 3,6-diketocholanic acid and 12-keto-9,5-cholenic acid; m/z 389.3=389.3 for
3-keto-DCA, 6-keto-LCA, 7-keto-LCA, 12-keto-LCA, apo-CA, 3-keto-CDCA; m/z 391.3=391.3 for DCA, hyodeoxycholic acid
(HDCA), CDCA, UDCA, iso-UDCA, 7-iso-DCA, iso-DCA and muro-DCA; m/z 401.2=331.1 for triketocholanic acid; m/z
403.3=2>403.3 for 7,12-diketo-LCA, 7-keto-DCA and takeda ketol; m/z 407.2=407.2 for CA, a-muricholic acid (a-MCA), -MCA,
®-MCA, hyocholic acid (HCA), ursocholic acid (UCA) and allo-CA; m/z 432.3=73.9 for GLCA; m/z 448.3=73.9 for GCDCA,
GHDCA, GUDCA and GDCA; m/z 455.2296.9 for LCA-SO,4; m/z 458.2=73.9 for G-dehydroCA; m/z 464.3=73.9 for GCA, GHCA;
m/z 482.2=123.9 for TLCA; m/z 487.2=296.9 for CA-7-SO4; m/z 498.2=123.9 for THDCA, TCDCA, TDCA and TUDCA; m/z
514.22128.9 for TCA, THCA, T-a-MCA, T-p-MCA and T-o-MCA; m/z 379.3=379.3 for D4-LCA; m/z 395.3=395.3 for D,-CDCA
and D4-DCA; m/z 411.22411.2 for D4-CA; m/z 436.2=73.9 for D4-GLCA; m/z 452.3=73.9 for D4-GCDCA, D4,-GDCA and D4-
GUDCA; m/z 468.2=73.9 for D4-GCA; m/z 502.2= 127.9 for D4-TDCA and D4-TCDCA; m/z 518.2=127.9 for D4-TCA. The following
ion source parameters were applied: nebulizing gas flow, 3 L/min; heating gas flow, 10 L/min; interface temperature, 300 °C; des-
olvation line temperature, 250 °C; heat block temperature, 400 °C; and drying gas flow, 10 L/min. For data analysis software Lab So-
lution Version 5.89 (Shimadzu) was used. All 51 bile acids were measured, and the ones detected in colon contents are displayed in
Figures S4A and S4B (see Table S1). Bile acid analysis in colon contents of sedentary and exercised mice was performed at day 13
pTCE (Figures S4A and S4B).

3NP-Short chain fatty acid (SCFA) detection

Sample Preparation: Cecum and tumor samples were homogenized with 50% aqueous acetonitrile at a ratio of 1:15 vol:wt. Serum
metabolites were extracted with 4 volumes of 1:1 methanol: ethanol, both extraction types were spiked with 5 pg/mL deuterated in-
ternal standards: D,-formate, D4-acetate, Ds-butyrate, Dg-propionate, Do-valerate and D4-hexanoate (CDN Isotopes, Quebec, Can-
ada). Samples were homogenized using a FastPrep-24 system (MP-Bio), with Matrix D at 60 Hz for 30 s, before being cleared of pro-
tein by centrifugation at 16,000xg. Cleared supernatants (60 pL) were collected and derivatized using 3-nitrophenylhydrazine. Each
sample was mixed with 20 pL of 200 mM 3-nitrophenylhydrazine in 50% aqueous acetonitrile and 20 pL of 120 mM N-(3-dimethy-
laminopropyl)-N’-ethylcarbodiimide -6% pyridine solution in 50% aqueous acetonitrile. The mixture was reacted at 50 °C or 40 min
and the reaction was stopped with 0.45 mL of 50% acetonitrile. LC-MS Analysis: Derivatized samples were injected (50 pL) via a
Thermo Vanquish UHPLC and separated over a reversed phase Phenomenex Kinetex 150 mm x 2.1mm 1.7 uM particle Cg main-
tained at 55 °C. For the 20 min LC gradient, the mobile phase consisted of the following: solvent A (water / 0.1% formic acid) and
solvent B (acetonitrile / 0.1% formic acid). The gradient was the following: 0-2min 15% B, increase to 60%B over 10 min, continue
increasing to 100% B over 1 min, hold at 100% B for 3 min, reequillibrate at 15% B for 4 min. The Thermo IDX tribrid mass spectrom-
eter was operated in positive ion mode, scanning in ddMS2 mode (2 pscans) from m/z 75 to 1000 at 120,000 resolution with an AGC
target of 2x10° for full scan, 2x10* for MS2 scans using HCD at stepped 15, 35, and 50 eV collision energies. Source ionization setting
was 3.0 kV spray voltage respectively for positive mode. Source gas parameters were 45 sheath gas, 12 auxiliary gas at 320 °C, and 3
sweep gas. Calibration was performed prior to analysis using the PierceTM FlexMix lon Calibration Solutions (Thermo Fisher Scien-
tific). Integrated peak areas were then extracted manually using Quan Browser (Thermo Fisher Xcalibur ver. 2.7). SCFA are reported
as area ratio of SCFA to the internal standard. SCFA analysis in cecum, serum and tumor of sedentary and exercised mice was per-
formed at day 13 pTCE (Figures 3l, 3J, and S4C-S4F). The perturbations (exercise, exercise-FMT, formate oral gavage) used in our
study to increase systemic formate levels by formate oral gavage, exercise and exercise-FMT induce comparable levels of formate in
serum: In mammalian organisms, circulating (blood serum) formate levels are found in the range between 10 and 100 pM.*” In our
C57BL/6 WT mouse colony we screened n = 40 independent healthy mice and describe the following formate levels in serum:
average = 39.55 pM; range [min - max] = 9.93 uM - 141.5 uM (see Figure S4G). In Figure S4H: Serum formate levels in exercised
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mice: We found that in our model exercise leads to a ~2.3 fold* increase of formate serum levels relative to sedentary mice (“calcu-
lation: average exercise 52.0 pM / average sedentary 22.8 pM; averages derived from Figure 3J). Serum formate levels of exercised-
FMT recipient mice: We found that in our model exercised-FMT leads to a ~3.5 fold* increase of formate serum levels relative to
sedentary-FMT mice; (*calculation: average exercised-FMT = 45.3 pM / average sedentary-FMT = 12.8 uM; averages derived
from Figure S5C). Serum formate levels in formate treated mice: In Figure S4G we quantified the average increase in serum formate
levels following a single oral gavage of formate at a dose of 200 mg/kg b.w. Using a total of 20 independent mice (4 groups of 5 mice
each), we measured serum formate concentrations at multiple time points between 2 and 12 hours post-gavage. The average serum
formate concentration was 72.7 pM. Notably, the 24-hour time point was excluded from this calculation, as formate levels had re-
turned to baseline by that time. Our analysis revealed that formate gavage resulted in an approximately 1.84-fold* increase serum
formate levels compared to healthy control mice (*calculation: 72.7 pM / 39.55 pM (= average baseline formate level)).

