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SUMMARY
Concentrations of the secondary bile acid, deoxycholic acid (DCA), are aberrantly elevated in colorectal can-
cer (CRC) patients, but the consequences remain poorly understood. Here, we screened a library of gutmicro-
biota-derived metabolites and identified DCA as a negative regulator for CD8+ T cell effector function. Mech-
anistically, DCA suppressed CD8+ T cell responses by targeting plasma membrane Ca2+ ATPase (PMCA) to
inhibit Ca2+-nuclear factor of activated T cells (NFAT)2 signaling. In CRCpatients, CD8+ T cell effector function
negatively correlated with both DCA concentration and expression of a bacterial DCA biosynthetic gene. Bac-
teria harboring DCA biosynthetic genes suppressed CD8+ T cells effector function and promoted tumor
growth in mice. This effect was abolished by disrupting bile acid metabolism via bile acid chelation, genetic
ablation of bacterial DCAbiosynthetic pathway, or specific bacteriophage. Our study demonstrated causation
between microbial DCAmetabolism and anti-tumor CD8+ T cell response in CRC, suggesting potential direc-
tions for anti-tumor therapy.
INTRODUCTION

CD8+ T cells are effector lymphocytes with a role in resisting can-

cers including colorectal cancer (CRC) because of their ability to

secret cytokines interferon (IFN)-g and tumor necrosis factor

(TNF)-a, as well as their ability to kill tumor cells. CD8+ T cell acti-

vation and effector function involve cytosolic Ca2+-dependent

signal transduction mechanisms.1–3 Nuclear factor of activated

T cells (NFAT)2, a Ca2+-dependent transcription factor, regulates

expression of genes that direct the effector function of CD8+

T cells.4–6 The phosphorylated (inactive) form of NFAT2 is

located in the cytosol. Upon T cell receptor (TCR) stimulation,
the rise of cytosolic Ca2+ activates phosphatase calcineurin to

dephosphorylate the cytosolic NFAT2, leading to its transloca-

tion into the nucleus, where it transcriptionally activates multiple

effector molecules (e.g., Ifng and Tnf).4–6

The infiltration of CRC cell nests by CD8+ T cells correlates

with a better survival of patients.7 The presence of high levels

of infiltrating CD8+CD45RO+ T cells, as well as increased expres-

sion of genes encoding CD8, IFN-g, Granzyme B (GzmB), and

granulysin, predict improved prognosis in CRC patients.8–10

However, intratumoral CD8+ T cells exhibit a dysfunctional

phenotype compared with non-tumoral CD8+ T cells in patients

with CRC.11–13 The human intestinal tract harbors huge numbers
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of microorganisms collectively referred to as themicrobiota, with

bacteria representing the dominant and diverse component. The

intestinal microbiota is closely associated with the development

of CRC14,15; however, it remains largely unknownwhether the in-

testinal microbiota contributes to dysfunctional CD8+ T cell im-

mune responses in CRC.

The intestinal microbiota produces numerous metabolites,

and certain microbial metabolites can influence tumor develop-

ment and regulate systemic immune responses,14–16 such as

secondary bile acids, which are produced bymicrobiota through

the conversion of primary bile acids.17,18 Deoxycholic acid (DCA)

is the one of the most abundant secondary bile acids in humans,

and it is derived from cholic acid (CA) in a process reliant upon a

biosynthetic process mediated by Clostridium species that

contain the bile-acid-induced (bai) operon.19–21 DCA is known

to promote CRC through DNA-damaging effects and through

disrupting the intestinal mucosal barrier.22 Clinical studies have

reported that DCA concentrations are elevated in the serum

and stool of CRC patients.23,24 Secondary bile acids are also re-

ported to regulate the differentiation of CD4+ T cells.25,26 These

findings have prompted our investigation into the potential of mi-

crobial metabolites inmodulating CD8+ T cell anti-tumor immune

responses, thereby assessing whether manipulation of the mi-

crobiota or its metabolites could prove effective anti-tumor

therapy.

Here, seeking potential microbial metabolites that may affect

dysfunctional CD8+ T cell immune responses in CRC, we

screened a panel of microbiota-derived metabolites for their

immunomodulatory impact on mouse CD8+ T cells. Our screen

identified DCA as a negative regulator of CD8+ T cell-mediated

anti-tumor immune responses. This occurred by diminishing

Ca2+-NFAT2 signaling in a plasma membrane Ca2+ ATPase

(PMCA)-dependent manner. The concentrations of DCA and

the expression of bai operon gene were negatively correlated

with the frequencies of GzmB-, IFN-g-, and TNF-a-expressing

cells in CRC patients. The culture supernatant from aClostridium

scindens (C. scindens) strain harboring the complete bai operon,

contained DCA and suppressed the effector function of CD8+

T cells. Moreover, colonization of mice with C. scindens led to

accelerated tumor growth, and this tumor-promoting effect

was abolished by bile acids chelation or by bacteriophages

that targeted C. scindens. Our study uncovered a mechanism

that the environmental cue impairs CD8+ T cell function and pro-

motes CRC development.

RESULTS

DCA suppresses the effector function of CD8+ T cells
To determine whether gut microbiota-derived metabolites

modulate the effector function of CD8+ T cells, we prepared a li-

brary comprising 73 microbiota-derived small molecule com-

pounds (reported to be present in lower concentrations and/or

incidence in the germ-free [GF] mice than in the GF mice colo-

nized with microbiota from specific pathogen-free [SPF]

mice,27 Table S1) and tested their impacts on CD8+ T cell-medi-

ated cytotoxicity, or effector function via IFN-g production. For

cytotoxicity-based screening assays, CD8+ T cells were isolated

from spleens of ovalbumin (OVA)-specific OT-1 TCR transgenic

mice and cultured with individual metabolites from the library un-
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der stimulation with anti-CD3/CD28 monoclonal antibodies

(mAbs). The pretreated cells were then co-cultured with OVA-ex-

pressing B16 (B16-OVA) melanoma cells, and the cytotoxicity of

CD8+ T cells was assessed by measuring the survival of target

cells using real-time cell index analysis (Figure 1A). For IFN-

g-based screening, CD8+ T cells were isolated from spleens of

wild-type (WT) C57BL/6 mice, cultured with individual metabo-

lites from the library under stimulation with anti-CD3/CD28

mAbs, and analyzed by flow cytometry to assess the IFN-g+

cell population among CD8+ T cells (Figure 1B). The metabolite

indole-3-aldehyde (I3A), which enhances the production of

IFN-g in CD8+ T cells,28 was used as a positive control

(Figure S1A).

Exposure to the secondary bile acid DCA largely decreased

the cytotoxicity of CD8+ T cells and the proportions of IFN-g+

cells (Figures 1A, 1B, and S1B). Moreover, the suppressive ef-

fect of DCA on the expression of GzmB, IFN-g, and TNF-a in

CD8+ T cells was dose-dependent, with the inhibitory effect

becoming evident beginning at 150 mMDCA (Figure 1C), a con-

centration lower than the reported average concentration of

this secondary bile acid in the human appendix (200 mM).29

DCA’s suppressive effect was not limited to the initial phase

of T cell activation, as DCA still inhibited the expression of

GzmB, IFN-g, and TNF-a in CD8+ T cells that had undergone

pre-activation and subsequent rest (Figure S1C). Consistent

with our observations for impaired production of effector mole-

cules, DCA inhibited the activation of CD8+ T cells as evidenced

by decreased expression of surface markers CD69, CD25, and

CD44 (Figure 1D). DCA also inhibited the proliferation capacity

of CD8+ T cells, again in a dose-dependent manner (Figures 1E

and 1F). These results demonstrated that DCA suppresses the

activation, proliferation, and effector function of CD8+ T cells.

Additionally, DCA exerted a similar immunosuppressive effect

on CD4+ T cells, as demonstrated by lower expression of

IFN-g, TNF-a, CD69, CD25, and CD44 upon exposure to DCA

(Figures S1D and S1E).

We then evaluated the impact of other secondary bile acids,

including lithocholic acid (LCA), 3-oxo-CA, 7-oxo-DCA,

12-oxo-CA, tauroursodeoxycholic acid (TUDCA), and glyco-

deoxycholic acid (GDCA), on the effector function of CD8+

T cells. LCA suppressed the expression of GzmB, IFN-g, and

TNF-a in CD8+ T cells, while no significant immunosuppressive

effects were observed with the other secondary bile acids

(Figure S1F).

We next assessedwhether the observed impact of DCA on the

effector function of CD8+ T cells might be caused by DCA-

induced death of these cells, since bile acids have detergent

properties at high concentrations (>400 mM),17 which can lead

to cell death.30 Although DCA exhibited a mild cytotoxic effect

on CD8+ T cells (Figure S1G), the idea of a simple detergent-

mediated mechanism was excluded by assays showing that

SDS treatment (60 mM, the cytotoxic effect of SDS at this con-

centration was similar to DCA at 250 mM) did not evoke the

same extent of decline in effector molecule expression in CD8+

T cell compared with DCA treatment (Figure S1H).

Moreover, we excluded regulated cell death mechanisms from

DCA’s effects in experiments using the chemical caspase-3

inhibitor Ac-DEVD-CHO or genetic knockout strains including

Rip3�/�, Caspase-1�/�, Caspase-11�/�, Gsdme�/�, and



Figure 1. DCA suppresses the effector function of CD8+ T cells

(A) Schematic screening procedure (left): splenic CD8+ T cells fromOT-1mice were treatedwith 73 bacteria-derivedmetabolites (500 mM) or solvent control for 48

h. Scatter plots (right) displaying the cytotoxicity of CD8+ T cells against B16-OVA target cells.

(B) Schematic screening procedure (left): splenic CD8+ T cells were treated with 73 bacteria-derivedmetabolites (500 mM) or solvent control for 24 h. Scatterplots

(right) displaying fold change in the proportions of IFN-g+ cells among CD8+ T cells; n = 2. Data are pooled from two independent experiments.

(C–E) Splenic CD8+ T cells were treated with DCA at the indicated concentrations for 24 h (C) or 48 h (D and E). Representative flow cytometry plots and

quantification of GzmB+, IFN-g+, TNF-a+ (C), CD69+, CD25+, CD44+ (D), and Ki67+ (E) cells among CD8+ T cells; n = 3. The experiment was repeated at least

three times.

(F) Splenic CD8+ T cells were treated with DCA at the indicated concentrations for 72 h. Representative flow cytometry profiles and percentages of proliferating

CD8+ T cells; n = 3. Data are pooled from three independent experiments.

