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Supplementary Materials

Materials and Methods
Mice

1m11(KOMPVIes glele on @ C57BL/6 background were

Mice lacking Ge-globulin (Ge™) carrying the Ge
purchased from KOMP repository. Mice with inserted loxP site upstream of the exon 3 of Vdr
allele (Vdr™<) on a C57BL/6 background were purchased from The Australian Phenome Bank

at the Australian National University. Villin®®

mice were crossed to mice carrying the Vdr-floxed
allele at the Francis Crick Institute to generate VdrYt® strain that lacks VDR expression in gut
epithelium. Cgas™ mice carrying the Cgas'™'2EUCOMMHmauicsOn gjlale on a C57BL/6 background
were imported from the MRC Human Immunology Unit, Weatherall Institute of Molecular
Medicine, University of Oxford, John Radcliffe Hospital as CRUK import. The above mice, as
well as Rag1™”, Batf3", Tap1™", lfngr”, Ifnar”, Myd88", Trif"~ and wildtype (WT) C57BL/6J were
bred and maintained in specific-pathogen free (SPF) conditions in the Biological Research
Facility (BRF) at The Francis Crick Institute. WT C57BL/6J (The Francis Crick Institute), C57BL/6J
(Charles River) and C57BL/JolaHsd (Envigo) are maintained at the CRUK Manchester Institute.
C57BL/6 germ free (GF) mice were bred and maintained at the at the Frederick National
Laboratory Gnotobiotics Facility for the National Cancer Institute (NCI), NIH. Mouse genotypes
were determined using quantitative PCR with specific probes designed for each gene

(Transnetyx, Cordova, TN).

Mice were used at 6 - 21 weeks of age for experiments. For tumor challenge, males and females
were used as we did not observe sexual dimorphism (not shown). However, in any one
experiment, mice were sex-matched and randomly assigned to treatment or control groups.
Mice of different genotypes were littermates and/or separately housed or co-housed in groups
for a minimum of 3 weeks before experiments as stated in the figure legends. Animal experiments
that were conducted in the UK were performed in accordance with national and institutional
guidelines for animal care and were approved by the Francis Crick Institute and CRUK
Manchester Institute Biological Resources Facility Strategic Oversight Committee (incorporating
the Animal Welfare and Ethical Review Body) and by the Home Office, UK. Animal experiments
that were conducted in US were approved by the Institutional Animal Care and Use Committee
of National Cancer Institute and were conducted in accordance with the IACUC guidelines and

the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
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Diets

Mice at the Francis Crick Institute were fed with the commonly used standard chow diet (Teklad
Global 18% protein rodent diet, 2018S, Envigo) that contains standard VitD concentration (2
IU/g). Mice at the CRUK Manchester Institute were fed with the commonly used standard chow
diet (Teklad Global 18% protein rodent diet, 2018, Inotiv) that contains standard VitD
concentration (1.5 IU/g). Mice were fed for 3.5 weeks with modified diet to restrict or enhance
VitD levels (66). For this, VitDP*"*" (VitD 0 IU/g, TD.89123, Teklad custom diet, Envigo), VitD""
(VitD 10 IU/g, TD.98234, Teklad custom diet, Envigo) or control VitDS"? (VitD 2 IU/g,
TD.110798, Teklad custom diet, Envigo; similar to Teklad Global diet at the Francis Crick
Institute) were used. VDR*®® and littermate control mice were maintained on a VitD*"®* diet
supplemented with 2% calcium, 1.25% phosphorus and 20% lactose (VitD 2 1U/g, TD.210810,
Teklad custom diet, Envigo) to mitigate the osteomalacia-like effects of abrogating VitD
responsiveness in gut epithelium (35). For experiments, some VDR and littermate control mice
groups were switched to VitD"9" diet (VitD 10 1U/g, TD.210811, Teklad custom diet, Envigo).

Administration of antibiotics

For depletion of microbiota, 0.5 g/L vancomycin (Fisher Scientific, AC296990050), 1 g/L
metronidazole (Sigma, M3761) or 1 g/L neomycin (Sigma, N6386) was provided in autoclaved
drinking water (changed twice per week) in the presence of sweeteners (Sweet'N Low, 93200)

starting 2 weeks before tumor implantation and continuing throughout the study.

Fecal matter transplantations

Freshly or snap frozen (stored at -80°C) stools of similar size were collected from donor mouse
strains. The stools were resuspended in PBS (1 fecal pellet/1mL PBS) and 200ul of the dissolved
fraction was administered via oral gavage on day -14 and day -12 to mice prior to tumor
inoculation on day 0. The recipient mice were deprived of food for 2 hours before and 30 minutes

after each fecal transplantation.

Microbial culture and administration to mice
Bacteroides fragilis (NCTC 9343; ATCC 25285) and Prevotella brevis GA 33 (ATCC 19188) were

procured from the American Type Culture Collection and cultured at 37°C under anaerobic
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conditions in a vinyl anaerobic chamber (CQOY) inflated with a gas mix of approximately 12%
carbon dioxide, 86% nitrogen and 2% hydrogen. Prior to the experiment, bacteria were pre-
cultured twice, once in modified Gifu anaerobic medium broth (NGAM, HyServe) and then in
brain heart infusion broth (BHI, Sigma-Aldrich) supplemented with 5ug/mL hemin and 0.5pug/mL
Vitamin K (BBL™ Vitamin K1-Hemin Solution, BD Biosciences). For generating aliquots to be
administered to mice, microbes were inoculated into a larger culture volume (500mL and 1 litre
supplemented BHI) and grown overnight to an optical density of approximately 2. Bacterial
cultures were harvested under anaerobic conditions by centrifuging at 4000 rpm for 20 min and
the pellet was washed twice with PBS. Microbial pellets were then adjusted to a cell density of
10° bacteria/200puL in PBS containing 25% glycerol, aliquoted in 200 pl aliquots and stored at -
80°C. Viability and purity was tested by plating on mGAM agar plates and observing under a
microscope.