Enzyme-linked immunosorbent assay (ELISA) to measure folic acid

Cecal folic acid concentrations were diluted in PBS and quantified using a folic acid ELISA kit (Cell Biolabs, Inc., San Diego, CA, USA)
as per the manufacturer’s instructions. Absorbance was measured immediately after sample preparation at 450 nm using
SpectraMax i3x Multi-Mode Microplate Reader (Molecular Devices, San Jose, CA, USA).

Recovery of WT E. coli and Apfl E. coli from SPF Mice

Following daily oral gavage with 1 x 10*9 CFU WT or Apfl E. coli, intestinal contents of mice were collected and homogenized in sterile
PBS. Intestinal content homogenate was serially diluted in sterile PBS and serial dilutions were spot-plated on LB agar supplemented
with 100 pg/mL chloramphenicol to selectively recover the exogenously administered WT and Apfl E. coli strains. CFU were calcu-
lated and normalized to weight of intestinal contents used. In Figures S51 and S5K: Cecum contents at EPA were prepared as
described above and cultured on chloramphenicol treated LB agar plates to allow exclusive growth of exogenously administered
WT and Apfi E. coli growth. In Figure S5I serum formate values were normalized to corresponding E. coli strain abundance recovered
in cecum of treated mice.

Bioinformatic meta-analysis of melanoma microbiome samples of nine independent cohorts

Whole metagenomic shotgun sequencing data from stool samples of melanoma patients from the studies and cohorts described on
the Table 1 below were downloaded and re-analyzed using the JAMS package (https://www.biorxiv.org/content/10.1101/2023.03.
08.531026v1) version 1.9.8 publicly available at https://github.com/johnmcculloch/JAMS_BW.

The paired FASTQ sequencing reads for each individual sample was put through the JAMSalpha pipeline. Briefly, reads are
trimmed using Trimmomatic 0.36,"'* then aligned to the Homo sapiens genome using Bowtie2 v2.3.2"'° to deplete host-associated
reads. Unaligned reads are then assembled into contigs using MEGAHIT v1.2.9.""® Contigs larger than 500bp are then classified
taxonomically using Kraken2''” via a custom-built Kraken2 database built using the JAMSbuildk2db tool of the JAMS package,
which in turn uses as input all draft and complete genomes of all bacteria, archaea, fungi, viruses, and protozoa available in NCBI
GenBank in December 2022, plus the human and mouse genomes. This JAMS-compatible kraken2 database is available for down-
load through the URL https://hpc.nih.gov/~mccullochja/JAMSdb202212. tar.gz.

Contigs were then annotated using Prokka v1.14.6"''® yielding the predicted proteome for each metagenomic sample. The
sequencing depth of each contig was computed by alignment of reads used for assembly back to contigs and number of bases
covering each contig and each feature was tallied. Taxonomy was expressed as the last known taxon (LKT), being the taxonomically
lowest unambiguous classification determined for each query sequence, using Kraken’s confidence scoring threshold of 5e-06 (us-
ing the —confidence parameter). The relative abundance, expressed in parts-per-million (PPM) for each LKT within each sample was
calculated by dividing the number of bp covering all contigs and pertaining to that LKT by the total number of non-host base pairs
sequenced for that sample.