Data are shown as mean ± SEM (C–F). Statistics are analyzed by one-way ANOVA (C–F); *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figure S1 and Table S1.
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Gsdmd�/� mice, to specifically block the necroptosis, apoptosis,

or pyroptosis in the cells (Figures S1I and S1J). Both Ac-DEVD-

CHO treatment or Gsdmd deficiency increased the viability of

CD8+ T cells in the presence of DCA; however, neither condition

enhanced the expression of GzmB or IFN-g by CD8+ T cells

(Figures S1I and S1J). These results demonstrated that cell death

cannot account for the observed impact of DCA exposure in sup-

pressing the effector function of CD8+ T cells.
Secondary bile acids exert functions through their interactions

with receptors, including GPBAR1, FXR, and VDR.31 We there-

fore investigated whether these receptors are involved in DCA-

mediated inhibition of CD8+ T cell effector function. Accordingly,

splenic CD8+ T cells were isolated from Gpbar1�/�, Fxr�/�,
Vdr�/�, and Fxr�/�Vdr�/� mice, and the cells were treated with

DCA. GzmB and IFN-g production by CD8+ T cells was still

decreased by DCA treatment in these mice strains (Figure S1K),
Immunity 57, 1–14, April 9, 2024 3
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indicating that GPBAR1, FXR, or VDR do not substantially

contribute to the suppressive effect of DCA on CD8+ T cell

effector function. Taken together, these data suggested that

DCA suppresses the activation, proliferation, effectors produc-

tion, and killing function of CD8+ T cells, in a cell death and

known receptors independent way.

DCA suppresses CD8+ T cell effector function by
inhibiting Ca2+-NFAT2 signaling
CD8+ T cell activation and effector function involve cytosolic

Ca2+-dependent signal transduction mechanisms.1–3 Therefore,

aberrant accumulation of cytosolic Ca2+ concentrations may

lead to the observed DCA-mediated inhibition of CD8+ T cell

effector function. Pursuing this, we monitored cytosolic Ca2+

flux by measuring the fluorescence of a Ca2+-sensitive dye

(Fura-2, AM). The real-time fluorescence intensity data for anti-

CD3/CD28 activated-CD8+ T cells showed that DCA inhibited

ionomycin-induced cytosolic Ca2+ accumulation (Figures 2A

and S2A). The basal Ca2+ flux in resting CD8+ T cells was not

influenced by DCA (Figure S2B). To ensure that inhibition of cyto-

solic Ca2+ accumulation by DCA was not due to differences in

T cell activation, we pre-activated the CD8+ T cells, subse-

quently allowed them to rest, and then treated them with DCA.

Even under these conditions, DCA continued to inhibit the cyto-

solic Ca2+ accumulation (Figure 2B). DCA also inhibited the ion-

omycin-induced cytosolic Ca2+ accumulation in CD4+ T cells

(Figure S2C). Among other secondary bile acids tested, LCA ex-

hibited inhibitory effects on ionomycin-induced cytosolic Ca2+

accumulation in CD8+ T cells, whereas GDCA and TUDCA did

not (Figure S2D).

NFAT2, a transcription factor activated by increased cytosolic

Ca2+, governs the effector function of CD8+ T cells.4–6 Immuno-

blotting showed that DCA treatment of anti-CD3/CD28 acti-

vated-CD8+ T cells decreased nuclear localization of NFAT2

(Figure 2C). A similar decrease was observed in phorbol 12-myr-

istate 13-acetate (PMA)/ionomycin-activated Jurkat cells (Fig-

ure 2C). To assay the effect of DCA on NFAT2’s transcriptional

activity, we used NFAT2-luciferase reporter containing NFAT2-

responsive elements that drive the transcription of the firefly

luciferase and observed that PMA/ionomycin stimulation

increased NFAT2-luciferase reporter activity—to a level 6-fold

over baseline in DMSO-treated Jurkat cells—but found this in-

duction was weakened by DCA (Figure 2D). Together, these re-

sults demonstrated that DCA inhibits Ca2+ flux-induced nuclear

translocation of NFAT2 and NFAT2-mediated transcription.

We next constructed a plasmid (DCaM-AI) encoding a Ca2+-

independent, constitutively active form of calcineurin, which

leads to constitutive activation of NFAT2.32 Jurkat cells trans-

fected with the DCaM-AI plasmid no longer displayed the

DCA-mediated suppression of NFAT2 nuclear translocation

and transcriptional activity, as well as the mRNA levels of IFNG

and TNF (Figures 2E–2G). These results suggested that the

observed DCA inhibition of CD8+ T cell effector function is

dependent upon impairing Ca2+-NFAT2 signaling.

DCA inhibits Ca2+-NFAT2 signaling in a PMCA-
dependent manner
We next assessed whether the observed impacts of DCA on the

reduced accumulation of cytosolic Ca2+ may involve DCA-Ca2+
4 Immunity 57, 1–14, April 9, 2024
chelation since calcium preferentially binds to secondary bile

acids including DCA in the small intestine.33 However, the addi-

tion of DCA did not reduce free Ca2+ in cell-free medium (Fig-

ure S2E), suggesting that DCA does not chelate Ca2+, and this

is not the mechanism of the DCA-mediated suppression of cyto-

solic Ca2+ accumulation.

The cytosolic Ca2+ concentration reflects a coordinated bal-

ance between Ca2+ movement across the plasma membrane

and intracellular stores.1 TCR stimulation initiates a cascade of

phosphorylation of proximal TCR signaling molecules (Src,

Zap70, LAT, and PLCg1), which leads to Ca2+ release from the

endoplasmic reticulum (ER) and subsequent store-operated cal-

cium entry (SOCE).1 The SOCE through the Ca2+ release-acti-

vated Ca2+ (CRAC) channels stands as the predominant Ca2+

influx pathway in lymphocytes and plays a pivotal role in the

anti-tumor immunity mediated by CD8+ T cells.1,2 DCA did not

affect expressions of pSrc, pZap70, pLAT, or pPLCg1 in CD8+

T cells (Figure S2F). Moreover, the presence of the selective

CRAC channel blocker BTP2 did not reverse the immunosup-

pressive effect of DCA on CD8+ T cells (Figure S2G).

PMA/ionomycin stimulation triggers Ca2+ release directly from

the ER in a transporter independent manner and induces T cell

production of effector molecules in a PLCg1-independent

manner.34 Under stimulation with PMA/ionomycin, DCA still in-

hibited both the nuclear translocation and the transcriptional ac-

tivity of NFAT2 and decreased the expression of effector mole-

cules (Figures 2C, 2D, 2G, and S2H). These findings indicated

that DCA-driven defects in cytosolic Ca2+ accumulation are not

a consequence of reduced extracellular Ca2+ influx or Ca2+

release from the ER. Rather, there is possible enhanced Ca2+

efflux across the plasma membrane or return to intracellular

stores.

We therefore focused on several Ca2+ channels/pumps that

can lower cytosolic Ca2+ concentrations, including: (1) PMCA,

which can pump Ca2+ from cytosol to the extracellular space;

(2) sarcoplasmic/endoplasmic reticulum Ca2+ ATPases

(SERCAs), which can pump Ca2+ from cytosol to the ER; and

(3) mitochondrial Ca2+ uniporter (MCU), which can conduct

Ca2+ from cytosol to mitochondria.1,3 We next investigated

whether blockade of these channels/pumps restored the

effector function of CD8+ T cells. The PMCA inhibitor LaCl3
increased the expression of IFN-g and TNF-a, cytotoxicity, and

the nuclear translocation of NFAT2 in DCA-treated CD8+

T cells (Figures 3A–3C), whereas blockade of SERCA or MCU

had no effect (Figure 3A). A similar rescue effect was also

observedwhen using short hairpin RNA (shRNA)-mediated silen-

ceing of PMCA4, which is the PMCA subtype highly expressed in

T cells,35 in Jurkat cells (Figures 3D and 3E). However, the sup-

pressive effect of LCA on CD8+ T cell effector function could not

be reversed by LaCl3 (Figure S2I), indicating that LCA’s immuno-

suppressive effect was not dependent on the PMCA-mediated

mechanism butmight be attributed to its potent cytotoxicity (Fig-

ure S2J).36 We next assessed the effect of DCA on Ca2+ efflux

using Ca2+ extrusion assay. We used SERCA inhibitor thapsigar-

gin (Tg) to deplete ER Ca2+ stores in the absence of extracellular

Ca2+ and then added extracellular Ca2+ to 1 mM to increase

cytosolic Ca2+. Ca2+ extrusion was then estimated upon the sub-

sequent removal of extracellular Ca2+. DCA-treated CD8+ T cells

had reduced cytosolic Ca2+ after removal of extracellular Ca2+



Figure 2. DCA suppresses CD8+ T cell effector function by inhibiting Ca2+-NFAT2 signaling

(A) Splenic CD8+ T cells were treated with 150 mMDCA for 24 h. Cytosolic Ca2+ were then measured. Plots of real-time F340/F380 ratio (left), maximal increased

F340/F380 ratio (middle), and the area under the curve (AUC) relative to the baseline (right) after ionomycin stimulation are shown; n = 3. The experiment was

repeated three times.

(B) Splenic CD8+ T cells were stimulated with anti-CD3/CD28 mAbs for 18 h, followed by resting in the culture medium supplemented with 100 U/mL IL-2 for an

additional 48 h. The cells were then treated with 150 mM DCA for 48 h. Cytosolic Ca2+ were then measured; n = 3. The experiment was repeated twice.

(C) Splenic CD8+ T cells were treated with 150 mM DCA for 24 h; Jurkat cells were treated with 150 mM DCA for 16 h. Immunoblotting of NFAT2; n = 6. Data are

pooled from two independent experiments.

(D) Jurkat cells were transfected with NFAT-luciferase reporter plasmids. The cells were then treated with 150 mM DCA for 24 h and assessed with luciferase

assays; n = 3. The experiment was repeated three times.

(E) Jurkat cells were transfected with DCaM-AI or empty vector. The cells were then treated with 150 mMDCA for 24 h. Immunoblotting of NFAT2; n = 6. Data are

pooled from three independent experiments.

(F) Jurkat cells were co-transfected with NFAT-luciferase reporter plasmids and DCaM-AI or empty vector. The cells were then treated with 150 mMDCA for 24 h

and assessed with luciferase assays; n = 3. The experiment was repeated at least three times.

(G) Jurkat cells were transfected withDCaM-AI or empty vector. The cells were then treated with 150 mMDCA for 24 h and assessed themRNA levels of IFNG and

TNF by quantitative reverse-transcription PCR; n = 3. The experiment was repeated three times.

Data are shown as mean ± SEM (A–G). Statistics are analyzed by unpaired t test (A–D), and two-way ANOVA (E–G); *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001. NS, not significant.

See also Figure S2.
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(Figure 3F). These results suggested that DCA potentiated

PMCA-mediated Ca2+ efflux to suppress cytosolic Ca2+

accumulation.

The transport of Ca2+ through transporters is governed by

both the concentration gradient of Ca2+ across the biological

membrane and the membrane potential. To elucidate the poten-

tial impact of DCA on the membrane potential of T cells, we uti-

lized whole-cell patch clamp recordings in the current-clamp

mode, and found that DCA did not impact the T cell membrane

potential (Figures S2K and S2L).

