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Materials and Methods

Murine studies

SPF C57BL/6 and BALB/c mice were purchased from Charles River. CXCR6
knockout mice were purchased from Jackson laboratory. CD1d knockout mice, LAP-tTA
and TRE-MYC mice have been previously described (/0). Germ-free mice were provided
by Dr. Romina Goldszmid (Cancer and inflammation program, NIH). Newly purchased
four-week old C57BL/6 or BALB/c mice were randomized into 5 mice/cage and housed
for one week to normalize gut microbiome. Then mice were assigned into H20 or ABX
treatment groups. Mice in the ABX group received three-antibiotic cocktail in the
drinking water containing vancomycin (Hospira, 0.5g/L), neomycin (VETone, 0.5g/L)
and primaxin (Merck&CO, 0.5g/L) as previously reported (3). In some experiments mice
were given single antibiotic water, and cefoperazone (MP Biomedicals) was given at the
concentration of 0.5g/L. Fresh antibiotic water was replaced every other day. After 3
weeks of ABX pretreatment, mice were challenged with different tumor cell lines. B16-
F1 and A20 cells were purchased from ATCC. EL4 cells were used as described (37).
1x10% EL4 tumor were given by s.c. or tail vein injection, 3 x10° B16-F1 tumor cells
were given by intrasplenic injection as described before (11), and 1x10° A20 tumor cells
were given by tail vein injection. In some experiments mice were fed with a 2%
cholestyramine diet made by Research Diets Inc (New Brunswick, NJ). Mice were
treated with 500 pg anti-CD4 (clone GK 1.5, BioxCell) or 200 pg anti-CD8 (clone 2.43,
BioxCell) 24 hrs before receiving tumor injection for depletion studies. For in vivo NKT
cell stimulation, 1x10° aGalCer-loaded A20 tumor cells in the combination of brefeldin
A (500 ug/mouse) were given by tail vein injection, and mice were sacrificed 3 hrs after
injection. aGalCer-loading was performed by incubate A20 cells with 1 pg/ml aGalCer
overnight followed by 3 times of washing. At the experimental end points, mice were
sacrificed for organ harvest. All experiments were conducted according local institutional
guidelines and approved by the Animal Care and Use Committee of the National
Institutes of Health, Bethesda, USA.

Flow cytometry

Cells were surface-labelled with the indicated antibodies for 15 min at 4 °C.
Intracellular staining using a Foxp3/transcription factor staining buffer set (eBioscience)
was used according the manufacturer’s instructions. Flow cytometry was performed on a
BD LSRFortessa platform and results were analyzed using FlowJo software version
9.3.1.2 (TreeStar). Dead cells were excluded by using live/dead fixable near-IR dead cell
staining kit (ThermoFisher scientific). The following antibodies were used for flow
cytometry analysis: anti-TCRB-BV510 (clone H57-587, Biolegend), PBS57/CD1d-
tetramer-APC (NIH core facility), anti-CXCR6-FITC (clone SA051D1, Biolegend), anti-
CD3-PE (clone 17A2, Biolegend), anti-CD4-PE (clone RM4-5, Biolegend), anti-CD4-
Alexa Fluor 700 (clone GK1.5, Biolegend), anti-CD8-BV210 (clone 53-6.7 Biolegend),
anti-CD19-PerCP/Cy5.5 (clone eBiol1D3, eBioscience), anti-CD49b (clone DXS5,
eBioscience), anti-TCRY/3-PE, (clone GL3, BD pharmigen), anti-CD11b-BV421 (clone
M1/70, Biolegend), anti-Ly6G-Alexa Fluor 700 (clone 1A8, Biolegend), anti-Ly6C-APC
(clone HK 1.4, Biolegend), anti-CD44-PE/Cy7 (clone IM7, eBioscience), anti-CD62L-
PerCP/Cy5.5 (MEL-14, Biolegend), anti-CD69-Pacific blue (clone H1.2F3, Biolegend),




anti-CD25-FITC (clone 7D4, BD pharmigen), anti-4-1BB-PE (clone 17BS5, Biolegend),
anti-Foxp3-Alexa Fluor 488 (clone 22F6, Biolegend), anti-Tbet-Pacific Blue (clone
4B10, Biolegned), anti-RORYy-PE (clone B2D, eBioscience), anti-PLZF-PerCP/Cy5.5
(clone 9E12, Biolegend), and anti-CD1d-PE (clone 1B1, eBioscience), anti-IFNy-PE
(clone XMG1.2, BD Biosciences), anti-TNFa-PerCP/Cy5.5 (clone MP6-XT22,
Biolegend). The following markers were used for identifying different immune cell
subsets: TCRB*CD1d-Teteramer” for NKT cells, CD3"CD4" for hepatic CD4" T cells,
CD3*CDS8" for CD8" T cells, CD3-CD19" for B cells, CD3-CD49b" for NK cells,
CD3*TCRy/8" for y/8 T cells, CD11b"Ly6G*Ly6C!° for G-MDSC. Absolute numbers
were calculated by multiplying frequencies obtained from flow cytometry by the total
live mononuclear cell count, and then divided by liver weight.