The JAMSalpha outputs for each individual sample was then paired with metadata (Table S4) and put through the JAMSbeta script
of the JAMS package, yielding.

SummarizedExperiment objects (Martin Morgan, Valerie Obenchain, Jim Hester and Hervé Pages (2021). SummarizedExperiment:
SummarizedExperiment container. R package, version 1.24.0. https://bioconductor.org/packages/SummarizedExperiment) con-
taining not only feature-by-sample counts, but also sparse matrices with information regarding the stratification of each functional
feature into the number of bases contributed by individual LKTs for each given feature.

Ordination plots were made by reducing dimensionality with applying the t-distributed stochastic neighbor embedding (t-SNE) al-
gorithm using the uwot package in R (https://github.com/jimelville/uwot) and plotting with the ggplot2 library. Permanova values were
obtained using the adonis function of the vegan package, with 10000 permutations and pairwise distances calculated using Bray-
Curtis distance.

Boxplots were obtained using the plot_relabund_features (https://github.com/johnmcculloch/JAMS_BW/blob/master/R/plot_
relabund_features.R) function of the JAMS package on the ECNumber analysis space JAMS-compatible SummarizedExperiment
object obtained through JAMSbeta. For each feature, with p-values being calculated using the Mann-Whitney-Wilcoxon U-test on
PPM relative abundances for each feature in samples within each group. The total relative abundance of enzyme EC_2.3.1.54 in
each sample within each immunotherapy response group was broken down into the relative abundance of each contributing LKT
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for that sample for only that enzyme via the retrieve_features_by_taxa function (https://github.com/johnmcculloch/JAMS_BW/blob/
master/R/retrieve_features_by_taxa.R) which is called through the plot_relabund_features function. Base pair counts covering
EC_2.3.1.54 within each LKT containing that enzyme were aggregated into family level and then plot using ggplot2, also via the plo-
t_relabund_features function of JAMS.

Batch correction in order to reduce the effects of comparing different cohorts while preserving the clinical response signal was
performed using ConQuR.%® ConQuR differs from traditional batch correction methods designed for gene expression data in that
it does not assume continuous normally distributed outcomes and is more suited for the kind of count data found in microbiome
studies. ConQuR was run on the microbiome data in this study by using the cohort as the batch variable, the Dallas cohort as the
reference batch, and using the clinical response variable as a covariate in order to preserve this information. Batch correction
was performed both on the taxonomic counts as well as the functional data derived from it.

Batch-corrected data using ConquR was analyzed using the JAMS package by exporting the raw (non-normalized) counts of each
feature within each sample for each JAMS analysis space (LKT — taxonomy, ECNumber and Product) and batch correcting these
matrices using ConquR. The batch corrected raw counts were then used to build an analogous batch-corrected JAMS-compatible
SummarizedExperiment object for each analysis space, which was then used exactly as aforementioned with the JAMS plotting
functions plot_Ordination to obtain PERMANOVA values and ordination plots. Common effects model: The sample size, mean
and standard deviation per group per cohort was calculated in R. The common-effects model meta-analysis was calculated using
Meta-Mar with Hedges’ g (bias corrected standardized mean difference, using exact formulae). Test of heterogeneity p-value
threshold was 0.05.

Metagenomic Sequencing of mouse cecum contents

Bioinformatic workflow of gene-centric metagenomic analyses

Taxonomic profiling was performed via MetaPhlAn v.4.1.1""° with the CHOCOPhIAN v3.0.14 database. '° For functional profiling, we
used HUMANNS v.3.9 pipeline'*° with MetaPhlAn v.4.1.1, Bowtie2 version 2.2.6,"'° DIAMOND v 2.0.15,"?" and MinPath v.1.5."%* The
HUMANNS pipeline was performed with the default parameters.

Bioinformatic workflow of metagenome-assembled genomes (MAGs) assembly and genome-centric metagenomic
analysis

We used automated metagenomics bioinformatics workflows implemented by the programs ‘anvi-run-workflow in anvi’o.
We used ‘iu-filer-quality-minoche’ to process the short metagenomic reads, implemented in illumina-utils v2.11,"%® and removed
low-quality reads according to the criteria outlined in Minoche et al.?” We used MEGAHIT v1.2.9'?® to co-assemble (2 experimental
groups — Exercise and Sedentary) quality-filtered short reads into longer contiguous sequences (contigs). We then used the following
strategies to process contigs: ‘anvi-gen-contigs-databasé on contigs to compute k-mer frequencies, and identify open reading
frames (ORFs) using Prodigal v2.6.3"?%; ‘anvi-run-hmms’ to identify sets of bacterial’*° and archaeal®' single-copy core genes using
HMMER v.3.2.1"%%; ‘anvi-run-ncbi-cogs' to annotate ORFs with functions from the NCBI’s Clusters of Orthologous Groups
(COGs),"®* and ‘anvi-run-kegg-kofams’ to annotate ORFs from KOfam HMM databases of KEGG orthologs.'**"** We recruited
metagenomic short reads to contigs using Bowtie2 v2.3.5,"'° and converted the resulting SAM files to BAM files using samtools
v1.9."%° We used ‘anvi-cluster-contigs’ to group contigs into initial bins using CONCOCT v1.1.0,"®” and used ‘anvi-refine’ to manually
curate the bins based on tetranucleotide frequency and different coverage across the samples. We marked bins that were more than
70% complete and less than 10% redundant as MAG. We used the “detection metric” to assess the presence of MAGs in a given
sample, and considered a MAG as detected in a metagenome if the detection value was > 0.25, which is an appropriate cutoff to
eliminate false-positive signals in read recruitment results, for its genome.