Microbial species or vehicle (25% glycerol in PBS) were administered via oral gavage on
day -14, day -12 and day -10 to mice under the hood, two weeks prior tumor inoculation (day 0).

The recipient mice were deprived of food for 2 hours before and 30 minutes after each gavage.

Quantification of bacteria by gqPCR

Mouse fecal samples were collected 2 weeks after colonisation with B. fragilis or vehicle, snap
frozen in liquid nitrogen and stored at -80°C. Genomic DNA was isolated from fecal samples
using the QlAamp DNA Stool Mini Kit (Qiagen) following the manufacturer’s instructions.
Targeted gPCR was performed using the SYBR Green PCR Master Mix (ThermoFisher) on a
QuantStudio 7 Flex Real-Time PCR System (ThermoFisher). The following primers (oligo
sequence 5’-3°) and probes were used. B.fragilis 16rBRNA gene forward primer:
TGATTCCGCATGGTTTCATT and reverse primer: CGACCCATAGAGCCTTCATC (717). Universal
16S rRNA forward primer: ACTCCTACGGGAGGCAGCAGT and reverse primer:
ATTACCGCGGCTGCTGGC (72). B. fragilis abundance was calculated relative to universal 16S

using 24t method.

Tumor cell injections

Tumor cell lines (5555 Braf'®"°f (Caetano Reis e Sousa, The Francis Crick Institute (73)), MCA-
205 (George Kassiotis, The Francis Crick Institute) and MC-38 (ENH204-FP, The Francis Crick
Institute)) were grown in RPMI 1640 (Thermo Scientific-gibco, 31870025) containing 10% FCS
(Sigma, F0926-500ML), 2 mM glutamine / 100 units/mL penicillin / 100mg/mL streptomycin
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(Thermo Scientific-gibco, 10378016) 50mM 2-mercaptoethanol (Thermo Scientific-gibco,
31350010). All media and media supplements were from Life Technologies except for FCS
(Source Bioscience). Tumor cells were dissociated with 0.25% trypsin (Thermo Scientific-gibco,
15090046) and washed three times in PBS. The final cell pellet was resuspended and diluted in
endotoxin-free PBS (between 0.2 x 10° to 0.5 x 10° cells per 100pl) and injected s.c. in the shaved
right flank of each recipient mouse. Tumor growth was monitored every 2 to 3 days, and the
longest tumor diameter () and perpendicular width (w) were measured using digital Vernier
calipers; tumor volume was calculated using the formula (74): length x width?/ 2 and is expressed
as mm?®. Mice that were poorly injected and did not subsequently develop tumors through the

course of the study were excluded from the analysis.

In vivo administration of immune-checkpoint blockade therapy

For immune-checkpoint therapy in vivo, anti-PD1 monoclonal antibody (clone RMP1-14,
BioXCell, BE0146) or rat IgG2a isotype control (clone 2A3, BioXCell, BEO089) was administered
i.p. at 200ug / 200mL PBS per mouse from day 3 post-tumor cell transplantation, every 3 days
up to a maximum of six doses. Alternatively, mice received anti-CTLA-4 monoclonal antibody
(clone 9D9, BioXCell, BP0164) or rat IgG2b isotype control (clone MPC-11, BioXCellBEOO86)
50pg / 200mL i.p. on days 6, 9 and 12.

In vivo CD8 T cell depletion

For CD8* T cell depletion, mice received 300ug / 200mL of anti-CD8 (clone 2.43, BioXCell,
BE0061) or rat IgG2b isotype control (clone LTF-2, BioXCell, BEO0QO0) i.p. from 3 days prior to
inoculation of tumor cells and followed twice per week until the end of the experiment (days: 1,
4,7,10, 13, 16, 19, 22).

Analysis of immune populations in the tumor tissue

Tumors were excised at the indicated days after cell transplantation. Tumor weight of individual
tumors was determined using a microscale. For subsequent analysis by flow cytometry, tumors
were cut into pieces and digested with 200 U/mL collagenase IV (Worthington, LS004188) and
100mg/mL DNase | (Roche, 11284932001) for 60 min at 37°C. Tissue was passed through a 70
pm cell strainer (Falcon), washed with FACS buffer (PBS with1% FCS and 2mM EDTA) and cells
were incubated with Fc block (CD16/32, clone 2.4G2, BD Biosciences, 553141) for 10 min in 4°C

before proceeding with antibody mediated staining.
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For the ex vivo analysis of T cells, a total of 5x10° isolated cells were treated with 50
ng/mL PMA (Sigma, 16561-29-8), 1 ug/mL ionomycin (Santa Cruz, 56092-82-1) and 1x brefeldin
A (eBioscience, 00-4506-51) in complete RPMI medium and incubated for 4 h in Corning 96-well
plates. Cell suspensions were stained with LIVE/DEAD Fixable Blue Dead Cell dye (Life
Technologies, L34962) according to manufacturer’s protocol and subsequently stained with the
following antibodies: BV785-CD45.2 (104, Biolegend, 109839, AB_2562604, 1:200 dilution),
APC/Cy7 TCRpB (H57-597, Biolegend, 109220, AB_893624, 1:100 dilution), BV605-CD8a (53-6.7,
Biolegend, 100744, AB_2562609, 1:200 dilution), PerCP/Cy5.5-CD4 (RM4-5, BD Biosciences,
553052, AB_394587, 1:200 dilution), APC-CD44 (IM7, BD Bioscience, 559250, AB_398661,
1:200 dilution). Cells were fixed and permeabilized using the Fixation/Permeabilisation buffer-
Foxp3 Kit (E-Biosciences, 00-5523-00) according to the manufacturer’s protocol. For
intracellular staining, samples were stained in permeabilization buffer using the following
antibodies. FITC-IFNy (XMG1.2, BD Pharmingen, 554411, AB_395375, 1:100 dilution), Pacific
Blue-GZMB (GB11, Biolegend, 515408, AB_2562196, 1:200 dilution), PE-FOXP3 (FJK-16s, E-
Bioscience, 12-5773-82, AB_465936, 1:200 dilution). Quantification of total cell numbers by flow
cytometry was done using beads (Beckman Coulter). Samples were acquired on a Fortessa X20
B (BD Biosciences). Data were analysed using FlowJo software. After gating on single, live
CD45.2* cells, immune cell populations were defined the following: CD4* and CD8* T cells (CD8a
CD4* and CD4°CD8a* as a proportion of gated live CD45.2*TCRp*), CD44", IFNy* and Foxp3*
CD4*T cells (CD44", IFNy* or Foxp3* as a proportion of gated live CD45.2*TCRB*CD8a CD4"),
CD44*, IFNy* CD8a* T cells (CD44* or IFNy* as a proportion of gated live CD45.2*TCRB*CD4"
CD8a").