In vivo cytotoxcicity assay

Splenocytes isolated from naive C57BL/6 mice were loaded with aGalCer (1
pg/ml) then labelled with high dose of CFSE as target cells. Unloaded cells were labelled
with low dose of CFSE as control cells. Then CFSEM target cell and CFSE® controls cells
were mixed at about 1:1 ratio. 107 mixed cells were injected i.v. into ABX or H2O-treated
C57BL/6 mice. Sixteen hours later, mice were killed and cytotoxicity was analysed by
flow cytometry. r=(%CFSE"/ %CFSEM); r, is the ratio of mixed cells without injection;
% cytotoxicity=[1- (ro/r) [x100.

Immunohistochemistry and Quantification

Immunohistochemistry was performed on 3 pum sections obtained from formalin-
fixed paraffin-embedded liver tissues of H20 (n=5) or ABX (n=5) treated mice using the
Opal™ 5-color IHC Kit (PerkinElmer, Waltham, MA, USA) according to the
manufacturer’s instructions. The following primary antibodies were used: anti-CXCL16
(Bioss Antibodies, Woburn, MA, USA; bs-1441R, rabbit polyclonal, 1/4.000, Opal 620),
anti-LYVE1 (Abcam, Cambridge, UK; rabbit polyclonal, 1/15.000, Opal 520). Slides
were evaluated using the Vectra® 3 automated, high-throughput quantitative pathology
imaging system (PerkinElmer) and the inForm® software (PerkinElmer) for
segmentation and quantification of CXCL16"/LYVE1" cells.

Hepatic bile acid profiling

Fresh mice liver tissue was snap frozen in liquid nitrogen and then kept at -80 °C.
Hepatic bile acid composition was measured at West Coast Metabolomics Center at UC
Davis using the targeted metabolite analysis service.

Liver sinusoidal endothelia cell preparation and bile acids treatment

Primary mice liver sinusoidal endothelia cells were isolated as previously described
(38). Briefly, mice were CO2 euthanized, and then the portal vein was cannulated and the
liver was perfused with 0.05 % collagenase in Ca?* deprived medium. Liver cells were
dissociated and parenchymal cells were killed by incubation in 0.04 % collagenase in
Gey’s balanced salt solution at 37 °C for 15 minutes. Then density gradient centrifugation
was performed using Nycodenz solution at the final solution of 1.089 g/cm?®. LSECs were
isolated using anti-LSEC microbeads (Miltenyi) according to the manufacturer’s
instructions. LSECs or the human SK-HEP1 cell line (ATCC, HTB-52) were treated




with different bile acids for 24 hours. Gene expression was analyzed by real-time PCR.
TCA, CDCA, DCA, and TDCA were purchased from Sigma. T-B-MCA, ©o-MCA, and T-
®-MCA were purchased from Steraloids Inc.

In vivo bile acids feeding

Mice were kept on ABX cocktail and fresh ABX was replaced every other day.
Mice were fed with bile acids by oral gavage 48, 24 and 16 hrs prior to sacrifice. For
A20 tumor bearing mice, ®-MCA, LCA or CDCA were given 3 times/week. Bile acids
were dissolved in corn oil. ®-MCA and CDCA were given at the dose of 6 mg/15g body
weight, LCA was given at the dose of 1 mg/15g body weight.

Adoptive transfer of NKT cells.

Donor NKT-rich cells were isolated from livers of wild-type C57BL/6 mice by
autoMACs sorting of NK1.17 cells. Half million of NKT-rich cells were transferred into
CXCR67~ mice by tail vein injection. Two days later mice were scarified and the liver
accumulation of transferred NKT cells were measured by flow cytometry as
TCRB'CD1d-Teratmer"CXCR6" population.

Gut colonization with Clostridium scindens.