»123 124,125

Human stool fecal microbial transplant (FMT) into mice

Preparation

De-identified stool samples were aliquoted on ice in an anaerobic chamber. After quantifying the absolute amount of formate within
stool samples of the healthy subjects by mass spectrometry, we transplanted the 3 highest (> 0.0051 pug formate/mg feces) and 3
lowest (<0.0032 pg/mg feces) formate-producing human microbiomes into sedentary recipient mice. FMT suspension of each
selected donor was transplanted into 5 recipient mice. Another group of mice received a self FMT, in which their own feces were
collected and processed for FMT and delivered back to each mouse, to control for the potential immunogenicity of a cross-species
FMT, as described in “fecal microbial transplantation (FMT)”.

Administration

All recipient mice were treated with a broad-spectrum ABX cocktail for 7 days (see “administration of antibiotics, formate, TBHQ, and
bacteria”) followed by a 24h wash out period. Mice then received 3 doses of human FMT delivered by oral gavage with one rest day
between each dose. FMTs consisted of 40 mg fecal material suspended in 200 uL PBS, prepared as described in “fecal microbial
transplantation (FMT)”.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The majority of experiments were repeated at least two times to obtain data for indicated statistical analyses. Mice were allocated to
experimental groups on the basis of their genotype and randomized within the given sex- and age-matched group. Given that our
mice were inbred and matched for age and sex, we assumed similar variance between the different experimental groups. Statistically
significant outliers were excluded from analysis. We did not perform a priori sample size estimation but always used as many mice per
group as possible to minimize type | and type Il errors. Except mass spectroscopical (LC-HRMS) analysis, investigators were not
blinded during experiments and outcome assessment. All experimental and control animals were littermates and none were
excluded from the analysis at the time of harvest. All quantitative data are presented as mean + standard error of the mean
(SEM), unless otherwise indicated. Data was analyzed using an unpaired two-tailed Student’s t-test for single comparisons, a paired
t-test for repeated measurements between independent samples, and one-way or 2-way ANOVA for multiple comparisons. ANOVA
analysis was followed by a Sidak’s post-hoc test. Data for repeated measures between individual samples was analyzed using a
repeated measures (RM) one-way ANOVA, followed by a Sidak’s post-hoc test. Survival data was analyzed by log-rank test. Corre-
lations were calculated using the Spearman correlation. Figures and statistical analysis were generated using GraphPad Prism 10
(GraphPad Software). The statistical test used and p values are indicated in each figure legend. p values of < 0.05 were considered
statistically significant. *p < 0.05, **p <0.01, ***p <0.001 and ****p <0.0001.
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Figure S1. Prolonged, interventional, and prophylactic exercise restrains preclinical melanoma tumor growth, related to Figure 1

(A-C) Exercise and sedentary treatment regimens description. (A) Exercise and sedentary treatment regimen overview and representative images. (B) Experi-
mental timelines for prolonged, interventional, and prophylactic exercise modalities. (C) Exercise regimen details.

(D) Wild-type (WT) mice underwent prolonged exercise or sedentary treatment and BRAFV6%°F tumor cell engraftment (TCE) as described in (B) (n = 5-6 mice/
group). Tumor growth and weight are shown.

(E) WT mice underwent interventional exercise or sedentary treatment and BRAFV®%%E TGE as described in (B) (n = 6 mice/group). Tumor growth and weight are
shown.

(F) WT mice underwent prophylactic exercise or sedentary treatment and BRAF %% TCE as described in (B) (n = 6-8 mice/group). Tumor growth and survival are
shown.

(G) Mice underwent voluntary wheel-running exercise or sedentary treatment as described in (B), including BRAFY®°°E TCE (n = 5-8 mice/group). Tumor growth
and weight shown.

(H) WT mice underwent prolonged exercise or sedentary treatment and B16-F10 TCE as described in (B) (n = 6-8 mice/group). Tumor growth and survival are
shown.

(I) WT mice received sedentary or exercise treatment for 5 weeks, after which body weight was recorded (n = 14-16 mice/group).

(D-H) Represent mean + SEM analyzed by two-way ANOVA with Sidak’s correction for multiple comparisons. (D, E, G, and |) Represent individual mice analyzed
by unpaired t test. (F and H) Represent survival curves analyzed by log-rank test. Mean + SEM shown. *p < 0.05, **p < 0.01, **p < 0.0001; ns, not significant.



)
7
z
[,
o
?