Analysis of intestinal lamina propria lymphocytes and gut-associated lymphoid tissues

Mouse small intestine, cecum and colon were collected in IMDM (Thermo Scientific-gibco,
21980-082) containing 5% FCS. In the case of the small intestine, Peyer's patches were
removed. Mouse intestines were cut longitudinally and carefully washed with PBS to remove
fecal particles. Mucus was carefully removed from the intestines by scraping with a scalpel
blade. Then, the intestines were vortexed (5 seconds) in ice-cold PBS and the supernatant was
discarded. Intestinal tissues were placed in Falcon tubes with pre-warmed IMDM containing 1%
FCS, 5 mM EDTA, 1X pen-strep (Thermo Scientific-gibco, 15140-122), 10 mM HEPES (Thermo
Scientific-gibco, 11360039), 1X glutamine (Thermo Scientific-gibco, 25030-081) and 2mM DTT

(Invitrogen, Y00147) and were incubated at 37°C for 20 min in shaking incubator to remove
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epithelial cells. Supernatant were removed and the tissues were washed with cold IMDM/PBS.
Small intestines were cut in pieces of 0.5cm length and were placed in Falcon tubes with pre-
warmed IMDM medium containing 1% FCS, 1X pen-strep, 10 mM HEPES, 1X glutamine, 1
mg/mL Collagenase VIl (Sigma, C2139-1G) and 33.3 pg/mL DNAse | (Roche, 11284932001) and
were incubated at 37°C for 10 min in a shaking incubator. Colon and cecum samples were cut
in pieces and were placed in Falcon tubes containing pre-warmed IMDM medium containing 1%
FCS, 1X pen-strep, 10 mM HEPES, 1X glutamine, 0.42 mg/mL Liberase (Roche, 05401020001)
and 33.3 pg/mL DNAse | (Roche, 11284932001) and were incubated at 37°C for 30 min in a
shaking incubator. FACS buffer was added to inhibit enzymatic activity and subsequently the
tissue suspensions were passed through 100um cell strainer on top of a 50-mL tubes using a
syringe plunger to force any remaining tissue through the strainer. Cell suspensions were
centrifuged at 600g for 10 min, the supernatants were discarded and the cell pellets were
resuspended in 40% (v/v) Percoll diluted in IMDM (GE Healthcare,17-0891-01) and were
centrifuged at 450g for 8 min. Percoll was aspirated and the remaining cells were restimulated
with 50ng/mL PMA, 1 pg/mL ionomycin and 1x brefeldin A in complete RPMI medium and
incubated for 4 h in Corning 96-well plates.

For the ex vivo analysis of intestinal lamina propria lymphocytes, cell suspensions were
stained with LIVE/DEAD Fixable Blue Dead Cell dye (Life Technologies, L34962) according to
manufacturer’s protocol and subsequently stained with the following antibodies: BV785-CD45.2
(104, Biolegend, 109839, AB_2562604, 1:200 dilution), APC/Cy7 TCRpB (H57-597, Biolegend,
109220, AB_893624, 1:100 dilution), PE-Cy7-TCR-delta (GL3, Biolegend, 118124,
AB_11203530, 1:100 dilution), BV605-CD8a (53-6.7, Biolegend, 100744, AB_2562609, 1:200
dilution), CD4 BV785 (RM4-5, Biolegend, 100551, AB_11218992, 1:200 dilution). Cells were fixed
and permeabilized using the Fixation/Permeabilisation buffer-Foxp3 Kit (E-Biosciences, 00-
5523-00) according to the manufacturer’s protocol. For intracellular staining the samples were
stained in permeabilization buffer using the following antibodies: PE-FOXP3 (FJK-16s, E-
Bioscience, 12-5773-82, AB_465936, 1:200 dilution), Pacific blue-IL17A (TC11-18H10.1,
Biolegend, 506918, AB_893545, 1:100 dilution), APC-IL22 (IL22JOP, Invitrogen, 17-7222-82,
AB_10597583, 1:100 dilution), FITC-IFNy (XMG1.2, BD Pharmingen, 554411, AB_395375, 1:100
dilution). Quantification of total cell numbers by flow cytometry was done using beads (Beckman
Coulter). Samples were acquired on a Fortessa X20 B (BD Biosciences). Data were analyzed
using FlowJo software. After gating on single, live CD45.2* cells, immune cell populations were
defined the following: CD4* and CD8* T cells (CD4* and CD8a* as a proportion of gated live
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CD45.2*'TCRdelta- TCRB"), IFNy*, IL22* and IL17A* CD4* T cells (IFNy*, IL22" or IL17A" as a
proportion of gated live CD45.2* TCRdelta TCRB*CD4*), CD8*IFNy* T cells (IFNy* as a proportion
of gated live CD45.2* TCRdelta TCRB*CD8a*), TCRyd* T cells (gated on live CD45.2*TCRp"
TCRdelta*), IFNy*, IL22* and IL17A" TCRyd*cells (IFNy*, IL22* or IL17A" as a proportion of gated
live CD45.2*TCRB TCRdelta*), ILCs (gated on live CD45.2*TCRB TCRdelta), IFNy*, IL22* and
IL17A* ILCs (IFNy*, IL22* or IL17A" as a proportion of gated live CD45.2* TCRB TCRdelta).
Small intestine and colon samples were prepared using the “Swiss roll” technique, fixed
in 4% paraformaldehyde and stained with hematoxylin and eosin. Images were obtained with
10x magnification using Slide Scanner (Zeiss Axio Scan.Z1). Gut-associated lymphoid tissues
(GALT) were semi-quantitatively assessed blindly by two board-certified veterinaries using a gut-
associated lymphoid tissue scoring system, with a score from 0 — 2 (0 = absent to minimal; 1 =
moderate hyperplasia; 2 = marked hyperplasia). Morphologically, a marked GALT score was
given when there were abundant and/or single hyperplastic lymphoid follicles containing a wide