To further investigate the connection between DCA and

PMCA, we performed coimmunoprecipitation using biotin-

labeled DCA and then pull down with streptavidin beads. We

found strong interaction between DCA and both human

PMCA4 and mouse PMCA4 (Figure 3G).35 We then performed

surface plasmon resonance (SPR) using purified human

PMCA4 (which is highly conserved to mouse PMCA4) protein
produced by HEK293F cells (Figures S2M and S2N).37 DCA ex-

hibited a robust binding affinity to PMCA4 (equilibrium dissocia-

tion constant, KD = 688 nM; Figure 3H). LCA showed weak bind-

ing to PMCA4 (KD = 119 mM; Figure S2O). GDCA and TUDCA did

not bind to PMCA4 in the SPR assay (Figure S2O). These obser-

vations were consistent with the findings that the suppressive ef-

fect of LCA on CD8+ T cell effector function could not be

reversed by LaCl3 and that GDCA and TUDCA did not impact

effector function andCa2+ flux in CD8+ T cells. These results sug-

gested the important role of the DCA-PMCA4 binding in DCA-

mediated inhibition of CD8+ T cell effector function and Ca2+

signaling.

Next, wemeasured the effect of DCA on the ATPase activity of

purified PMCA4 protein. Purified SERCA protein was used as a

control (Figure S2N). The addition of DCA promoted the

ATPase activity of PMCA4 (by �50%), but did not enhance the

ATPase activity of SERCA (Figure 3I).
Immunity 57, 1–14, April 9, 2024 5



Figure 3. DCA inhibits Ca2+-NFAT2 signaling in a PMCA-dependent manner

(A) Splenic CD8+ T cells were treatedwith 150 mMDCA,with or without LaCl3 (60 mM), Tg (5 nM), andDS16570511 (25 mM), for 24 h. Representative flow cytometry

plots and quantification of IFN-g+ and TNF-a+ cells among CD8+ T cells; n = 3. The experiment was repeated three times.

(B) Splenic CD8+ T cells from OT-1 mice were treated with 150 mM DCA, with or without LaCl3 (60 mM) for 48 h. Scatterplots displaying the cytotoxicity of CD8+

T cells against target cells; n = 3. The experiment was repeated twice.

(C) Splenic CD8+ T cells were treated with 150 mM DCA, with or without LaCl3 (60 mM), for 24 h. Immunoblotting of NFAT2; n = 3. Data are pooled from three

independent experiments.

(D and E) The PMCA4 gene in Jurkat cells was silenced using a lentiviral vector. The lentivirus-infected Jurkat cells were sorted and subsequently treated with

50 mM DCA for 24 h, and PMA/ionomycin (0.08/1.3 mM) plus protein transport inhibitors were added to the cells during the last 4 h. Quantification of the pro-

portions of TNF-a+ and GzmB+ cells (D); n = 3. Immunoblotting of pan-PMCA and PMCA4 expression in the infected Jurkat cells (E).

(F) Splenic CD8+ T cells were treated with 150 mMDCA for 24 h. Cytosolic Ca2+ were thenmeasured. Plots of real-time F340/F380 ratio (left) and the final cytosolic

Ca2+ after addition of EGTA (right) are shown; n = 3. The experiment was repeated three times.

(G) 293T cells were transfected with PMCA4. The cell lysates were incubated with biotin-labeled DCA and then pulled down with streptavidin beads. The samples

were then immunoblotted with anti-FLAG mAb. The experiment was repeated three times.

(H) The human PMCA4 protein was immobilized on the chip and was tested for binding with gradient concentrations of DCA by SPR. Binding kinetics and KD of

DCA with PMCA4 are shown. The experiment was repeated three times.

(I) Full-length human PMCA4, SERCA, and two PMCA4 truncationmutants were incubated in the ATPase reactionmedium in the presence of DCA at the indicated

concentrations. ATPase activities of these proteins are shown; n = 3. The experiment was repeated twice.

Data are shown as mean ± SEM (A–D, F, and I). Statistics are analyzed by unpaired t test (F) and two-way ANOVA (A–D and I); *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001. NS, not significant.

See also Figure S2.
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Biochemical characterizations of the PMCA family proteins in

human suggest two regions essential to the transport activity: a

juxtamembrane domainwith lipid binding loop between TM2 and
6 Immunity 57, 1–14, April 9, 2024
TM3 (301–350),38–42 and the carboxyl-terminal auto-inhibitory

domain (1,054–1,205).39–45 We generated two truncation mu-

tants lacking each domain (Figure S2N), and measured their
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ATPase activities. Deleting the lipid binding loop or the C termi-

nus impaired the ATPase activity of PMCA4 (Figure 3I). This was

distinct from the auto-inhibitory role of C terminus previously re-

ported for long isoforms of human PMCAs.42 Although addition

of DCA could still promote the ATPase activity of the C terminus

truncation mutant of PMCA4 (by a similar fold compared with the

full-length PMCA4), DCA had no effect on the activity of the lipid

binding loop truncation mutant (Figure 3I). Taken together, these

results suggested that DCA impairs the effector function of CD8+

T cells by preventing cytosolic Ca2+ accumulation, specifically

by potentiating PMCA-mediated Ca2+ efflux.

DCA promotes tumor growth by suppressing the anti-
tumor CD8+ T cell immune responses
We next investigated the impacts of DCA on CD8+ T cells in vivo.

Mice administered DCA daily by oral gavage for 2 weeks (Fig-

ure S3A) exhibited elevated DCA concentrations in both their

serum and stool (Figure S3B). This administration reduced the

proportions and counts of IFN-g+ and TNF-a+ cells among

CD8+ T cells in the small intestinal epithelium, large intestinal

epithelium, mesenteric lymph node (mLN), and spleen

(Figures S3C–S3G). However, DCA displayed minimal to no

immunosuppressive effect on CD4+ T cells in these tissues

(Figures S3D–S3G). The total cell counts of CD8+ T cells and

CD4+ T cells were generally not reduced by DCA across these

tissues, except for the small intestine epithelium (Figures S3D–

S3G). Intraperitoneal injection of mice with DCA daily for 2 weeks

(Figure S3H) also increased serum and fecal DCA concentrations

(Figure S3I) and reduced the expression of IFN-g and TNF-a in

splenic CD8+ T cells (Figure S3J), but DCA did not affect the

counts of total T cells or the ratio of CD8+ T cells and CD4+

T cells in the spleen (Figure S3K). Moreover, DCA treatment

did not affect the development of double-negative (CD4�CD8�)
progenitors, double-positive (CD4+CD8+), or CD4 or CD8 single-
Figure 4. DCA promotes tumor growth by suppressing anti-tumor CD8

(A) Schematic experimental procedure in (B)–(D): WT mice were gavaged with DC

cells on day 0.

(B and C) Tumor growth curves (B) and tumor weight (C) at 18 days after MC38

(D) Representative flow cytometry plots and quantification of GzmB+ and IFN-g+

(E) Schematic experimental procedure in (F) and (G): Apcmin/+ mice were fed with

(F) Tumor number at week 24; n = 11–15. Data are pooled from two independen

(G) Representative flow cytometry plots and quantification of GzmB+ and IFN-g

experiments.

(H) Schematic experimental procedure in (I) and (J): splenic CD8+ T cells fromOT-

B16-OVA cells were then co-injected (s.c.) into Rag1�/� mice on day 0.

(I and J) Tumor growth curves (I) and tumor weight (J) at 22 days after B16-OVA

(K) Schematic experimental procedure in (L) and (M): WT and Rag1�/� mice were

cells on day 0.

(L and M) Tumor growth curves (L) and tumor weight (M) at 17 days after MC38

(N) Schematic experimental procedure in (O) and (P): WTmicewere gavagedwith D

CD8a mAb weekly. The mice were then injected (s.c.) with MC38 cells on day 0.

(O and P) Tumor growth curves (O) and tumor weight (P) at 17 days after MC38

(Q) Schematic experimental procedure in (R)–(T): splenic CD8+ T cells were trans

14 days. The Rag1�/� recipient mice continued to receive gavage with DCA or PB

(R and S) Tumor growth curves (R) and tumor weight (S) at 13 days after MC38 i

(T) Representative flow cytometry plots and quantification of GzmB+ and IFN-g+

Each symbol in (C), (D), (F), (G), (J), (M), (P), (S), and (T) representsmeasurement fro

P, and R–T). Statistics are analyzed by two-way ANOVA (B, I, L, M, O, and R) and u

****p < 0.0001. NS, not significant.

See also Figures S3 and S4.
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positive thymocytes (Figure S3L). Taken together, these results

supported that DCA impairs the cytokine production of CD8+

T cells but does not affect T cell development in vivo.

To confirm the involvement of proposed PMCA-Ca2+ mecha-

nism in DCA-mediated suppression of CD8+ T cells effector

function in vivo, we isolated splenic CD8+ T cells from the mice

gavaged with either PBS or DCA, stimulated them with anti-

CD3/CD28mAbs, and then assessed their Ca2+ flux and effector

function (Figure S3M). CD8+ T cells isolated from DCA-exposed

mice exhibited impaired ionomycin-induced cytosolic Ca2+

accumulation and decreased expression of IFN-g and TNF-a

(Figures S3N and S3O). This impairment was rescued by the

addition of LaCl3 (Figures S3N and S3O). These results sug-

gested that DCA suppresses the production of effector mole-

cules by CD8+ T cells through a PMCA-dependent pathway in

an in vivo context.

Given that CD8+ T cells function in tumor immunosurveillance,

we speculated that DCA’s inhibition of CD8+ T cell effector func-

tion may promote CRC development by impairing the anti-tumor

CD8+ T cell response. Pursuing this, we chose two CRC mouse

models: a MC38 syngeneic transplant model and an Apcmin/+

spontaneous model.46 WT mice were given DCA daily by oral

gavage or intraperitoneal injection and were subcutaneously in-

jected with MC38 colon tumor cells after 2 weeks of DCA admin-

istration (Figures 4A and S4C). The metabolite I3A, which inhibits

tumor growth through promoting CD8+ T cells production of IFN-

g,28 was used as a positive control (Figures S4H–S4K). Either

oral or intraperitoneal administration of DCA accelerated tumor

development, compared with the PBS-treated group

(Figures 4B, 4C, S4D, and S4E). Moreover, we detected lower

proportions and cell counts of tumor-infiltrating CD8+ T cells ex-

pressing GzmB and IFN-g in the DCA-exposed mice (Figures 4D

and S4F). We also observed a slight decrease in the proportions

and a significant decrease in the cell counts of tumor-infiltrating
+ T cell immune responses

A or PBS daily for 32 days and were injected (subcutaneously [s.c.]) with MC38

inoculation; n = 7. The experiment was repeated three times.

cells among CD8+ T cells; n = 7. The experiment was repeated twice.

DCA-containing or normal drinking water from 6 weeks of age.

t experiments.
+ cells among CD8+ T cells; n = 9–11. Data are pooled from two independent

1 mice were treated with 150 mMDCA for 48 h. The pretreated CD8+ T cells and

inoculation; n = 5. The experiment was repeated three times.

gavaged with DCA or PBS daily for 31 days and were injected (s.c.) with MC38

inoculation; n = 6–7. The experiment was repeated twice.