Cell

tdLN | CD4 T cells

tdLN | CD8 T cells

o ofovcoo
ocoiffb o

* _

OM_OOO
Og °

o [=) -
=] -

81199 L A3 ,P4NL %

S - -
A <]

SI1®2 L ¥A0 ,1-ad %

@ Sedentary
o Exercised

SII99 L ¥A0 ,PANL %

@ Sedentary
o Exercised

L © oofo o . o HSf, m_ o off o0 n_o ad-80 °% o
2 5 8 2
o $leco * | ¢ <8 2|3 o oo S Siee
£3g8g8c88 ¢ - 58 ¢ * 5 flewao g g o
© el wooo © Tsjleo 1 pa9 29 SIP0 L a0 ,b-ad I m&nok>ﬁw$ SI190 1 40 , L9
,awze N4l % uo pajeb 0INL % uo um.mm%uz._. % % * * uo kummnou_z._. %
o
1S o
. o JH oo . SHot 0 o J° or%Y ° 2 . oo o, . 2ofa
oS e o e oo b og oo o oo 4o 0o
I e23e= - 23383838 S0 Ly GWrD %S89 L YT 20N
a - - S oS T - © o o o o 1199 L 32, 8Wz9 % 2
SI190 1 $0,8Wz9 % Slieo L moo +B_w_ sl|#d L a9, 1-ad * uo pajed +m_cuNO %
uo pajeb, guizo % uo pajed , guwizo %
8 % X
o
g o e g oo g cotido NI U B A o
pr =3 =3
) R - ot ool g ¢ 8 °gggge°
QRI2288 gy, S 2 T T g SIOLyadMNdi%  sieoLyad .o
siled 1 ¥@0 AN % U0 poIE AN % SI199 L ¥a0 , 1-Od uo pajed AN %
uo pajeb AN %
> o Falh=]
*00._10' . Qo e mm 2 %P1 o mM
* = =
.l oo Hipo 3 -t e g8
gTE ¥ - ¥ 8 & T o .w ”_ S 3 2 g © w _.u
s T S s|Ieo 1800, 1-Ad % |19 PANL ©
SII90 1 800 ,DNL % ’ 1199 1 800, PNL %
e oo *_ o Hesloo *_on._l.oﬁ m_ &% . ofH %
¥ ™ * Slee 4o o | “| of¢4 S
@ o o o o o O O © O o
o ®© © < N -~ -~ [=3 o -~ - = 2
2333338 * s e - S 87 geolso g e e 8
S99 1 800 S|189 1 8AD 9™ s|led 1 8a9 , L-ad - QWZS ANAI % SI190 1 800 ,Z9M
© /o
,awze ANl % uo pajeb piNL % uo pajeb DiANL % w * * uo pajeb bINL %
m_ coth® o . oodp o m m_ w_o o-po
3 oo .*.nooo e '_.“ Flslee TI.. e | S H.”Lo
siled 1 800 L9 Sli#o 1 8a0, 1-ad Slle0 1 800, 8Wz9 %  SIIO 1 8D L9
uo pajeb  gwzo % uo pajeb, gz % uo pejeb, guzo %
o
o
*_ o Hofo n_ oo & . oo . o &po
o My o d¢o o 0o%o o
8 & - 58 = © 3 8 S - 8 83 3 & 2 888R88¢%
SlI90 1 800 AN4I % SIIP0 180D L9 Slie2 1 800 , 1-ad o Sl 1 8aD ANHI % Tsjieo | 800 0

uo pajeb AN4I %

uo pajeb AN4I %

uo pajeb ANHI %

tdLN

# of cells / g tumor

E

0
39

u

©

<

*
*

=)

@
e

©

LJIOHIN 91130 %

ns

©
S

o W O 1 o

S
SII®d L ¥ad 40 8Ad

® & - o

© © ¥ A O

o o 4o

© <+ « o

o ol <%

slieo_gyoL
0 pajeb ,0AYOL %

o o o
o Mg o

S ) =)

- S
N %

o SHao o
o fe

s|l99_gyoL
AGLLPD LL'IMN %

o8 o
o teed

S1190_gu0L
,08-v4 91100 %

o oHPq

slle0 _gyOL

s1190_gu0L
L419,411a0 %

Macrophages NK Cells NK T Cells y8 T Cells

DCs

Tumor

Regulatory T cells

Sio
00t o
< @ ~N -~

sI199_g40OL
uo pajeb  QAYOL %

@
e

yd T Cells

0

&
OD.OIO—O_OD

e v o v

< @ el o~

S|189 1 A0 40 840

N %

cobndi
ededa o o

o o o

3] N -

sl[e0_gyOL
ALLad LN %

*

NK T Cells

20

@
2

NK Cells

0

Macrophages

n o

s1190 9401
,08-v4,9L100 %

5
(0]

o
1

o oHP o
o o t%eoo d

< 3] o~ -~ o
sli90 _gyoL
LIOHW ,211a0 %

o odi®%
@ CJ ‘. °
w

=)