germinal center with apoptotic and mitotic figures.

Gut permeability assay

Mice were fasted for 4 hours prior to oral administration with 12mg of freshly prepared 4 kDa
fluorescein isothiocyanate (FITC)-dextran (Sigma-Aldrich) in PBS. As a positive control of
increased gut permeability, WT mice were treated with 2% DSS (MP biomedicals) in drinking
water for 5 days prior to FITC-dextran administration. Blood was collected 30min after oral
gavage via the tail vein. At 3 hours post injection, mice were culled, and blood was collected
from the heart. As a negative control, blood was sampled from a WT mouse that was not injected
with FITC-dextran. Blood was centrifuged at 1,000g for 10 min at 4°C, and serum was diluted
1:2 in PBS. 100yl of diluted serum and standards (0-200 mg/mL) were plated in duplicates, and
fluorescence was measured using a Tecan spectrophotometer (Tecan Group Ltd.) at an

excitation wavelength of 485nm and emission wavelength of 535nm.

Generation of bone marrow chimeras

CD45.1 or CD45.1.2 WT mice were exposed to two doses of 6.6Gy y-irradiation with a 5-hour
interval. The following day the mice received i.v. 2x10° BM cells from CD45.2 WT or Myd88™"
mouse donors in 200uL PBS. The mice were placed on acidified drinking water 1 week prior to
and 5 weeks following irradiation. Subsequently, reconstituted chimeric mice were returned to

non-acidified drinking water for 3 weeks before FT from WT or G¢” mice (week 8 post-BM
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transplantation). Chimeric mice were challenged s.c. with tumors at two weeks post-fecal
transplantation as described above.

Mice were bled once by venipuncture of a superficial blood vessel to assess bone marrow
chimerism in blood cells before they received the first fecal transplant as follows. Mouse blood
was mixed with EDTA (0.5M) and Fc block at 4°C for 10 min and subsequently stained with
LIVE/DEAD Fixable Blue Dead Cell dye (Life Technologies, L34962, 1:500 dilution) according to
manufacturer’s protocol and subsequently stained with the following antibodies: APC-CD45.1
(A20, Invitrogen, 17-0453-82, AB_469398, 1:400 dilution), PE Cy7-CD45.2 (104, Biolegend,
109830, AB_1186103, 1:400 dilution), BV785-CD3 (145-2C11, Biolegend, 100355, AB_2565969,
1:100 dilution), PE-CD19 (1D3, BD Pharmigen, 553786, AB_395050, 1:400 dilution), Pacific Blue-
Gr1 (RB6-8C5, Biolegend, 108430, AB_893559, 1:200 dilution), BUV395-CD11b (M1/70, BD
Biosciences, 563553, AB_2738276, 1:400 dilution), AF700-MHC-II (I-A/I-E) (M5/114.15.2, E-
Bioscience, 56-5321-82, AB_494009, 1:400 dilution), ef780-CD11c (N418, E-Bioscience, 47-
0114-82, AB_1548652, 1:100 dilution). Cells were fixed using the red blood lysis solution kit (BD
FACS Lysing Solution 10X, 349202) as described in manufacturer’s protocol. Samples were
acquired on a FACSymphony cell analyzer (BD Biosciences). Quantification of total cell numbers
by flow cytometry was done using beads (Beckman Coulter). Samples were acquired on a
Fortessa X20 B (BD Biosciences). Data were analyzed using FlowJo software. CD45.1" and
CD45.2* cells were defined as a proportion of single, live granulocytes (CD3*CD19°"MHCII'CD11c”
CD11b*GR1%), mononuclear phagocytes (CD3"*CD19"MHCII*CD11c*), B cells (CD3'CD19*) or T
cells (CD19°CD3").

DSS-induced colitis model

Colitis was induced by the addition of 2% DSS (Thermo Scientific, J14489.22) to the
drinking water for 7 days, and were monitored, daily, for weight loss and disease progression.
Moderate severity limits were imposed, with 20% weight loss or two moribund characteristics
judged to be the severity threshold. Mice were euthanized at day 7 post-DSS administration or
earlier if the symptoms of clinical disease (significant weight loss or diarrhea) became apparent.
Colitis progression was assessed using the Disease Activity Index (DAI), as previously described
(75).