CA or PBS daily for 31 days andwere injected (intraperitoneally [i.p.]) with anti-

inoculation; n = 7. The experiment was repeated three times.

ferred into Rag1�/� recipient mice that received gavage with DCA or PBS for

S for an additional 27 days and were injected (s.c.) with MC38 cells on day 0.

noculation; n = 6.

cells among CD8+ T cells; n = 6.

m an individual mouse. Data are shown asmean ± SEM (B–D, F, G, I, J, L, M, O,

npaired t test (C, D, F, G, J, P, S, and T); *p < 0.05, **p < 0.01, ***p < 0.001, and
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CD4+ T cells expressing GzmB and IFN-g in the DCA-exposed

mice (Figures S4A and S4F). However, the exhaustion status of

tumor-infiltrating CD8+ T cells was not affected by DCA

(Figures S4B and S4G).

The Apcmin/+ mice were fed with DCA-containing or normal

drinking water, commencing at 6 weeks of age and continuing

until 18 weeks of age (Figure 4E). DCA increased the tumor

burden (Figure 4F), accompanied by impaired expression of

GzmB and IFN-g in CD8+ T cells, as well as diminished expres-

sion of IFN-g in CD4+ T cells harvested from the tumor microen-

vironment (Figures 4G and S4L).

We next assessed the impacts of DCA on the anti-tumor re-

sponses of CD8+ T cells using in vivo cytotoxicity assays. Briefly,

B16-OVA cells and DCA-pretreated OT-1 CD8+ T cells were co-

injected (subcutaneously) into Rag1�/� mice, which are devoid

of mature T and B cells (Figure 4H). The anti-tumor effects of an-

tigen-specific CD8+ T cells were largely inhibited by DCA treat-

ment, in comparison to DMSO-pretreated CD8+ T cells

(Figures 4I and 4J), suggesting that DCA directly suppresses

the cytotoxicity of tumor-localized CD8+ T cells.

We compared DCA treatment of MC38-bearing WT mice or

Rag1�/� mice (Figure 4K). Whereas DCA exerted a tumor-pro-

moting effect in WTmice, it had no such impact on tumor growth

in the Rag1�/� mice (Figures 4L and 4M), demonstrating a

requirement for lymphocytes for DCA’s tumor-promoting ef-

fects. We then injected the WT mice intraperitoneally with anti-

CD8a-depleting antibody weekly to deplete CD8+ T cells (Fig-

ure 4N). In the absence of CD8+ T cells, DCA treatment did not

exacerbate tumor growth (Figures 4O and 4P). To delineate the

direct effects of DCA on CD8+ T cells from any indirect influences

via CD4+ T cells, we performed an adoptive transfer experiment

wherein splenic CD8+ T cells were transferred into Rag1�/� mice

that were pretreated with either DCA or PBS. Subsequently,

these recipient mice were subcutaneously injected with MC38
Figure 5. Accumulation of DCA correlates with impaired CD8+ T cell e

(A–D) IHC analysis of the expression of IFN-g, TNF-a, and GzmB in tumor regions

low (A) and baiF high/low (C) tumors, scale bar, 20 mm. Correlation between the fre

CRC patients are shown; n = 25.

(E and F) Peripheral blood CD8+ T cells were treatedwith fecal supernatants extrac

molecule-expressing CD8+ T cells and DCA (E) or baiF (F) levels are shown; n =

(G) Representative LC-MS traces showing conversion of CA to DCA by C. scind

(H) Peripheral blood CD8+ T cells were treated with culture supernatants fromC. s

proportions of IFN-g+, TNF-a+, and GzmB+ cells among CD8+ T cells; n = 3. The

(I) Splenic CD8+ T cells were treated with culture supernatants from C. scindens

measured; n = 3. The experiment was repeated twice.

(J) Splenic CD8+ T cells from OT-1 mice were treated with culture supernatants fro

displaying the cytotoxicity of CD8+ T cells against target cells; n = 3. The experim

(K) Schematic experimental procedure in (L)–(N): WT mice were fed with an a

metronidazole) for 7 d. The mice were then gavaged with C. scindens or B. frag

33 days and were injected (s.c.) with MC38 cells on day 0.

(L and M) Tumor growth curves (L) and tumor weight (M) at 17 days after MC38

(N) Representative flow cytometry plots and quantification of GzmB+ and IFN-g+

(O) Schematic experimental procedure in (P)–(R): WT mice were fed with an ABX

C. scindens phage orB. fragilis phage every 4 days while being simultaneously fed

on day 0.

(P and Q) Tumor growth curves (P) and tumor weight (Q) at 15 days after MC38

(R) Representative flow cytometry plots and quantification of GzmB+ and IFN-g+

Each symbol in (M), (N), (Q), and (R) represents an individual mouse. Data are sh

ANOVA (H–J, L, and P) and one-way ANOVA (M, N, Q, and R); *p < 0.05, **p < 0

See also Figure S5 and Tables S2 and S3.
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tumor cells (Figure 4Q). DCA treatment still led to accelerated tu-

mor growth and impaired CD8+ T cell effector function

(Figures 4R–4T). Taken together, these results supported that

DCA promotes colorectal tumor growth by suppressing the

anti-tumor CD8+ T cell immune responses.

Accumulation of DCA correlates with impaired CD8+

T cell effector function in patients with CRC
Intratumoral CD8+ T cells exhibit a dysfunctional phenotype

compared with non-tumoral CD8+ T cells in CRC patients.11–13

Moreover, serum and stool from CRC patients show increased

concentrations of DCA and bai operon gene expression.23,24,47

Thus, we sought to determine the potential relationships among

dysfunctional anti-tumor CD8+ T cell immune responses and

increased DCA concentrations or bai operon gene expression

in the CRCmicroenvironment. We measured fecal DCA concen-

trations and bai operon expression in CRC patients (who had not

received antibiotics administration in the 2 most recent months,

Table S2). Tumor sections from the same patients were as-

sessed with immunohistochemistry (IHC) for GzmB, IFN-g, and

TNF-a. There was a negative correlation between the fre-

quencies of effector-molecule-expressing cells and the DCA

concentrations or baiF gene expression (Figures 5A–5D;

Table S3). Additionally, we divided these CRC patients into

groups based on either their DCA concentrations or their baiF

expression: the DCAlo or baiFlo group consisted of patients

with DCA concentrations or baiF expression ranging from the

mean percentile of 0%–25%, whereas the DCAhi or baiFhi group

consisted of patients with DCA concentrations or baiF expres-

sion ranging from the mean percentile of 75%–100%. Our data

showed higher frequencies of effector-molecule-expressing

cells in the DCAlo group and the baiFlo group compared with

the DCAhi group and baiFhi group, respectively (Figures S5A

and S5B; Table S3).
ffector function in patients with CRC

of 25 CRC patients. IFN-g, TNF-a, and GzmB staining are shown in DCA high/

quencies of effector molecule-expressing cells and DCA (B) or baiF (D) levels in

ted fromCRCpatients for 24 h. Correlation between the proportions of effector

35.

ens or B. fragilis.

cindens or B. fragilis incubated with or without CA for 24 h. Quantification of the

experiment was repeated three times.

or B. fragilis incubated with or without CA for 24 h. Cytosolic Ca2+ were then

m C. scindens or B. fragilis incubated with or without CA for 48 h. Scatterplots

ent was repeated twice.

ntibiotic cocktail (ABX, consisting of vancomycin, neomycin, ampicillin, and

ilis every 2 days while being simultaneously fed with CA-containing water for

inoculation; n = 7–8. The experiment was repeated twice.

cells among CD8+ T cells; n = 7.

for 7 days. The mice were then gavaged with C. scindens every 2 days and

with CA-containing water for 29 days. Mice were injected (s.c.) withMC38 cells

inoculation; n = 7. The experiment was repeated twice.

cells among CD8+ T cells; n = 7.

own as mean ± SEM (H–J, L–N, and P–R). Statistics are analyzed by two-way

.01, ***p < 0.001, and ****p < 0.0001. NS, not significant.
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We also isolated human peripheral blood CD8+ T cells from

healthy volunteers, stimulated them with anti-CD3/CD28 mAbs

to induce the production of effector molecules, and cultured

them with supernatants extracted from the fecal samples of

the aforementioned CRC patients. CD8+ T cells cultured with

the fecal supernatants from the patients with higher DCA con-

centrations or higher baiF expression produced less GzmB,

IFN-g, and TNF-a (Figures 5E and 5F; Table S3).

To further confirm the connection between DCA-producing

bacteria, baiF, and anti-tumor CD8+ T cell effector function in

CRC, we enrolled an additional cohort of 51 CRC patients

(Table S4) and obtained both fecal samples and tumor sections.

Shotgun metagenomic sequencing was performed on the fecal

samples of these individuals. This approach allowed for a direct

quantification of the baiF gene. Based on the baiF gene expres-

sion analyzed from the shotgun metagenomics data, we divided

the patients into two groups: the baiFhi group and the baiFlo

group (Table S5). Through LEfSe analysis, DCA-producing bac-

teria C. scindens and Clostridium hylemonae (C. hylemonae)

were enriched in the fecal samples from the baiFhi group (Fig-

ure S5C). Additionally, we performed IHC staining of IFN-g and

GzmB on the tumor sections from these 51 CRC patients and

found decreased frequencies of cells expressing these effector

molecules in the baiFhi group (Figure S5D; Table S5).

To test the effects of DCA-producing bacteria on CD8+ T cell

effector function and tumor growth, we selected two strains iso-

lated from human fecal samples for their ability to convert CA to

DCA: C. scindens—which can convert CA into DCA21; and the

nontoxigenic Bacteroides fragilis (B. fragilis)—which contains

incomplete bai operon genes and can consume CA but cannot

generate DCA (Figure 5G).17 C. scindens and B. fragilis were

incubated with or without CA, and culture supernatants were

added to healthy human peripheral blood CD8+ T cells under

stimulation with anti-CD3/CD28 mAbs. The proportions of IFN-

g+, TNF-a+, and GzmB+ cells were decreased upon treatment

with the culture supernatant of C. scindens with CA, as

compared with those treated with the culture supernatant from

C. scindens alone, or with the culture supernatant from

B. fragilis with CA, or the culture medium with CA (Figure 5H).

Moreover, the supernatant from C. scindens incubated with CA

reduced cytosolic Ca2+ accumulation and suppressed the cyto-

toxicity of CD8+ T cells isolated from mouse spleens (Figures 5I

and 5J). Together, these data showed that DCA concentrations

and baiF gene expression are negatively correlated with the

effector function of CD8+ T cells in CRC patients and also sug-

gested that the accumulation of DCA andDCA-producing bacte-

ria may underlie the observed impairment of CD8+ T cell anti-tu-

mor immune responses in the CRC microenvironment.