P
2

DCs

MDSCs

01 ee

e Qe
sl190_gu0L
L4719 ,41100 %

8 Hé&
o ifle o
o o o
< el N
si190 L ¥@D ,edxod %

ns

Tumor

S o

o ol &
o o2

sl190 1 $Q0 ,€dxod %

@
2

tdLN

Spleen | Non-Tumor-Bearing Mice | CD8 T cells

o o%o0
ol
m W © <+ N O

SiIed L ¥Ad , L-ad %

@
e

*

A

O & ® KN ©

SlI8d 1 8A0 LM %

o o+ oo
L] 'n—.‘“‘

@
2

™ q = O

S0 L $A0 LM %

o Stooo
o oapd o

& © ~

ns

e B ¥ o
o ©o o o

Sl18d 1 840, 8Wz9 %

% ot
ho o

@
2

Spleen | Non-Tumor-Bearing Mice | CD4 T cells

@ K~ @ ©v X
©c o oo o o
1192 L ¥, 8WZ9 %

® © <+ « o
si199 1 8a0 ,AN4I %

RS

X -
Ak
[oxnx
kK
o <
o ——
£
2 o
w oo Ly
B3 O £2aq o
Jg (= 2900 =
%a 3 =255 3
o« o o+ 4+ =3
Fal =] Q. W«ddd T a
g Q @ §200 @
2 > go20 )
g < & §ooe s
3g DT OO w0
Q X X X
» o uw
o
o 9O 9 9 9 1<) =) =) (=]
o O O 9o 9 o o [=3
0 O v O v wn o w
IR - -
§E:;mE:E>LoE:h ﬁEEvoE:B>_oE:F
- ]

(legend on next page)



¢ CelPress Cell

Figure S2. Exercise-induced tumor restraint requires adaptive immunity, specifically CD8 T cells, and induces minimal changes to T cell
activation during homeostasis, related to Figure 1

(A-F) BRAF V6% tymor-bearing WT mice underwent prolonged exercise or sedentary treatment. Tumor-draining lymph nodes (tdLNs) and tumors were harvested
to detect CD8 and CD4 T cell effector function by flow cytometry at EPA (13 days post-TCE) (n = 6-8 mice/group). Frequencies of cytokines and surface markers
present on tdLN CD8 T cells (A), tdLN CD4 T cells (B), tumor-infiltrating CD8 T cells (C), and tumor-infiltrating CD4 T cells (D). (E) Number of CD8 (left) or CD4 (right)
T cells/g tumor. (F) Frequency of Foxp3* regulatory T cells in tdLN (left) or tumor (right).

(G and H) BRAFV60°E tumor-bearing WT mice received interventional exercise or sedentary treatment. Tumors and tdLNs were collected at EPA (n = 6-8 mice/
group). Frequencies of myeloid-derived suppressor cells (MDSCs), dendritic cells (DCs), macrophages, natural killer (NK) cells, NK T cells, and y3 T cells present
in the tdLN (G) and tumor (H) are shown.

() Rag™'~ mice received prolonged exercise or sedentary treatment (n = 5 mice/group). Tumor growth shown.

(J) WT mice underwent prolonged sedentary or exercise treatment and received BRAFY6%°E TCE. Once tumors were palpable, mice received CD4-depletion
antibody, CD8-depletion antibody, or isotype control by i.p. injection once per week until EPA (n = 8-6 mice/group). Tumor growth shown.

(Kand L) WT mice underwent 5 weeks of sedentary or exercise treatment, and splenic lymphocytes were isolated to assess activation in the presence of exercise
but absence of tumor (n = 6 mice/group). Frequencies of splenic IFNy*, GzmB*, Ki67*, and PD-1* CD8 (K) or CD4 (L) T cells shown.

(A-H, K, and L) Represent individual mice analyzed by unpaired t test. Mean + SEM shown. (I and J) Represent mean + SEM analyzed by two-way ANOVA with
Sidak’s correction for multiple comparisons. Mean + SEM shown. *p < 0.05, **p < 0.01, ***p < 0.0001; ns, not significant.
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Figure S3. Exercise induces gut microbiome changes that enhance antitumor Tc1 immunity, related to Figures 1 and 2

(A and B) WT mice received exercise or sedentary treatment for 5 weeks, at which point feces were collected and taxonomy was assessed by 16S seq (n = 14-16
mice/group). Bacterial ASVs classified with Silva 138.1 database collapsed to the family (A) or genus (B) level shown.

(C-F) WT mice received an exercised fecal microbiota transplant (EX-FMT) or sedentary fecal microbiota transplant (SED-FMT) followed by BRAF'5°°€ TCE as
described in Figure 1F (n = 7-8 mice/group). (C) Frequency (left) and cells/g tumor (right) of cytokine-producing tumor-infiltrating CD8 T cells shown. (D) Fre-
quency of splenic effector-cytokine-secreting CD8 T cells shown. Cecum contents were collected at EPA for 16S seq and ASVs at the family (E) or genus (F) level
shown.

(G) Fecal 16S abundance of mice shown in Figure 1K (n = 6-8 mice/group).

(H and ) Average daily distance ran (H) and electric shocks received to incentivize running (I) by exercised mice shown in Figure 1K (n = 6-8 mice/group).