Large intestines were fixed in 4% paraformaldehyde and hematoxylin and eosin staining
was performed on 5um paraffin-embedded cut serial sections (caecum-colon-rectum). Images

were obtained at 20x magnification using Slide Scanner (Zeiss Axio Scan.Z1). Colitis severity
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was assessed blindly using a histological scoring system as described previously (75). In
addition, spleen mass and colon length were measured to assess the severity of intestinal

inflammation.

Western blot

Dissected tissues from VDR"" and VDR*E® were snap frozen in liquid nitrogen and stored at -
80°C until required. 20-40 mg of each tissue was homogenized in lysis buffer (Cell Lysis Buffer
(10X, Cell Signaling Technology), cOmplete Protease Inhibitor Cocktail (Sigma Aldrich), Halt
Protease & Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific), PMSF Protease Inhibitor
(Thermo Fisher Scientific)) using QIAGEN TissueLyser LT (50 Hz, 10 min). Protein suspensions
were centrifuged twice (1000 x g, 2 min, and 10,000 x g, 10 min) and supernatants harvested.
Protein concentrations were determined using Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific) per the manufacturer’s instructions. Equal quantities of protein from VDR"" and
VDR* Ctissues (25 pg small and large intestine, 50 ug kidney, and 100 pg spleen) were denatured
at 75°C for 10 min in 50 mM DTT and NuPage LDS Loading Dye (4X, Thermo Fisher Scientific).
Samples were run on 7.5 % Mini-PROTEAN TGX Pre-cast Protein Gels in Tris/Glycine/SDS
buffer alongside Precision Plus Protein Dual Color Standards (all Bio-Rad) for 60 min at 100 V.
Protein transfer to 0.2 pm PVDF membrane was performed using the Trans-Blot Turbo Transfer
System (Bio-Rad) per the manufacturer’s instructions. Membrane was blocked in 5 % milk in
Tris-buffered saline with 0.1 % Tween (TBST) for 1 h at room temperature (RT) before addition
of Vitamin D3 Receptor (D2K6W) Rabbit mAb (1:2000, Cell Signaling Technology) in 5 % milk in
TBST overnight at 4°C. After three washes in TBST, membrane was incubated with GAPDH
(14C10) Rabbit mAb (1:5000, Cell Signaling Technology) in 5 % milk in TBST for 1 h at RT. After
three washes, VDR and GAPDH were detected using secondary anti-rabbit IgG-HRP (7074S)
(1:2000, Cell Signaling Technology) in 5 % milk in TBST for 1 h at RT. Membrane was incubated
with SuperSignal West Pico PLUS chemiluminescent signal (Thermo Fisher Scientific) and

imaged using an Amersham ImageQuant 800.

Quantification of Vitamin Ds; metabolites in serum using supercritical fluid
chromatography-Mass spectrometry (SFC-MS)

Supercritical fluid chromatography-mass spectrometry (SFC-MS) was used for the measurement
of VitD; metabolites in mouse serum based on the elution time of isotope-labelled VitD; internal

standards (supplemental table 3). Serum samples (200uL) were spiked with 20uL of internal
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standard 125 ng/mL in methanol 25-HydroxyvitaminDs(6,19,19-d3) (Sigma, 705888) and
incubated for 10 min on ice. Acetonitrile (500pL, HPLC grade) was added to samples and
vortexed for 1 min to precipitate protein and dissociate vitamin D metabolites from vitamin D
binding proteins. Samples were centrifuged at 12,700 rpm for 10 min at 4°C and the supernatant
(SN1) was transferred to a clean Eppendorf 1.5 mL tube. The pellet was re-extracted with 500uL
of acetonitrile, vortexed and centrifuged (12,700 rpm, 10 min at 4°C). The supernatant (SN2) was
transferred and combined with SN1. Combined SN extracts were dried under a gentle stream of
nitrogen. Ethyl acetate (200pL) and ultrapure water (100uL) were added to the dry samples,
vortexed for 1 minute, and centrifuged (12,700 rpm, 5 min at 4°C). The upper organic layer (OL1)
was transferred to a new Eppendorf 1.5 mL tube while the aqueous layer was re-extracted by
adding 200pL ethyl acetate. Samples were vortexed, centrifuged (12,700 rpm, 5 min at 4°C) and
the organic layer (OL2) was combined with OL1. The OL fractions were dried under a gentle
stream of nitrogen and reconstituted in 50uL of methanol. Samples were stored at -20 °C
(overnight) or -80°C (short term) until further SFC-MS analysis.

The SFC separation of 1 L injection volume was performed using a Waters Acquity UPC2
system, coupled to a Waters Xevo TQ-S micro QqQ MS detector (Waters Corporation, USA),
with a CSH fluoro-phenyl column (50 x 2.1 mm, 1.7 pm) set at 50 °C and the ABPR (automated
back pressure regulator) at 1500 psi. The mobile phase was CO; (A) and methanol (B) flowing at
a 1 mL/min rate. The elution started at 2% B, maintained for 0.95 min, followed by an increased
to 5% at minute 1.08 and maintained until minute 2.67. Methanol was increased to 10%,
maintained from minute 3.65 to 5.1, and finally returned to 2% at minute 5.61, with a re-
equilibration of 59 seconds. Methanol with 0.2% ammonium formate at 0.25 mL/min flow rate
was used as make-up solvent to enhance the ionization process for vitamin D3 metabolites
before entering the MS. Multiple reaction monitoring (MRM) was used for vitamin Dz metabolite
detection, using positive electrospray ionization mode (ES+) with MRM channels, parent and
daughter ions, cone voltage and collision energies shown in Supplemental Table 3. Capillary
voltage was set to 3.5 kV, desolvation flow to 1000 L/Hr and desolvation temperature to 500 °C.
Data were recorded using MassLynx V4.2 and analysed using TargetLynx XS V4.2 software.