Next, mice pretreatedwith an antibiotic cocktail (ABX, consist-

ing of vancomycin, neomycin, ampicillin, and metronidazole)

were given C. scindens, B. fragilis, or PBS by oral gavage while

being simultaneously fed with CA-containing water. These

mice were then subcutaneously injected with MC38 tumor cells

(Figure 5K). Colonization of mice with C. scindens, but not with

B. fragilis, or cessation of ABX treatment without bacterial colo-

nization, led to increased serum and fecal DCA concentrations,

accelerated tumor growth, and impaired expression of GzmB

and IFN-g in tumor-infiltrating CD8+ T cells (Figures 5L–5N,

S5E, and S5F).
We further investigated whether the tumor-promoting effect of

DCA-producing bacteria was indeed mediated by DCA. We iso-

lated a lytic bacteriophage (hereafter, phage) that specifically

target C. scindens from municipal sewage (Figure S5G). Mice

pretreated with ABX were colonized with C. scindens, given

C. scindens phage by oral gavage, and fed with CA-containing

water (Figure 5O). The B. fragilis phage, which did not affect

C. scindens (Figure S5G), was used as a negative control (Fig-

ure 5O). Administration of C. scindens phage, but not B. fragilis

phage, inhibitedC. scindens colonization, lowered DCA concen-

trations in both serum and stool, mitigated tumor growth, and

improved anti-tumor CD8+ T cell effector function (Figures 5P–

5R andS5H–S5J). Metabolomics profiling showed that this treat-

ment led to a substantial increase in CA concentrations and a

notable decrease DCA concentrations in the serum when

compared with B. fragilis phage treatment, whereas only minor

alterations were observed in other bile acids such as LCA,

GDCA, and TUDCA (Figure S5J). This implicated the importance

of DCA in C. scindens colonization-enhanced tumor growth.

We colonized mice pretreated with ABX with C. scindens and

simultaneously treated them with cholestyramine (CHO) resin, a

bile acid sequestrant aimed at reducing serum DCA concentra-

tion (Figure S5K). CHO treatment decreased serum DCA con-

centrations, mitigated the accelerated tumor growth, and

improved anti-tumor CD8+ T cell effector function (Figures

S5L–S5O). These findings suggested a causative role of

C. scindens-produced DCA in the development of CRC.

Although we initially attempted to manipulate C. scindens to

ablate the DCA biosynthetic pathway, all identified bai-coding

Clostridia so far lack published methods for gene transfer and

do not possess readily available genetic tools,21 Instead, we

chose Faecalicatena contorta S122 (S122), which efficiently con-

verts CA to DCA, and its engineered counterpart S122 mut,

which lacks the ability to produce DCA (Figure S5P).48 We colo-

nized ABX-pretreated mice with either S122 or S122 mut (Fig-

ure S5Q). As expected, mice colonized with S122 exhibited

increased serum and fecal DCA concentrations, diminished

anti-tumor CD8+ T cell effector function, and an increase in tumor

growth, when compared with the S122 mut colonized group

(Figures S5R–S5U). Taken together, these findings supported

the causation between microbial DCA metabolism and the

anti-tumor effector function of CD8+ T cells in the context

of CRC.

DISCUSSION

Bile acids are able to regulate metabolism31 and exert an influ-

ence on immune responses in macrophages, dendritic cells,

monocytes, and CD4+ T cells.25,26,49–55 Here, we have shown

the direct suppressive impact of DCA on CD8+ T cell effector

function and demonstrated that this underlies theDCA-mediated

tumor promotion observed in CRC, thus broadening our under-

standing of the multiple effects of bile acids on different immune

cell types. DCA traditionally exerts functions through interaction

with receptors including GPBAR1, FXR, and VDR.31 Here, we

showed that DCA inhibits Ca2+-NFAT2 signaling by potentiating

PMCA activity, thereby weakening CD8+ T cell effector function.

This demonstrated a known receptor-independent mechanism

for DCA-mediated immunomodulatory effects.
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This study showed that the inhibition of PMCA by LaCl3 or

shPMCA did not enhance the effector function of CD8+ T cells

in the absence of DCA (Figures 3A, 3B, and 3D). We reasoned

that during T cell activation, PMCA-mediated Ca2+ efflux is in-

hibited due to PMCA-STIM1 interactions and PMCA re-distribu-

tion into areas beneath mitochondria, thereby maximizing Ca2+

signaling for robust T cell activation and NFAT’s transcriptional

activity.56,57 Therefore, in the absence of DCA, inhibition of

PMCA did not further enhance the effector function of CD8+

T cells. However, when DCA was present, it amplified PMCA-

mediated Ca2+ efflux, which was subsequently inhibited by

LaCl3 or shPMCA, thereby abolishing the suppressive effect of

DCA on CD8+ T cell effector function.

Recent research has indicated that gut-derived butyrate can

directly enhance the functionality of CD8+ T cells, which stands

in contrast to the effects of DCA.58 Both DCA and butyrate are

abundant metabolites in the colon, generated through bacterial

modification of primary bile acids and bacterial fermentation of

dietary fiber, respectively. The coexistence of these metabolites

with opposing effects, represented by DCA and butyrate, within

the colon may contribute to maintaining an optimal immune

response of CD8+ T cells, for immune surveillance of cancer cells

and infections. In fact, an imbalance between these metabolites

has been observed in CRC patients: the concentrations of DCA

and its biosynthetic genes are elevated in the stool of CRC pa-

tients,24,47 whereas the concentrations of butyrate and its pro-

ducers exhibit the opposite trend.59,60 This shift toward an immu-

nosuppressive microenvironment could potentially underlie the

development of CRC.

In summary, we demonstrated that microbial DCA suppresses

cytotoxic CD8+ T cell-mediated anti-tumor immune responses

by activating the Ca2+ exporter PMCA and suggested a potential

approach for the treatment and perhaps even prevention of CRC

through targeting the DCA-producing bacteria.

Limitations of the study
Although this study provides insights into the connection be-

tween microbial DCA metabolism and the anti-tumor effector

function of CD8+ T cells in CRC, it is important to acknowledge

certain limitations. First, the specific binding site of DCA on

PMCAwas not identified, and howDCA enhances PMCA activity

remains unclear. Second, although our in vitro data demon-

strated obvious immunosuppressive effects of DCA on CD4+

T cells as observed on CD8+ T cells, the reason for the weakened

impact of DCA on CD4+ T cells in vivo remains unknown. Third, it

should be noted that the sample size of CRC patients included in

this study was relatively small. Conducting studies with larger

cohorts would be useful to validate DCA or DCA-producing bac-

teria as risk factor for CRC, and it would be fascinating to

conduct phage-mediated targeted therapy in CRC patients

with high DCA-producing bacteria in the future.
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Lenti-Pac� Lentivirus Concentration Solution GeneCopoeia Cat#LT007
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MojoSort� Mouse CD8 Naı̈ve T Cell Isolation Kit Biolegend Cat#480044
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Deposited data

Whole-genome shotgun sequencing data NCBI BioProject ID PRJNA1045967

Experimental models: Cell lines

HEK293T cells ATCC CRL-3216

HEK293F cells Sino Biological Inc. N/A

MC38 cells Lieping Chen Lab N/A

Jurkat cells Zhigang Tian Lab N/A

B16-OVA cells Jun Wang Lab N/A

Experimental models: Organisms/strains

C57BL/6JGpt mice GemPharmatech Strain NO. N000013

Rag1-/- mice GemPharmatech Strain NO. T004753
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Caspase-1-/- mice Richard Flavell Lab N/A

Caspase-11-/- mice Richard Flavell Lab N/A

Gsdmd-/- mice Richard Flavell Lab N/A

Rip3-/- mice Rongbin Zhou Lab N/A

OT-1 TCR transgenic mice Yucai Wang Lab N/A

Gpbar1-/- mice the Knockout Mouse

Project (KOMP)
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Fxr -/- mice The Jackson Lab RRID: IMSR_JAX:004144

Vdr -/- mice The Jackson Lab RRID: IMSR_JAX:006133

Gsdme-/- mice This paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

qPCR primers for indicated genes This paper See STAR Methods table

Recombinant DNA

NFAT-luciferase reporter plasmid YouBio Cat#VT2046

pRL Renilla Luciferase Control Reporter Vectors Promega Cat#E2241

pCDNA3.3 -Flag-mPMCA4 This paper N/A

pCDNA3.3 -Flag-hPMCA4 This paper N/A

pCDNA3.3 -Flag-hPMCA4 (301-350) This paper N/A

pCDNA3.3 -Flag-hPMCA4 (1054-1205) This paper N/A

pCAG-hPMCA4 (301-350)-Flag This paper N/A

pCAG- hPMCA4 (1054-1205) -Flag This paper N/A

pCAG- hSERCA -Flag This paper N/A

psPAX2 Addgene 12260

pMD2.G Addgene 12259

PLKO.1-GFP-shPMCA4 This paper N/A

Software and algorithms

FlowJo version 10 FlowJo https://www.flowjo.com/

Image Lab 5.2.1 Image Lab https://www.bio-rad.com/en-hk/

product/image-lab-software?ID=

KRE6P5E8Z

ImageJ NIH https://imagej.nih.gov/ij/

SnapGene 3.2.1 SnapGene https://www.snapgene.com/

Bio-Rad CFX Manager 3.1 Bio-Rad CFX Manager https://www.bio-rad.com/en-hk/

sku/1845000-cfx-manager-software?ID=

1845000

Biacore� 8K Control Software Cytiva https://www.cytivalifesciences.com.cn/

zh/cn/support/software/biacore-downloads

Biacore� Insight Evaluation Software Cytiva https://www.cytivalifesciences.com.cn/

zh/cn/support/software/biacore-downloads

Origin 2019b OriginLab https://www.originlab.com/

Prism version 8 Graphpad https://www.graphpad.com/

Other

Immobilon-P PVDF membrane Millipore IPVH00010

0.45-mm polyvinylidene fluoride filter Milipore SLHV033RB
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shu Zhu

(zhushu@ustc.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d The raw data of whole-genome shotgun sequencing has been deposited in the NCBI BioProject repository and processed data

has been deposited using KneadData (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1045967), a procedure built upon

Bowtie261 and Trimmomatic.62

d These data are publicly available as of the date of publication. Accession numbers are listed in the key resources table. Original

western blot images and microscopy data reported in this paper will be shared by the lead contact upon request.

d This paper does not report an original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
Immunity 57, 1–14.e1–e11, April 9, 2024 e5

mailto:zhushu@ustc.edu.cn
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA1045967
https://www.flowjo.com/
https://www.bio-rad.com/en-hk/product/image-lab-software?ID=KRE6P5E8Z
https://www.bio-rad.com/en-hk/product/image-lab-software?ID=KRE6P5E8Z
https://www.bio-rad.com/en-hk/product/image-lab-software?ID=KRE6P5E8Z
https://imagej.nih.gov/ij/
https://www.snapgene.com/
https://www.bio-rad.com/en-hk/sku/1845000-cfx-manager-software?ID=1845000
https://www.bio-rad.com/en-hk/sku/1845000-cfx-manager-software?ID=1845000
https://www.bio-rad.com/en-hk/sku/1845000-cfx-manager-software?ID=1845000
https://www.cytivalifesciences.com.cn/zh/cn/support/software/biacore-downloads
https://www.cytivalifesciences.com.cn/zh/cn/support/software/biacore-downloads
https://www.cytivalifesciences.com.cn/zh/cn/support/software/biacore-downloads
https://www.cytivalifesciences.com.cn/zh/cn/support/software/biacore-downloads
https://www.originlab.com/
https://www.graphpad.com/


ll
Article

Please cite this article in press as: Cong et al., Bile acids modified by the intestinal microbiota promote colorectal cancer growth by suppressing CD8+

T cell effector functions, Immunity (2024), https://doi.org/10.1016/j.immuni.2024.02.014
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice
Fxr-/-Vdr-/- mice were obtained by crossing Fxr-/- with Vdr-/- mice.Gsdme-/- mice were generated by CRISPR-Cas9 technology. Exon

2 of theGsdme gene were targeted by two sgRNAs: gggtttcccaagaggctagt and gttgttccagatgtcccacc. Genotyping ofGsdme-/- mice

was performed using primers: cattactgtggctaaagagggg and ggagcctagctttgaagtctaat, with amplicons of a 681-bp product from the

WT allele, and a 304-bp product from the targeted allele. All mice had a C57BL/6 background and were housed in specific pathogen-

free conditions. Mice were maintained under a 12-hour light-dark cycle at 23�C, and had free access to water and standard rodent

diet. All experimental procedures involving mice were approved by the Ethics Committee of USTC (reference:

USTCACUC202101026).