Mice were fed with vancomycin in drinking water (Hospira, 0.5g/L) for one week.
Fresh antibiotic water was replaced every other day. One week later vancomycin was
stopped, and the mice were given oral gavage of 10° C. scindens or vehicle (anaerobic
glycerol) every day for 5 days. C. scindens was purchased from ATCC (35704), and
grown under anaerobic conditions. One day after gavage, the colonization of C. scindens
were confimed by real-time PCR using primers specific for C. scindens. For A20 tumor
study, BALB/c mice were fed with vancomycin for one week. Then vancomycin was
stopped, and A20 tumor (1x10° cells) were injected i.v. Mice were given oral gavage of
10° C. scindens or C. innocuum (ATCC 14501) every day for 4 days. Then mice were
given a second round of vancomycin treatment for 4 days, followed by additional four
days of oral gavage of C. scindens or C. innocuum. Fourteen days after tumor injection,
mice were sacrificed and liver tumor burden was measured.

16S rRNA sequencing and analysis

Mouse stool DNA extraction and 16S V4 tregion amplification were performed on the
liquid handling robots (Eppendorf, epMotion5075 and epMotion 5073). The V4 region of
the 16S rDNA gene (515F-806R) was sequenced; generating partially overlapping,
paired-end reads on the Illumina MiSeq platform. After quality control filtering; a total of
3,979,728 reads were processed with an average of 132,657 reads per sample. The
demultiplexed FASTQ files containing the 16S rRNA gene sequences were filtered for
chimeric sequences using the USEARCH (version 8.1.1831) utility’s UCHIME
implementation and the ‘gold’ database (version microbiomeutil-r20110519). The reads
were then binned into Operational Taxonomic Units (OTUs) at 97% similarity using
USEARCH’s cluster otus command. The OTUs thus obtained were classified and
aligned using QIIME (1.9.1) scripts. The assign _taxonomy.py script was used to assign
taxonomy using the default RDP method and the default GreenGenes database. This
provided insight into the larger trends at higher taxonomic levels (such as order




Clostridiales). The 16S rRNA sequencing data was deposited into Sequence Read
Archive (SRA) public database with the accession number SRP136953.

Human studies

Non-tumor specimens derived from a set of 142 patients of the TIGER-LC
Consortium were used in this study (34). Transcript expression was measured using the
Affymetrix Human Transcriptome Array 2.0. Data has been deposited into the Gene
Expression Omnibus (GEO) public database at NCBI (GEO Series GSE76297). A total
of 718 biochemical metabolite species were measured by Metabolon's Discover HD4
Platform. All expression and metabolite data were log2 transformed. Pearson correlation
analysis was performed using GraphPad Prism 7 to determine correlation between
CXCLI16 gene expression and selected metabolites. Due to the missing information
cuased by detection limitations, 85 valid patient data were used to correlate CDCA and
CXCL16 expression.

Statistical analysis

The sample sizes for animal studies were guided by previous murine studies in our
laboratory. Statistical analysis was performed with GraphPad Prism 7 (GraphPad
Software). The significant differences between groups were calculated by Student’s
unpaired t-test, one-way, or two-way ANOVA (Tukey’s and Bonferroni’s multiple
comparison test). Welch’s corrections were used when variances between the groups
were unequal. P < 0.05 was considered as statistically significant.
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Fig. S1.

Removing gut commensal bacteria inhibits liver tumor growth. (A) The efficacy of ABX
to remove gut bacteria was confirmed by quantifying stool bacterial load using real-time
PCR to detect 16S rRNA gene. Data represent mean + SEM of two pooled experiments.
(B, C) Serum ALT and AST levels in mice treated with ABX or H20. Data represent
mean + SEM of two pooled experiments. n=7. (D, E) Liver weight and representative
H&E staining of liver sections of the MYC-ON mice described in Figure 1A. Data
represent mean = SEM of two pooled experiments. n=5 for H20, 6 for ABX. p<0.05,
Student’s t-test. (F) Growth curve of s.c. EL4 tumors in mice treated with ABX or H20.
n=5. (G, H) ABX or H20 pretreated mice were given tail vein injection of B16 tumor
cells. Lung metastasis was measured. Data represent mean + SEM of two pooled
experiments. n=10, p<0.05, Student’s t-test. (I, J) Liver weight and representative H&E
staining of liver sections in mice received tail vein injection of A20 tumor cells. n=4,
p<0.05, Student’s t-test.
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Fig. S2