The developed method was subject to validation by assessing the following parameters:
selectivity, linearity, limits of detection (LOD) and quantification (LOQ), recovery, accuracy and
precision. Vitamin D depleted charcoal stripped serum (Golden West Biologicals Inc.), certified
for vitamin D UHPLC-MS/MS applications was used as control matrix for validation experiments.

Linearity was evaluated from 2.5 to 1000 ng/mL (final concentration in serum from 0.625 to 250
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ng/mL). The LOD and LOQ were set using a signal-to-noise ratio of 3 and 10, respectively. Three
controls, at low (10 ng/mL), medium (50 ng/mL) and high (500 ng/mL) concentrations, were used
to assess recovery, accuracy and precision in triplicate on four non-consecutive days. Samples

with poor recovery of the internal standards were excluded from the analysis.

Shallow shotgun metagenomic sequencing of fecal matter

Transnetyx Microbiome kits containing barcoded sample collection tubes were provided
by Transnetyx (Cordova, TN, USA). Mouse fecal samples were placed in individual
tubes containing DNA stabilization buffer to ensure reproducibility, stability, and traceability, and
shipped for DNA extraction, library preparation, and sequencing by Transnetyx (Cordova, TN
USA). DNA extraction was optimized and fully automated using a robust process
for reproducible extraction of inhibitor-free, high molecular weight genomic DNA that captures
the true microbial diversity of stool samples. DNA extraction is performed using the Qiagen
DNeasy 96 PowerSoil Pro QlAcube HT extraction kit and protocol. After DNA extraction and
quality control (QC), genomic DNA was converted into sequencing libraries using a method
optimized for minimal bias. Unique dual indexed (UDI) adapters were used to ensure that reads
and/or organisms are not misassigned. Library preparation is performed using the KAPA
HyperPlus library preparation protocol. After QC, the libraries were sequenced using the lllumina
NovaSeq instrument and the shotgun sequencing method (a depth of 2 million 2x150 bp read
pairs), which enables species and strain level taxonomic resolution. FASTA/Q files are available
upon request.

Analysis of shotgun sequencing data was performed using JAMS_BW package (v1.8.0)
(76) with its Jan 2022 database publicly available in GitHub as described (77, 78). Taxonomy was
expressed as the last known taxa (LKT), or the taxonomically lowest unambiguous classification
determined for each query sequence, using Kraken’s confidence scoring threshold of
5x107° (using the --confidence parameter); p = phylum, ¢ = class, o = order, f = family, g = genus,
s = species. Relative abundance for each LKT within each sample was obtained by dividing the
number of base pairs covering all contigs and unassembled reads pertaining to that LKT by the
total number of non-host base pairs sequenced for that sample. Relative abundances were
expressed as PPM. Gene product annotations were obtained using Prokka. Low abundant
features were filtered if they were not >50 PPM (taxonomy) or >5 PPM (gene product) in at least
5% of samples. For taxonomy, information must come from >70% contigs in at least 50% of

samples and taxon genome completeness must be >5% in at least 5% of samples.
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For each feature obtained from the shotgun metagenomic sequencing, p values were
calculated using the Mann-Whitney-Wilcoxon U test on PPM relative abundance for that feature
in samples for the following pairwise comparisons: WT + VitD;5%"% yg. Ge” + VitDgSteder
performed for two independent experiments; WT + VitD;"9" vs. Ge™ + VitD3""; WT + VitDgStdar
vs. WT + VitD;"9". A meta-analysis method was used to determine common features associated
with changes in the tumor growth phenotype. Fold change was calculated using median within
each group and then averaged (mean) across groups when indicated as Combined. Features
that agreed in directionality of differences across individual comparisons were considered for
the meta-analysis. The combined p value (cp) for meta-analysis of across-group comparisons
was calculated using Fishers p value. For each feature type, the cut-offs for the meta-analysis

were as followed: p-value< 0.2, CP< 0.1, FDR<0.15.

RNA sequencing of colon

Mouse colon was harvested and homogenized in Precellys lysing kit (Bertin Instruments,
P0O000917-LYSKO-A) and Precellys 24 tissue homogenizer (Bertin Instruments, P000062-
PEVOO0-A). RNA was extracted from the homogenized tissue using the RNeasy Mini Kit (QiaGEN,
74106).

Biological replicate libraries were prepared using the polyA KAPA mRNA HyperPrep Kit
and sequenced on lllumina HiSeq 4000 platform, generating ~53 million 75bp single end reads
per sample. The RSEM package (79) (version 1.3.30) in conjunction with the STAR alignment
algorithm (79) (version 2.5.2a) was used for the mapping and subsequent gene-level counting of
the sequenced reads with respect to Ensembl mouse GRCm.38.89 version transcriptome.
Normalization of raw count data and differential expression analysis was performed with the

DESeq2 package’ (version 1.24.1) within the R programming environment (version 3.6.0).

Vitamin D and cancer risk epidemiological study in Danish population

The aim of the analysis was to estimate hazard ratio of cancer by site given vitamin D
measurement measured at least one year before cancer diagnosis using data from the Danish
health registries covering the period 2008-2017. The described analyses combine data from the
Central Person Registry, the Cancer Registry and the Register of Laboratory Results for
Research (48, 49). The study is based on data from the Danish nationwide registers

(https://sundhedsdatastyrelsen.dk [sundhedsdatastyrelsen.dk]), which does not require ethical

permission. The Danish Act on Processing of Personal Data has been followed.