(J) WT mice received BRAFV%°E subcutaneous (s.c.) tumor engraftment and underwent interventional exercise regimen or sedentary treatment alongside oral
gavage with antibiotics or vehicle (PBS) as indicated (n = 6-8 mice/group). Tumor growth shown.

(K) WT mice received BRAFV%E s c. tumor engraftment and underwent interventional exercise regimen or sedentary treatment. Mice were co-housed either
within matched or mismatched groups (n = 4-6 mice/group). Tumor growth shown.

(L) Distance run every week by GF mice shown in Figure 1M (n = 8 mice/group).

(M) Schematic showing preparation of cultured microbiota metabolites.

FMT solution derived from sedentary or exercised donor mouse feces was aliquoted into four different broth cultures. Broth cultures were grown anaerobically
(87°C) for 48 h. Bacterial cultures were then pelleted by centrifugation, and supernatant was removed from each culture. Supernatant was vacuum filtered
(0.22 um) to remove any remaining bacteria or debris. Exercised culture supernatants were pooled together, and sedentary culture supernatants were pooled.
(C and D) Represent individual mice analyzed by unpaired t test. Mean + SEM shown. (G) Represents individual mice analyzed by one-way ANOVA with multiple
comparisons. Mean + SEM shown. (H-K) Represent mean + SEM analyzed by two-way ANOVA with Sidak’s correction for multiple comparisons. Mean + SEM
shown. *p < 0.05, **p < 0.01; ns, not significant.
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Figure S4. Exercise does not induce significant changes to bile acid abundance or SCFAs butyrate, acetate, and propionate, related to
Figures 3 and 4

(A and B) WT mice underwent prolonged exercise or sedentary treatment and received BRAFV®°E TCE. Colon contents were collected at EPA, and the absolute
abundance of bile acids was quantified (n = 12-16 mice/group). Absolute abundance of primary bile acids (A) and secondary bile acids (B) shown as nmol/mg
colon contents. Definitions of bile acid abbreviations are shown in Table S1.

(C-F) WT mice underwent prolonged exercise or sedentary treatment, including BRAFV®%E TCE. Tumors, serum, and intestinal contents were harvested at EPA,
and SCFAs were quantified by mass spectrometry (n = 6-16 mice/group). (C and D) Absolute abundance of formate (C) and acetate, propionate, and butyrate
D) in tumor. (E and F) Absolute abundance of acetate, propionate, and butyrate in cecum (E) and serum (F) is shown.

G) Serum formate concentration over time following 200 mg formate/kg body weight oral gavage (OG).

H) Serum formate fold increase relative to vehicle treatment for multiple experimental treatments.

) Relative viability of BRAFY®?°F tumor cells exposed to formate in vitro.

(J-L) 2 days post-TCE of B16-F10 melanoma, WT mice received an adoptive transfer of tumor antigen-specific pmel* CD8 T cells or a vehicle control. 1 day later,
mice began receiving daily OG of formate or vehicle (PBS) until EPA (n = 5 mice/group). (J) Experimental outline. (K) Tumor growth. (L) Frequency of tumor-
infiltrating proliferating Ki67* CD8 T cells that produce IFNy (left) or TNF-a (right).

(A-F and L) Represent individual mice analyzed by unpaired t test. Mean + SEM shown. (I and K) Represent mean + SEM analyzed by two-way ANOVA with
Sidak’s correction for multiple comparisons. *p < 0.05, **p < 0.01; ns, not significant.
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Figure S5. Microbiota-derived formate is required for tumor restraint, and Apfl E. coli displays no growth defects in vivo or in vitro, related to
Figure 5

(A) GF WT mice received voluntary running wheel regimen, including BRAF V6% s c. tumor injection (n = 8 mice/group). Absolute abundance of formate in serum
at EPA is shown.

(B-F) WT mice received exercised or sedentary FMT and BRAF%°E TCE. At EPA, intestinal contents, serum, and tumor were collected for SCFAs quantification
and 16S seq (n = 8 mice/group). (B) Stratified results from PICRUSt2 reveal the taxa contributing to predicted pfl expression within each group. Genus raw counts
were normalized to total pfl counts per FMT group (predicted pfl abundance), and LDA calculated Logs, fold change and adjusted p values between groups. (C and
D) Absolute abundance of formate in serum (C) and tumor (D). (E) Spearman correlation between intratumoral Tc1 frequency and tumor formate. (F) Absolute
abundance of butyrate, acetate, and propionate in cecum contents.

(G) Stratified results from PICRUSt2 reveal the taxa contributing to predicted pfl expression within each group. Genus raw counts were normalized to total pfl
counts per FMT group (predicted pfl abundance), and LDA calculated Log, fold change and adjusted p values between groups.

(H) Absolute abundance of formate in culture supernatants of WT and Apfl E. coli detected by mass spectrometry.

(legend continued on next page)
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(I) WT mice were colonized with a single OG of WT or Apfl E. coli. 12 h later, serum was collected, and the absolute abundance of formate was quantified by mass
spectrometry. Cecum contents were also collected and used to quantify colony-forming unit (CFU) of WT and Apfl E. coli on selective antibiotics agar. Serum
formate normalized to CFU of WT and Apfl E. coli shown (n = 3-4 mice/group).