Human samples
All human samples used in the present study were obtained under the approval of the Ethics Committee of the USTC (2021KY02).

Informed consent was obtained from each subject for the use of fecal samples and peripheral blood.

The fecal samples (n = 86) and paraffin embedded tumor tissues (n = 76) of CRC patients were obtained from the First Affiliated

Hospital of USTC and the Changhai Hospital. Patients were selected based on the primary disease and had no treatment before fecal

sample collection. Patients reporting the use of antibiotics during the 2months before fecal sample collection were excluded from the

study. The peripheral bloods were collected from 3 healthy volunteers. More patient characteristics were shown in Tables S2 and S4.

Cell culture
HEK293T and MC38 were cultured in high-glucose DMEM containing 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin.

HEK293F cells were cultured in 293T-II medium (key resources table) containing 10%FBS, 100U/mL penicillin, and 100 mg/mL strep-

tomycin. Jurkat cells were cultured in RPMI-1640 containing 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. All cells

were maintained at 37�C in a 5% CO2 incubator.

METHOD DETAILS

Cell isolations
For isolation of splenic lymphocytes, spleens were pressed through sieves, and lymphocytes were then obtained after lysing eryth-

rocytes. For isolation of lymph node lymphocytes, lymph nodes were pressed through sieves, and cell suspensions were collected.

For isolation of intestinal intraepithelial lymphocytes (IELs), small or large intestines were flushed thoroughly with PBS to remove con-

tents and opened longitudinally. The small or large intestines were then cut into pieces and digested in RPMI 1640mediumwith 1mM

EDTA and 2% FBS for 20 min at 37�C. Suspensions were filtered through sieves and lymphocytes were obtained by Percoll gradient

centrifugation. The tumor-infiltrating lymphocytes of Apcmin/+ mice were isolated from the tumoral regions of small intestines as

described in isolation of small intestinal IELs. For isolation of MC38 tumor-infiltrating lymphocytes, tumors were cut into pieces

and digested in RPMI 1640 medium with 1 mg/mL collagenase and 20 mg/mL DNase for 40 min at 37�C. Suspensions were filtered

through sieves and lymphocytes were obtained by Percoll gradient centrifugation.

For isolation of mouse CD8+ T cells, cells were purified from splenic lymphocytes through magnetic activated cell sorting (MACS)

using mouse CD8+ T cell negative selection kits (key resources table). For isolation of human CD8+ T cells, peripheral blood from

healthy volunteers were loaded onto a Ficoll density gradient to obtain lymphocytes. CD8+ T cells were then purified through

MACS using human CD8+ T cell negative selection kits (key resources table). The purity of the sorted cell populations was > 90%.

Flow cytometry
The isolated cells were incubated with anti-CD16/32 mAbs to block Fc receptors, followed by staining with fluorescence antibodies

against surfacemolecules for 30min at 4�C. For intracellular staining, cells were first treated with cell stimulation cocktail plus protein

transport inhibitors or monensin (key resources table) for 4 h at 37�C, followed by staining for surfacemolecules. Cells were then fixed

and permeabilized using a Fixation/Permeablization Kit (key resources table), and stained for intracellular molecules. All data were

collected on a BECKMAN COULTER CytoFLEX S flow cytometer, and analyzed with Flowjo software (key resources table).

In vitro CD8+ T cell culture and function analysis
To measure the effector molecules, purified CD8+ T cells were stimulated with anti-CD3 and anti-CD28 mAbs in the presence of me-

tabolites (Table S1) or bacteria supernatants for 24 h at 37�C, and monensin (2 mM) were added during the last 4 h. Cells were then

harvested for detecting expressions of IFN-g, TNF-a and GzmB by flow cytometry. In some experiments, LaCl3 (60 mM), Tg (5 nM) or

DS16570511 (25 mM) were added. For proliferation assay, purified CD8+ T cells labeled with 2 mM of CTV were stimulated with anti-

CD3/CD28 mAbs (5/2 mg/mL) and 100 U/mL IL-2 in the presence of DCA or DMSO for 72 h. Cells were then harvested, and prolif-

eration was analyzed by CTV dilution.
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In vitro and in vivo cytotoxicity assay
In vitro cytotoxicity of CD8+ T cells was assessed using the xCELLigence Real-Time Cell Analyzer (RTCA) Multiple Plate system

(ACEA Biosciences), which monitors surviving adhesive target cells every 15 min. To blank the E-Plate 16 (Roche), we placed

50 mL assay medium to each well for background measurement. B16-OVA target cells (1 3 104 cells/well) in 100 mL assay medium

were added to the plate, whichwas then engaged into xCELLigence at 37�C. After 24 h, purifiedOT-1 CD8+ T cells (83 104 cells/well)

in 50 mL assay medium, which were pretreated with anti-CD3/CD28 mAbs (5/2 mg/mL) in the presence of metabolites or bacteria su-

pernatants for 48 h at 37�C, were added to the plate and co-cultured with B16-OVA target cells for another 72 h. The cell index re-

flected the number of surviving target cells, and was normalized to an equal value at the time point of addition of CD8+ T cells. As the

control, B16-OVA cells were cultured alone to measure spontaneous death under the same condition.

To assess in vivo cytotoxicity of CD8+ T cells, we purified OT-1 CD8+ T cells, and pretreated the cells with anti-CD3/CD28 mAbs

(5/2 mg/mL) in the presence of DCA or DMSO for 48 h at 37�C. After washing twice with PBS to remove DCA or DMSO, the cell counts

and viability of CD8+ T cells were assayed using trypan blue. A total of 33 105 live DCA- or DMSO-pretreated CD8+ T cells were then

co-injected (subcutaneously) with B16-OVA target cells (3 3 105 cells/mouse) into Rag1-/- mice. The tumor volume was monitored

every 2 days, and was calculated as (width2 3 length)/2.

Intracellular Ca2+ measurement
Purified CD8+ T cells were pretreated with anti-CD3/CD28mAbs (5/2 mg/mL) in the presence of DCA or bacteria supernatants for 24 h

at 37�C, and were loaded with Ca2+ indicator Fura-2, AM (2 mM) and pluronic F-127 (0.02%) in Ca2+-containing Ringer’s solution

(which consists of 140 mM NaCl, 5 mM KCl, 2 mMMgCl2, 2 mM CaCl2, 10 mM HEPES, 10 mM glucose) for 30 min at 37�C, followed

by washing twice with Ca2+-free Ringer’s solution. Cells were then resuspended in Ca2+-free Ringer’s solution, and Ca2+ measure-

ments were performed using a calcium imaging system consisting of a DG-5 wavelength switcher (Sutter Instrument), an ORCA-

Flash4.0 LT+ complementary metal oxide-semiconductor (CMOS) camera (Hamamatsu), and a Ti2 microscope (Nikon). Fura-2,

AM fluorescence was measured at 510 nm after excitation at 340 nm and 380 nm every 5 s, and intracellular Ca2+ was determined

as the F340/F380 emission ratio. To induce intracellular Ca2+ flux, 3 mM ionomycin was added to the cells after 60 s, and Fura-2, AM

fluorescence was recorded for another 460 s. For Ca2+ extrusion assay, Fura-2, AM fluorescence was recorded for 60 s, and 2 mMTg

was added to depleting ERCa2+ stores in the absence of extracellular Ca2+. Subsequent elevation of extracellular Ca2+ to 1mM led to

elevated intracellular Ca2+; upon reaching its peak, extracellular Ca2+ was again removed by addition of 3 mMEGTA to monitor intra-

cellular Ca2+ decay.

Free Ca2+ measurement
For measurement of free Ca2+ in medium, DMSO, DCA (0.5 mM), CaCl2 (0.5 mM) and EDTA (0.5 mM) were added to T cell culture

medium, and incubated for 2 h at 37�C. Themediumwas collected and the concentration of free Ca2+ wasmeasured using a Calcium

Assay Kit (key resources table) according to manufacturer’s instructions.

Construction of expression plasmids and transfection
NFAT-luciferase reporter plasmid contains an NFAT response element that drives the transcription of a firefly luciferase gene. The

plasmids were co-transfected with the Renilla luciferase plasmid (pRLTK) that controls for cell viability and transfection efficiency.

pLVX-mCherry was used to construct DCaM-AI by cloning into the cDNA encoding a deletion mutant of the C-terminal autoinhibitory

domain of the calcineurin catalytic subunit, which leads to a constitutive, Ca2+-independent phosphatase activity. These plasmids

were transfected into Jurkat cells using a Nucleofector Kit (key resources table) for Jurkat cells. After 24 h, the transfected cells

were stimulated with PMA/ionomycin (0.08/1.3 mM) in the presence of 150 mM DCA or DMSO for 24 h, followed by immunoblotting,

qPCR, and luciferase assays.

For immunoprecipitation, Flag-PMCA4, which contains a Flag-tag at N terminus, was generated by inserting PCR-amplified

PMCA4 (human: GenBank: NM_001684.5, mouse: Genbank: NM_213616.4) immediately after Flag within a pcDNA3.3 vector.

HEK293T cells were transfected with cloned pcDNA3.3 plasmids using PEI transfection reagent (key resources table). For

ATPase activity assay, truncations of the human PMCA4, including deleting residues 301-350 and C-terminal residues 1054-1205

of PMCA4 were generated by a standard two-step PCR using the synthetic gene. The full-length SERCA (Genbank:

NM_005173.4), PMCA4 and truncated constructs were cloned into pCAG vector with a C-terminal Flag-tag.