https://urldefense.com/v3/__https:/sundhedsdatastyrelsen.dk__;!!PDiH4ENfjr2_Jw!A5HluhG9Of_uN3ZKb15oVb2xxPdF60yY9JiRHBBc-GKW4_IQchxWt0OwZjqb0egqppXqZxIYqORBa6nHtXstqO-Cf0N1zvzMNcZa4w$
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Central Person Registry: Personal identifiers on everybody in Denmark. Data currently
available from 2.4.1968 until 31.12.2018. Cancer Registry: Data on all cancers diagnosed in
Denmark, currently available from 1.1.1943 until 31.12.2017. Register of Laboratory Results for
Research (RLRR). The RLRR covers all regions of Denmark and includes the results of
biochemistry and immunology tests taken at hospitals and general practitioners with data from
2008 and onwards. The Cancer Registry contains data on all cancers diagnosed in Denmark
from the 1940s and onwards. The study population consisted of all individuals living in Denmark
between 2008 and 2017 with at least one serum measurement of 25-OHD (NPU10267 (P-25-
Hydroxy-Vitamin D(D.+Ds)) who were living in Denmark in the period from one year before the
first sample and had never had a cancer diagnosis at the time of the first sample. Exposure was
defined based on the first 25-OHD measurement in RLRR. Follow-up started one year after
sample was taken since vitamin D might be measured as part of testing connected to diagnosis.
People who died, emigrated, or had cancer in the first year after the first sample were excluded.
The first vitamin 25-OHD measurement in the Register of Laboratory Results for Research
starting follow-up one year after sample was taken since vitamin D might be measured as part
of testing connected to diagnosis. A total of 1,496,766 individuals had at least one 25-OHD
measurement with a usable, non-missing result during 2008 and 2016 and satisfied the inclusion
criteria. Among these, 38,905 individuals had measurements above 125 nmol/L that are
considered too high and might cause health problems. Because of this restriction individuals
with 25-OHD values above 125 nmol/L are excluded resulting in a final study population of
1,457,861 individuals. Median length of follow-up (starting one year after sample was taken) was
2.9 years (IQR: 1.3-5.1). Characteristics of individuals including sex, age, year of sample

collection and Charlson’s comorbidity index are available upon request.

Bioinformatic analysis of human tissues and cancer patient data
Normalized read counts for VDR expression were downloaded from the Genotype-Tissue

Expression (GTEX) resource Biobank [https://gtexportal.org]. RSEM normalised gene expression

data was downloaded from TCGA [https://gdac.broadinstitute.org/ ] for 21 cancer datasets. All

analysis were run using R version 3.6.1. Healthy samples and replicates samples were removed.
Only one tumor sample per patient was taken forward for downstream analyses. A Vitamin D-
VDR gene signature consisting of 237 genes was generated using primary VDR target genes that
have been identified using ChIP-sequencing in primary human cells following in vitro stimulation

with 1,25-(OH),D (71, 42-46) (Supplemental Table 2). Where fold change of gene expression was


https://gtexportal.org/
https://gdac.broadinstitute.org/
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reported, genes were selected based on log.Fold Change>1.5. The human cell types used
include the monocytic THP1 cell line, blood mononuclear cells, fibroblasts, cancer-associated
fibroblasts, hepatic stellate cells, colorectal cancer cells and lymphoblasts. From these 237
genes, 223 were present in the TCGA datasets (Supplemental Table 2) and patients were ranked
using the sum of the 223 gene Vitamin D-VDR signature. Patients in the top and bottom quartiles
were used to draw the survival plots. To assess the effect of age, sex and stage on the survival,

forest plots were generated with the full data using the ‘survminer’ package (https://CRAN.R-

project.org/package=survminer). In the CP1000* cohort (47) 230 genes (Supplemental Table 2)

were presented and their sum expression was used as the Vitamin D-VDR signature and its
expression was compared across groups that exhibited differential response to immune
checkpoint inhibitors (CPI). Based on the advice from leading oncologists in Memorial Sloan
Kettering Cancer Centre (MSKCC), “Exceptional response” to CPI was defined as complete (CR)
or partial response (PR) with more or equal to 24 months survival, whereas “Rapid Progressor”

was defined as disease progression (PD) with overall survival (OS) of less than 3 months.

Quantification and statistical analysis

Most statistical analyses were performed using GraphPad Prism software (GraphPad).
Statistical tests are listed in the associated figure legends. Statistical significance between two
groups was determined using an unpaired two-tailed Student’s t test with Welch Correction.
Statistical analyses for two or more groups were done by one- or two-way ANOVA followed by
Bonferroni multiple-comparison post hoc correction. One-way ANOVA was used to compare
average means of two or more groups obtained in a single time point. Two-way ANOVA was
used to compare average means of two or more groups over time (tumor growth profile, mouse
weight and disease activity curves) or average median of multiple groups of different genotypes
(colon length, spleen mass, alpha diversity). The Log-rank “Mantel-Cox” (for two group
comparison) and “for trend’ (for multiple group comparison) tests were used to determine
statistical significance for incidence of tumor rejection or overall survival in mice and cancer
patient data from TCGA. In the gene-enrichment analysis using genes were ranked by the Wald’s
test false discovery rate (FDR)-adjusted p were calculated. PERMANOVA was used to compare
taxa diversity between two groups. Differentially expressed genes were defined as those
showing statistically significant differences between genotype and treatment groups (FDR
<0.05). Gene lists ranked by the Wald statistic were used to look for pathway and biological

process enrichment using the Broad’s GSEA software (version 2.1.0) with gene sets from


https://cran.r-project.org/package=survminer
https://cran.r-project.org/package=survminer
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MSigDB (80) (version 6). Frequency of tumour stages were compared between groups using Chi-
squared test. Time from one year after first vitamin D.+D3; sample until first diagnosis of cancer
was analyzed by a Cox regression model using age as the underlying time scale and adjusting
for sex, age at sample and Charlson’s comorbidity index calculated based on the five years
before the sample was taken (Quan 2005). Data are shown as mean+SD or mean+SEM or
median or hazard ratios with 95% confidence intervals as indicated in the figure legends.