Depleting gut commensal bacteria increases hepatic NKT cells. (A) Frequencies of
immune cell subsets in liver infiltrating mononuclear cells from EL4-tumor bearing mice
treated with ABX or H20 described in Figure 2A. Data represent mean = SEM of three
pooled experiments. n=15 for EL4-H20, 20 for EL4-ABX. p<0.05, two-way ANOVA.
(B)Absolute numbers of hepatic NKT, CD4 T and CD8 T cells in MYC mice described
in Figure 1A. Data represent mean + SEM of two pooled experiments. n=5 for H20, 6 for
ABX. p<0.05, two-way ANOVA. (C) Frequencies of NKT cells in the liver and spleen of
EL4 tumor-bearing mice treated with ABX or H20. n=15 for EL4-H20, 20 for EL4-
ABX. p<0.05, two-way ANOVA. (D, E) Liver weight and hepatic NKT cell absolute
number per liver of C57BL/6 mice treated with ABX or H20 for 3 weeks. Data represent
mean + SEM of two pooled experiments. n=9 for H20, 10 for ABX, p<0.05, Student’s t-
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test. (F) Male C57BL/6 mice were fed with ABX or H20. Hepatic NKT cells were
measured. Data represent mean + SEM of two pooled experiments. n=5 for H20, 10 for
ABX. p<0.05, Student’s t-test. (G) Frequencies of NKT cells in the liver and spleen of
tumor-free BALB/c mice treated with ABX or H20. n=5, p<0.05, two-way ANOVA
(H) Frequencies of NKT cells in the spleen of naive C57BL/6 mice. Data represent mean
+ SEM of two pooled experiments. n=9 for H20, 10 for ABX. (I) CXCR6" liver
infiltrating mononuclear cells in tumor-free BALB/c mice after ABX or H20 treatment.
Data represent mean + SEM of two pooled experiments. n=5, p<0.05, Student’s t-test. (J)
Representative CD44 and CD62L staining of CXCR6" CD4 or CD8 T cells in liver. (K,
L) Frequency of effector/memory CD4 Tor CD8 T cells in liver of tumor-free C57BL/6
mice treated with ABX or H20. Data represent mean £ SEM of two pooled experiments.
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Fig. S3

Phenotyping NKT cells and CD4 T cells after removing gut commensal bacteria. (A)
Representative CD44 and CD62L staining of hepatic NKT cells. (B) Frequencies of
CD69" NKT, CD4 T and CD8 T cells in the liver and spleen from EL4-tumor bearing
mice. Data represent mean = SEM of three pooled experiments. n=15 for EL4-H20, 20
for EL4-ABX. (C) MFI of CD69 in hepatic NKT cells is shown. Data represent mean +
SEM of three pooled experiments. n=15 for H20, 18 for ABX. (D, E, F) CD69*, CD25%,
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and 4-1BB* levels of NKT and CD4 T cells in liver and spleen from tumor-free C57BL/6
mice. n=5, two-way ANOVA. (G, H, 1, J, K) BALB/c mice fed on vancomycin or H20
were given i.v. injection of 10° a-galactosylceramide-loaded A20 tumor cells (Gal/A20)
in the combination of brefeldin A (500 pg/mouse). Three hours later [IFN-y (G, H),

TNF a (I), CD69 (J) and 4-1BB(K) were measured by flow cytometry. n=9, p<0.05,
Student’s t-test. (L, M) In vivo cytotoxicity analysis of NKT cells of ABX-or H20 treated
mice. Representative histogram of CFSE-labelled cells isolated from livers 16 hrs after
injection were shown (L). Quantification was shown in M. n=5 for H20, 4 for ABX.

(N) NKT1 (T-bet"PLZF°), NKT2(T-bet°®PLZF"), and NKT17(T-bet°PLZF™™) levels in
hepatic NKT cells are shown. (O, P) T-bet", PLZF*, and RORy" level of NKT cells in the
liver or spleen of tumor-free C57BL/6 mice after ABX or H20 treatment. n=5, p<0.05,
two-way ANOVA. (Q) MFI of PLZF in hepatic NKT cells is shown. n=5, p<0.05, two-
way ANOVA. (R, S) T-bet, Foxp3 and RORy" level of CD4 T cells in the liver or spleen
of C57BL/6 mice treated with ABX or H20. n=5.
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Fig. S4