Lentivirus production and infection
The targeting sequence for human PMCA4 (Genbank: NM_001684.5) is as follows (50 to 30): CCCTTGATTTAGTTCCAGAAT. To pro-

duce lentivirus, a PLKO.1-GFP vector encoding shRNA specific to the target molecule was co-transfected with psPAX2 and pMD2.G

into HEK293T cells at a mass ratio of 2:2:1. The transfection reagent used was KeygenMax 3000 (key resources table). The medium

was replaced after 6 h. At 48 h post transfection, supernatants were collected and filtered through a 0.45 mm filtration system. The

viral supernatants were concentrated using Lenti-Pac� Lentivirus Concentration Solution (key resources table) according to the

manufacturer’s protocol. For Jurkat cells, viral infection was performed using spin-infection at 300 rpm at 37�C for 2 h with

10 mg/mL polybrene. Lentiviral-infected cells were sorted using a BD FACSAria III cell sorter. The knockdown of target proteins

was confirmed by immunoblot analysis.
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NFAT transcriptional activity assay
After PMA/ionomycin (0.08/1.3 mM) stimulation, the Jurkat cells co-transfected with NFAT-luciferase reporter plasmids and pRLTK

were collected, and both firefly and Renilla luciferase activity were measured using a dual luciferase assay system. The firefly lucif-

erase activity was normalized to the Renilla luciferase activity. In some experiments, DCaM-AI or empty vector was co-transfected

with NFAT-luciferase reporter plasmids and pRLTK.

Immunoblotting
Cells were collected, and lysed in Noidet P-40 (NP-40) lysis buffer with protease inhibitors (cOmplete Tablets EDTA-free and PMSF)

on ice for 30 min. The target protein was separated by SDS-PAGE and transferred to polyvinylidene fluoride (PVDF) membranes, fol-

lowed by blockade with 5% bovine serum albumin (BSA) for 30 min at room temperature. PVDF membranes were probed with pri-

mary antibodies overnight, and then probed with secondary antibodies conjugated to horseradish peroxidase (HRP) for 1 h at room

temperature. The following antibodies were used: mouse anti-NFAT2, mouse anti-b-actin, rabbit anti-phospho-Zap-70 (Tyr319)/Syk

(Tyr352), rabbit anti-phospho-PLCg1 (Tyr783), rabbit anti-phospho-LAT (Tyr220), rabbit anti-phospho-Src family (Tyr416), mouse

anti-Flag, rabbit anti-LaminB, mouse anti-GAPDH, HRP goat anti-mouse IgG, HRP goat anti-rabbit IgG (key resources table). The

ratios of nuclear NFAT2 to cytosolic NFAT2, p-Src to b-actin, p-Zap70 to b-actin, p-LAT to b-actin, and p-PLCg1 to b-actin were

quantified through densitometric analysis using ImageJ software. These values were presented in arbitrary units. To ensure compa-

rability, the relative ratios were normalized to their respective control groups.

Immunoprecipitation
HEK293T cells transfected with Flag-PMCA4b or empty vector were harvested and resuspended in 500 mL ice-cold IP buffer (25 mM

Tris-HCl, PH7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, 5% glycerol) containing protease inhibitors. Cells were lysed on ice for

30min, and lysateswere cleared by centrifugation. One-tenth of the volume of the lysate was set aside to be used as the input control.

The remaining lysates were incubated with 1 mM biotin-labeled DCA (key resources table) or biotin and gently rotated at 4�C for 1 h,

and were then incubated with streptavidin-sepharose beads (key resources table) at 4�C for 1 h. After five washes with IP buffer, pro-

teins bound to beads were eluted using loading buffer.

SPR assay
The binding kinetics and affinity of bile acids to hPMCA4 were analyzed by SPR with running buffer HBS-EP (10 mMHEPES [pH 7.4],

150 mM NaCl, 3 mM EDTA, and 0.5% [v/v] surfactant P20) at 25�C. hPMCA4 was diluted to 20 mg/mL in HBS-EP buffer, and was

covalently immobilized to a CM5 sensor chip via amine groups in 10 mM sodium acetate buffer (pH 4.5) for a final RU around

23000. Bile acids were serially diluted (from 6.25 to 0.09765625 mM) and injected onto a sensor chip at a flow rate of 30 mL/min

for 120 s (contact phase), followed by 360 s of buffer flow (dissociation phase). The binding kinetics were analyzed using 1:1 binding

model with the software Biacore� Insight Evaluation software (key resources table) and stead-state analysis of data at equilibrium.

ATPase activity assay
ATPase activities of PMCA4 and SERCA were measured using the ATPase colorimetric Assay Kit (key resources table) in 96-well

plates at OD650 nm. Briefly, 3 mg protein was added in the reaction buffer consisting of 25 mM HEPES-KOH, pH 7.4, 150 mM

KCl, 10mMMgCl2 and 0.01%DDM to 100 mL as one reaction sample. Reactions were performed at 37�C for 10min, and the amount

of released Pi was then quantitatively measured using the ATPase colorimetric Assay Kit. The control groups in the absence of pro-

teins were subtracted as background for each data points.

Electrophysiology
Jurkat cells were cultured on a glass coverslip, and then transferred into an external bath solution of 130 mM NaCl, 5 mM KCl, 1 mM

MgCl2, 2.5 mM CaCl2, 10 mM HEPES, and 10 mM glucose, pH 7.4. Borosilicate glass pipettes were filled with internal solution con-

taining 140 mM KCl, 10 mM NaCl, 1 mM CaCl2, 1 mMMgCl2, 11 mM EGTA and 10 mM HEPES. Whole-cell patch clamp recordings

were performed using Axopatch 200B patch-clamp amplifier (Molecular Devices) linked to a personal computer equipped with Dig-

idata 1550B data acquisition system (Molecular Devices). After seal formation, the membrane beneath the pipette was ruptured and

the pipette solution was allowed to dialyze into the cell for 10–15 min before recording the resting membrane potential in current-

clamp mode. After achieving a stable current recording for approximately ten minutes, add either DMSO or DCA to continue moni-

toring changes in current-clamp mode. Data were analyzed with Clampfit 10.7 (Molecular Devices) and OriginPro 2019 (OriginLab).

Immunohistochemistry
Paraffin-embedded tissues from CRC patients were sectioned longitudinally at 5 mm. Before staining, the sections were de-waxed

and rehydrated, followed by heat-induced antigen retrieval. Afterwards, the sections were incubated in 0.3% H2O2 for 20 min for

blockade of endogenous peroxidase, and were then incubated in blocking buffer (goat serum) for 30 min. Primary and secondary

antibodies were added, followed by counterstaining with hematoxylin. The following primary antibodies were used: rabbit anti-

GzmB, rabbit anti-IFN-g, and rabbit anti-TNF-a (key resources table).
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Quantitative reverse-transcriptionPCR
Total RNAwas extracted and purified from cells using TRIzol reagent and was transcribed to cDNA using HiScriptIII RT-SuperMix for

qPCR according to manufacturer’s instructions. qPCR was performed using ChamQ SYBR qPCR Master Mix (key resources table)

on the CFX384 Real-Time System, and primer pairs used for target genes are listed below:
RT-qPCR primers IDENTIFIER

hIFN-g-Forward:

TCGTTTTGGGTTCTCTTGGCT

N/A

hIFN-g-Reverse:

GGACATTCAAGTCAGTTACCGAA

N/A

hTNF-a-Forward:

CTCTTCTGCCTGCTGCACTTTG

N/A

hTNF-a-Reverse:

ATGGGCTACAGGCTTGTCACTC

N/A

hRpl13a-Forward:

CGAGGTTGGCTGGAAGTACC

N/A

hRpl13a-Reverse:

CTTCTCGGCCTGTTTCCGTAG

N/A

16S-Forward:

AGAGTTTGATCMTGGCTCAG

N/A

16S-Reverse:

CTGCTGCSYCCCGTAG

N/A

S122-Forward:

ACTAAGAAGCCCCGGCTAAC

Wen-Bing et al., 202248

S122-Reverse:

TTCGACAGTTTCCAATGCAG

Wen-Bing et al., 202248

C. scindens-Forward:

TGACGGTACYYNRKGAGGAAGCC

N/A

C. scindens-Reverse:

ACTACGGTTRAGCCGTAGCCTTT

N/A

B. fragilis-Forward:

CGAGGGGCATCAGGAAGAA

N/A

B. fragilis-Reverse:

CGGAATCATTATGCTATCGGGTA

N/A

BaiF-Forward:

TTCAGYTTCTACACCTG

N/A

BaiF-Reverse:

GGTTRTCCATRCCGAACAGCG

N/A
baiF quantification
Fecal samples were collected frommice or CRCpatients, andwere stored at -80�Cbefore processing. DNAwas extracted from fecal

samples with GeneJET PCR Purification Kit (key resources table) according to the manufacturer’s instructions, and normalized to

2 ng/mL. To quantify baiF relative to the total bacterial DCA in a sample, qPCR was performed for the 16S rRNA and baiF genes using

genomic DNA as templates.

Anaerobic bacterial isolation and culture
C. scindens and B. fragilis were isolated from human fecal samples. Briefly, fecal samples were diluted with PBS and seeded onto

agar plates (YCFA, which consists of 1 g/L casitone, 2.5 g/L yeast extract, 4 g/L NaHCO3 , 1 g/L cysteine, 0.45 g/L K2HPO4, 0.9 g/L

NaCl, 0.09 g/LMgSO4$7H2O, 0.09 g/L CaCl2, 1mg/L resazurin, 10mg/L haemin, 10 mg/L biotin, 10 mg/L cobalamin, 30 mg/L p-amino-

benzoic acid, 50 mg/L folic acid and 150 mg/L pyridoxamine, 0.5mg/L thiamine, 0.5mg/L riboflavin, 2 g/L glucose, 2 g/Lmaltose, 2 g/L

cellobiose, 33 mM acetate, 9 mM propionate, 1 mM isobutyrate, 1 mM isovalerate, and 1 mM valerate). After culture under strictly

anaerobic conditions (80%N2, 10%H2, and 10%CO2) in an anaerobic chamber at 37�C for 2 - 4 days, we picked individual colonies,

and performed 16S rRNA gene sequencing with universal primers (16S-27F: agagtttgatcmtggctcag, 1492R: tacggytaccttgttacgactt)

to enable taxonomic characterization.

C. scindens and B. fragilis were grown in Glfu Anaerobic Medium Broth. The bacteria were cultured under strictly anaerobic con-

ditions (80% N2, 10% H2, and 10% CO2) at 37
�C in an anaerobic chamber. In some experiments, CA (1.5 mM) was added.
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Bacteriophage isolation and amplification
Phage against C. scindens (named CS266P1) were isolated from human fecal samples. Phage against B. fragilis (named BF494P2)

were isolated from municipal sewage. Briefly, municipal sewage was centrifuged at 5000 rpm for 10 min at 4�C to remove any re-

maining solids. Human fecal samples were first resuspended with SM buffer (200 mM NaCl, 16 mM MgSO4 and 0.1 M Tris-HCl,

PH7.4), and centrifuged at 5000 rpm for 10 min at 4�C to remove any remaining solids. The supernatant was then sequentially filtered

through a 0.8 mmand a 0.2 mmPVDF filter. The processed sampleswere coculturedwithC. scindens orB. fragilis for three times. After

the third round of enrichment, the supernatant was centrifuged at 12000 rpm for 10 min at 4�C, and filtered through a 0.22 mm PVDF

filter. 500 mL of a culture of C. scindens or B.fragilis grown overnight was mixed with 4.5 mL of BHI top agar (0.4% agar) and poured

onto the surface of a BHI agar plate (1.5% agar). 2.5 mL of enriched droplets was spotted onto the bacterial overlay plate to detect the

presence of the phages. After overnight growth at 37�C, the resulting plaques were recovered using a sterile pipette tip in 500 mL SM

buffer. Phages were purified three times by the double-layer plate method to ensure that the phages were clonal isolates.