(J) Bacterial growth in vitro shown.

(K) CFU of WT and Apfl E. coli recovered from colonized mice shown in Figure 5K (n = 3-4 mice/group).

(A-D, F-l, and K) Represent individual mice analyzed by unpaired t test. (J) Represents two-way ANOVA with Sidak’s correction for multiple comparisons. (E)
Represents a Spearman correlation analysis in which each dot represents a single mouse. *p < 0.05, **p < 0.01, ***p < 0.0001; ns, not significant.
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Figure S6. Formate enhances Tc1 immunity both in vitro and in vivo through Nrf2 signaling, independent of the AhR pathway; Nrf2 agonist
TBHQ promotes Tc1 immunity, related to Figure 6
(A) AhR-induced luminescence was measured using an AhR reporter cell line cultured with multiple concentrations of formate for 24 h. Luminescence is shown as
average fold change relative to vehicle control.
(B and C) Naive CD8 T cells were isolated from peripheral lymph nodes and spleen of CD8 Cre* AhR™" or CD8 Cre~ AhR™" mice. CD8 T cells were then cultured in
the presence of aCD3, «CD28, and formate (2 mM) or vehicle control (PBS). (B) Experimental timeline. (C) Frequency of IFNy* and GzmB* CD8 T cells shown.
(D) BRAFVE%°E tymor-bearing WT mice underwent interventional exercise or sedentary treatment. Concurrently, mice received AhR inhibitor or vehicle by i.p.
injection 5 days/week beginning when tumors were palpable (~150 mm®) and continuing until EPA (n = 6-8 mice/group). Tumor growth shown.
(E) WT mice underwent prolonged exercise or sedentary treatment and BRAF6°°F tumor engraftment. At EPA, intestinal contents were collected and tested for
absolute quantification of formate by mass spectrometry and Nrf2 stimulatory activity by luminescent reporter cells. Spearman correlation shown.
(F and G) Nrf2-induced luminescence measured using an Nrf2 reporter cell line cultured with cecum contents of SED- and EX-FMT recipients (F) and tert-bu-
tylhydroquinone (TBHQ) (G).
(H-L) WT mice were engrafted with BRAFV®°°F (H) or B16-F10 () tumors and received OG with TBHQ as indicated (n = 5 mice/group). Tumor growth shown. (J-L)
Tumors of mice in (I) were assessed for CD8 T cell effector function by flow cytometry. Absolute number of CD8 and CD4 T cells/g tumor (J), frequency and
absolute number of proliferating Ki67* cells/g tumor (K), and frequency and count of activated CD8 T cells in tumor shown (L).
(M-0) Naive CD8 T cells were isolated from spleen and peripheral lymph nodes of WT mice and stimulated with xCD3, «CD28, and TBHQ (1 nM) or vehicle for 72
h. (M) Experimental outline. (N and O) Frequency of Thet" and effector cytokine-producing CD8 T cells (N) and proliferating Ki67* effector cytokine-producing CD8
T cells (O).

(legend continued on next page)
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(P and Q) Naive CD8 T cells were isolated from spleen and peripheral lymph nodes of WT mice and stimulated with xCD3, «CD28, and formate or vehicle for 72 h.
(P) Experimental outline. (Q) Frequency of phosphorylated CREB* CD8 T cells.

(C, N, O, and Q) Represent individual samples per group analyzed by paired t test. (D, H, and I) Represent mean + SEM analyzed by two-way ANOVA with Sidak’s
correction for multiple comparisons. (E) Represents a Spearman correlation analysis in which each dot represents a single mouse. (F and J-L) Represent in-
dividual mice analyzed by unpaired t test. Mean + SEM shown. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001; ns, not significant.
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Figure S7. High-formate-producing gut microbiota taxa in mice mirror formate-producing taxa in melanoma patients, related to Figure 7
(A and B) Meta-analysis of microbial sequencing data from stool samples of nine published independent cohorts of anti-PD-1-treated patients. (A) Additional
information regarding common effects model shown in forest plot Figure 7B (B) EC_2.3.1.54 (pfl) gene number present by each bacterial family, which bears 512
genes for this enzyme in non-responders and responders to ICl therapy.

(C-E) Metagenomic analyses from cecum samples at EPA of mice that underwent voluntary exercise or sedentary treatment, including BRAFY®°°F tumor
engraftment (n = 3-5 mice/group). (C) Heatmap showing metagenomic taxonomic changes at the order level. Rows representing metagenome-assembled
genomes (MAGs) clustered according to their detection level in the samples. Scale bar denotes detection level. (D) Pfl expression, mean coverage level in the
metagenomes, in sedentary and exercised groups. (E) Pfl gene abundance in sedentary and exercised conditions of MAGs is shown. Fold change of pfl
expression by each MAG under exercised treatment relative to sedentary treatment shown above.

(F) Spearman correlation between MAG 100 pfl expression and formate in cecum contents shown.

(D and E) Represent unpaired t tests in which each dot represents an individual mouse. (F) Represents a Spearman correlation in which each dot represents an
individual mouse. *p < 0.05, **p < 0.01; ns, not significant.
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