NKT cells mediate gut microbiome-controlled liver tumor growth. (A, B, C) Liver
weight, hepatic CD4 T and CDS8 T cell levels of the mice received lymphocyte depletion

described in Figure 3A. n=16 for H20, 14 for ABX, 13 for antiCD4+anti-CDS, 5 for anti-
CDS. p<0.05, one-way ANOVA. (D) CD1d expression level in B16, A20 and EL4 tumor
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cells was determined by flow cytometry. (E) Representative of hepatic NKT staining in
CXCR67- and CD1d”" mice. (F, G, H) Wildtype, CXCR67, and CD1d"- mice were
treated with ABX or H20 for 3 weeks. Then mice were given intrasplenic B16 tumor cell
injection. Liver metastases were measured. Representative images are shown. Data

represent mean + SEM of two pooled experiments.
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Fig. S5
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Fig. S5

A CXCL16/CXCR6 axis controls hepatic NKT cells. (A) MFI of CXCR6 in hepatic NKT
cells from ABX or H2O treated mice. Data represent mean = SEM of two pooled
experiments n=9 for H20, 10 for ABX. (B) Real-time PCR analysis of CXCL16 mRNA
levels in lung tissue from mice treated with ABX or H20. Data represent mean = SEM of
two pooled experiments n=5, p<0.05, Student’s t-test. (C) CXCL16-expressing plasmid
was delivered into mouse liver by hydrodynamic injection. Hepatic NKT cell levels were
measured by flow cytometry. n=4, p<0.05, Student’s t-test. (D, E) Mice were fed with
2% cholestyramine diet (CHOL) or a control diet (Con) as described in Figure 4D. (D)
Frequencies of hepatic NKT, CXCR6*, CD4 T and CDS8 T cells were determined. (E)
Liver tissue CXCL16 mRNA levels of the mice were measured by real-time PCR. Data
represent mean = SEM of two pooled experiments. n=5 for Con, n=10 for CHOL.
p<0.05, two-way ANOVA (D) or Student’s t-test (E). (F) Hepatic NKT cells were
measured from A20 tumor-bearing mice fed with vancomycin (Vanco) or H>O with the
treatment of LCA, CDCA, or with the combination of forced CXCL16 expression by
hydrodynamic injection. Data represent mean £ SEM of two pooled experiments. (G, H)
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Liver surface tumor counts and Hepatic NKT cells were measured from A20 tumor-
bearing mice fed with vancomycin or H20 with the treatment of ®-MCA, anti-CD4
depletion or the combination. (I) CXCR6” mice treated with H,O, ABX or with the
combination of LCA were given adoptive transfer of NKT-rich cells isolated from wild-
type mice. The level of transferred NKT cells was measured by flow cytometry as
TCRB'CD1d-Tetramer"CXCR6" population. Data represent mean = SEM of two pooled
experiments. (J, K) Frequencies or absolute number of hepatic NKT cells were measured
in Germ-free mice or matched SPF mice on C57BL/6 (J) or BALB/c (K) background.
Data represent mean + SEM of two pooled experiments. (L) Hepatic NKT levels of
TLR4 knockout mice or matched wt mice were measured. (M, N, O) Mice were treated
with vancomycin, neomycin, cefoparazone or H20. Frequencies of hepatic NKT, CD4 or
CDS8 T cells were measured. Data represent mean = SEM of three pooled experiments.
n=18 for H20, 14 for vancomycin, 14 for neomycin, and 10 for cefoperazone. (P) The
stool levels of Clostridum Cluster XIVa from single antibiotic treatment were measured
by real-time PCR. n=4 for H20, 10 for vancomycin, 5 for neomycin, p<0.05, one-way
ANOVA.
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Fig. S6
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Fig. S6

Clostridium species-controlled bile acid metabolism regulates hepatic NKT cells. (A, B,
C, D, E, F, G, H) Mice were treated with vancomycin for one week. Then vancomycin
was stopped, and mice were given oral gavage of C. scindens or vehicle (A). Twenty-four
hours after gavage, colonization was tested by real-time PCR with C. scindens-specific
primers (B). Stool bacteria were analyzed by 16S rRNA sequencing. Alpha diversity (C)
and beta diversity (D) are shown. In the cessation group, the time course of stool levels of
Clostridium Cluster XIVa bacteria was measured by real-time PCR(E). Hepatic CD8" T
cell levels under different conditions were measured (F). The correlation between hepatic
NKT cells and C. scindens levels was tested (G). At the day 2 time point, hepatic bile
acid compositions from different conditions were measured (H). (I, J) Correlation
between bile acids and CXCL16 expression was tested in non-tumor liver tissues from
patients of TIGER cohort. Pearson correlation coefficient test was used.
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