High-titer phage stocks were generated by adding 2 mL of the above phage to 5 mL C. scindens or B. fragilis culture and then

added to 45 mL BHI culture medium. After overnight growth at 37�C, the lysates were centrifuged at 12000 rpm for 10 min at

4�C. Supernatant was filtered through a 0.22 mm membrane filter and then measured the phage titer.

Apcmin/+ model
Gender-matchedApcmin/+ mice (6w) were randomly divided into 2 groups: Ctrl group and DCA group. Themice in Ctrl groupwere fed

with normal sterile drinking water, and the mice in DCA group were fed with DCA-containing sterile drinking water (0.2% w/v) and

refreshed every 3 days throughout the experiment. After 18w, themicewere sacrificed, and the small intestinal tissues were obtained

for analysis of tumors and CD8+ T cells.

Subcutaneous tumor model
5 3 105 MC38 cells were subcutaneously (s.c.) injected into the axilla of mice (male, 6–8 weeks) on day 0. The tumor volume was

calculated as (width2 3 length)/2. At the experimental end points, mice were sacrificed for tumor analysis. For DCA treatment,

mice were given 2.5 mM DCA daily by oral gavage or intraperitoneal injection throughout the experiment, starting from day -14.

For CD8+ T cell depletion experiment, mice were given intraperitoneally (i.p.) 200 mg of anti-CD8a-depleting antibody (key resources

table) weekly, starting from day -1.

For colonization withC. scindens orB. fragilis, mice were fed with an antibiotic cocktail (ABX, consisting of vancomycin, neomycin,

ampicillin, and metronidazole) for 1 w to deplete intestinal bacteria. The mice were then gavaged with 109 C. scindens or B. fragilis

every 2 days throughout the experiment. Where indicated, the mice were given 83 109 PFU ofC. scindens phage or B. fragilis phage

by oral gavage every 4 days. On day 0, the mice were injected (s.c.) with MC38 cells. For CHO treatment experiment, the mice in the

CHO group were fed with CHO-containing food (2.5%, w/w), while the vehicle group was fed with normal food. For colonization with

S122 or S122 mut, mice were fed with an ABX for 1 w. The mice were then gavaged with 109 S122 or S122 mut every 2 days

throughout the experiment, and were injected (s.c.) with MC38 cells on day 0.

In all bacterial colonization experiments, CA-containing water (2.s5 mM) was provided to all mice starting from the day of bacterial

colonization and continued until the experimental endpoints.

LC-MS
For the treatment of fecal samples, 30 mg fecal samples were homogenized in 200 mL of prechilled ultrapure water using a homog-

enizer. Then, 800 mL of prechilled methanol/acetonitrile (1:1, V/V) was added and thoroughly mixed by vortexing. The mixture under-

went ultrasonication for 10 min. Liquid nitrogen was then used to quench the sample for 1 min, followed by melting at room temper-

ature. This ultrasonication and quenching process was repeated three times. The resulting mixture was incubated at�20�C for 4-6 h

to facilitate protein precipitation. Afterward, centrifugation was performed at 13,000 rpm for 15 min at 4�C.
For treatment of serum samples, 30 mL serum samples were reconstituted in 120 mL of cold extraction solvent methanol/acetoni-

trile (1:1, V/V). Themixture was adequately vortexed and subjected to ultrasonication for 10min. It was then incubated at�20�C for 4-

6 h to precipitate proteins. Following this, centrifugation was performed at 13,000 rpm for 15 min at 4�C. The resulting supernatant

was then transferred to LC vials.

Bile acid quantification was conducted using either an AB ExionLCTM Liquid Chromatography system coupled to an AB 5600+

TripleTOF system or a Shimadzu LC-MS-MS-8050. In the case of the AB ExionLCTM system, separation was achieved using an

XBridge BEH C18 column (100mm3 2.1 mm i.d.; 2.5 mm). The mobile phase consisted of solvent A (0.1% formic acid, 10 mM acetic

acid amine in water) and solvent B (0.1% formic acid in 80%methanol and 20% acetonitrile). The gradient flow started at 35% B for

0.5 min, linearly increased to 60% B over the next 2.5 min, further linearly increased to 80% B over the subsequent 7 min, and then

linearly increased to 90%Bover the following 6min. It was then linearly decreased to 35%Bwithin the next 4.5min andmaintained at

this composition for an additional 2.5 min. Injection volumes were 5 mL for fecal and serum samples, and 1 mL for standards and su-

pernatant of bacteria. The analysis was performed in negative-ion mode, and data processing was done using Peak View 2.2 soft-

ware based on m/z values and sample retention time.

Alternatively, when employing the Shimadzu LC-MS-MS-8050 system, separation was conducted on a Waters ACQUITY UPLC

C18 column (100 mm 3 2.1 mm, 1.7mm), with solvent A (5 mM acetic acid amine in water) and solvent B (acetonitrile) as the mobile

phase. The gradient flow began at 10% B for 3 min, linearly increased to 60%B over the next 2 min, linearly increased to 90% B over
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the subsequent 4min and kept for 1min. It was then linearly decreased to 10%Bwithin the next 0.5min, and finally maintained at this

composition for an additional 3 min. The flow rate was set at 300 mL/min, the column temperature was maintained at 35�C, and the

injection volume was 1 mL. The mass spectrometer operated in a negative ion mode.

Bile acid metabolomics assays
30 mL of serum samples were reconstituted in 120 mL of cold extraction solvent methanol/acetonitrile (2:1, V/V, containing 1mMBHT,

CA-d4, Lyso PC17, GCA-C13 and L-2-chlorophenylalanine) to precipitate protein. The mixture was adequately vortexed and sub-

jected to ultrasonication for 5 min. Subsequently, centrifugation was carried out at 12,000 rpm for 10 min at 4�C. From the resulting

supernatant, 50 mL was taken and diluted twice with 50 mL of deionized water. The final samples were transferred to LC vials.

Bile acids were quantified with an AB Sciex Qtrap 5500/Nexera UHPLC LC-30A system. Separation was performed on a Phenom-

enex Kinetex C18 column (2.1mm3 100 mm, 2.6 mm) utilizing a gradient of solvent A (0.1% formic acid) and solvent B (0.1% formic

acid in methanol/acetonitrile/isopropanol, 1:1:1, V/V/V). The gradient flow started at 20% B for 0.5 min, linearly increased to 38% B

over the next 1 min, linearly increased to 50%B over the next 10.5 min, linearly increased to 95%B over the next 5.5 min and kept for

1.5min, linearly decreased to 20%B over the next 0.1 min, and finally maintained at this composition for an additional 1 min. The flow

rate was set at 450 mL/min, the column temperature wasmaintained at 45�C, and the injection volumewas 5 mL. Themass spectrom-

eter operated with a voltage of 5.5 kV in positive mode and 4.5 kV in negative mode. The ESI source conditions were set as follows:

ion source gas1 at 55, ion source gas2 at 55, and source temperature at 450�C.

Untargeted metabolomics assays
80 mg human fecal samples were reconstituted in 1 mL cold extraction solvent methanol/acetonitrile/H2O (2:2:1, v/v/v), adequately

vortexed, incubated on ice for 20min, and centrifuged at 14,000 g for 20min at 4�C. Supernatants were collected and flowed through

a 96-well protein precipitation plate, and then the elution was collected and dried in a vacuum centrifuge at 4�C. For LC-MS analysis,

the samples were re-dissolved in 100 mL acetonitrile/water (1:1, v/v) solvent and transferred to LC vials.

For untargeted metabolomics of polar metabolites, extracts were analyzed using a quadrupole time-of-flight mass spectrometer

(Sciex TripleTOF 6600) coupled to hydrophilic interaction chromatography via electrospray ionization in Shanghai Applied Protein

Technology Co., Ltd. LC separation was on a ACQUIY UPLC BEH Amide column (2.1 mm 3 100 mm, 1.7 mm particle size (waters,

Ireland) using a gradient of solvent A (25 mM ammonium acetate and 25 mM ammonium hydroxide in water) solvent B (acetonitrile).

The gradient flowwas set at 85%B for 1 min, linearly reduced to 65% in 11min, and then was reduced to 40% in 0.1 min and kept for

4 min, and then increased to 85% in 0.1 min, with a 5 min re-equilibration period employed. Flow rate was 400 mL/ min, column tem-

perature was 25�C, auto sampler temperature was 5�C, and injection volumewas 2 mL. Themass spectrometer was operated in both

negative ion and positive ionizations mode. The ESI source conditions were set as follows: Ion Source Gas1 as 60, Ion Source Gas2

as 60, curtain gas as 30, source temperature: 600�C, IonSpray Voltage Floating ± 5500 V. InMS acquisition, the instrument was set to

acquire over them/z range 60-1000 Da, and the accumulation time for TOFMS scan was set at 0.20 s/spectra. In auto MS/MS acqui-

sition, the instrument was set to acquire over the m/z range 25 - 1000 Da, and the accumulation time for product ion scan was set at

0.05 s/spectra. The product ion scan is acquired using information dependent acquisition with high sensitivity mode selected. The

parameters were set as follows: the collision energy was fixed at 35 V with ± 15 eV; declustering potential, 60 V and �60 V; exclude

isotopes within 4 Da, candidate ions to monitor per cycle: 10.

Whole-genome shotgun sequencing
Fecal samples were collected from 51 CRC patients. Whole-genome shotgun sequencing of fecal samples was performed on the

Illumina NovaSeq 6000 platform. The metagenomic samples underwent quality control using KneadData (https://bitbucket.org/

biobakery/kneaddata), a procedure built upon Bowtie261 and Trimmomatic.62 Reads of low quality and those aligning to the human

(hg37_and_human_contamination) reference database were discarded. Subsequently, high-quality reads were aligned to the inte-

grated gene catalog (IGC), which encompasses 9.9 million non-redundant microbial genes,63 through BWA mem64 (Version:

0.7.17-r1188) with default parameters. Alignments exceeding 50bp in length, possessing > 95% sequence identity, were selectively

retained. For each gene present in the IGC, its Reads Per Kilobase perMillionmapped reads (RPKM) valuewas calculated by dividing

the gene’s read count by the total read count and the gene’s length. The bai gene hits file (provided by Li and Durbin,64 bai gene

against IGC gene) facilitated the determination of bai gene abundance for each metagenomic sample. Differentially abundant micro-

bial species were identified using linear discriminant analysis effect size (LEfSe).

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are presented asmeans ± SEM. Statistical analyseswere performed using Prism 8.0 (GraphPad version 8). Specifically, two-tailed

unpaired t-test between two groups, one-way analysis of variance (ANOVA) and two-way ANOVA across multiple groups were used to

determine significance. For time-course analysis of tumor size, two-way ANOVAwas used. The correlations betweenCD8 effectormol-

ecules and DCA concentration or baiF expressionwere analyzed using linear regression. Statistical parameters were represented in the

Figure Legend of each Figure. P < 0.05 was considered significant. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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