Significance was assumed with *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.
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Supplementary Fig. 1. Gc”~ mice exhibit microbiome-dependent tumor resistance in

absence of intestinal barrier disruption or inflammation. (A-B) Growth profile of 0.2 x 10°
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5555 Braf'®®* cancer cells implanted into: (A) Separately housed WT C57BL/6J (n=12) and co-
housed WT (n=12) and G¢™ (n=12) groups of mice. Data are representative of two independent
experiments. (B) Separately housed groups of WT or Gc” mice that received or not
metronidazole (1 g/L) or neomycin (1 g/L) in the drinking water starting from 2 weeks prior to
tumor inoculation. WT (n=10), G¢”* (n=10), WT + metronidazole (n=9), Gc”~ + metronidazole
(n=10), WT + neomycin (n=11), G¢”~ + neomycin (n=10). (C-D) Separately housed groups of G¢’
(n=8) and Gc** (n=8) littermate control mice inoculated with 0.2 x 10® 5555 Braf'®®*® cancer
cells. (C) Representative H&E images of small intestine and colon samples (scale bar, 250 pm).
(D) Quantification of immune infiltrates and gut-associated lymphoid tissues in histology samples
from (C). (E) WT or G¢™ mice (n=6 mice per group) fed with VitD; standard (2 1U/g) or VitD; high
(10 1U/g) diet for 3.5 weeks were gavaged with FITC-dextran and fluorescence was measured in
plasma 3h later. (F-I) Quantification of (F) total or (G-I) the indicated immune cell populations in
(G) small intestine, (H) caecum and (l) colon of separately housed groups of WT C57BL/6J (n=9)
or Ge™”” (n=9) mice. Data in (A-B) are presented as tumor volume (mm?® + SEM and are from one
experiment. Data in (D) are presented as median of lymphoid tissue score and are from one
experiment. Data in (E) are presented as mean + SEM from two independent experiments. Data
in (F-1) are presented as mean frequency (left) or numbers of cells (right) from three independent
experiments. Tumor growth profiles (A-B) were compared using Bonferroni-corrected two-way
ANOVA. Groups in (E) were compared using Bonferroni-corrected one-way ANOVA. Groups in
(D, F-l) were compared using two-tailed unpaired t test with Welch’s correction. *p<0.05,

**p<0.01, ***p< 0.0001; ns, not significant.
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Supplementary Fig. 2. Gc deficiency does not alter sensitivity of mice to DSS-induced
colitis. (A-D) Separately housed WT C57BL/6J mouse groups (n=10 per group) that received FT
from WT C57BL/6J or G¢”~ donors (on days -14 and -12) prior to administration or not of 2%
DSS (day 0) in the drinking water. DSS-induced colitis was measured after 7 days of switching
to DSS water. (A) Representative H&E images of transversely cut colon segments (scale bar, 250
pm). (B) Histopathological scoring of colitis severity. (C) Quantification of normalised colon mass
(left) and disease activity index (right) measurement over time following DSS administration. (D)
Quantification of colon length (cm) (left) and spleen mass (mg) (right) over time following DSS
administration. Data in (B-C) are presented as mean + SEM, data in (D) are presented as median
and are from one experiment. Data in (B-D) were compared using Bonferroni-corrected two-way
ANOVA. *p<0.05, *p<0.01, ***p< 0.0001; ns, not significant.
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Supplementary Fig. 3. Fecal transplants from G¢”- mice augment tumor control dependent
on CD8* T cells and MyD88. (A-B) Growth profile of 0.2 x 10° 5555 Braf'®®* cancer cells
implanted into the indicated separately housed groups of mice that received (on days -14 and -
12 prior to tumor inoculation) FT from WT C57BL/6J or Ge™~ donors. (A) WT + WT FT (n=10), WT
+ Gc” FT (n=10), Tap1” + WT FT (n=10), Tap?” + Gc™” FT (n=10). (B) WT + WT FT (n=9), WT +
Gc™” FT (n=10), Cgas™ + WT FT (n=11), Cgas” + G¢” FT (n=11), Trif”" + WT FT (n=10), Trif" +
Gc” FT (n=11), Myd88™ + WT FT (n=9), Myd88" + Gc™” FT (n=10). (C) Quantification of the
indicated immune populations in the blood of irradiated CD45.1 WT mice whose bone marrow
(BM) was reconstituted using BM from CD45.2 WT or Myd88™ donors. WT (WT BM) + WT FT
(n=11), WT (WT BM) + Gc™ FT (n=12), WT (Myd88™ BM) + WT FT (n=10), WT (Myd88" BM) G¢c™
FT (n=10). Data in (A-B) are presented as tumor volume (mm® + SEM. Data in (A) are
representative of two independent experiments. Data in (B) are from one experiment apart from
the growth profiles of WT and Myd88” mice that are representative of two independent
experiments. Data in (C) are presented as mean frequency + SEM and are representative of two
experiments. Data in (A-C) were compared using Bonferroni-corrected two-way ANOVA. ***p<
0.001, ***p< 0.0001; ns, not significant.
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Supplementary Fig. 4. Mice with increased VitD dietary supplementation develop
microbiome-dependent transmissible tumor resistance. (A) Quantification of VitDs
metabolites in the serum of separately housed groups of WT C57BL/6J (n=5 per group) or G¢c”
(n=5 per group) mice that were fed with VitD; standard (2 IU/g), deficient (0 1U/g) or high (10 IU/g)
diet starting from 3.5 weeks. (B-E) Growth profile of 0.2 x 10° 5555 Braf'®* cancer cells
implanted into: B) Separately housed groups of C57BL/6J germ-free (GF) mice (n=10 per group)
that were fed with VitD; deficient (2 1U/g), or high (10 1U/g) diet starting from 3.5 weeks prior to
tumor inoculation. (C) Separately housed groups of C57BL/6J WT mice (n=10 per group) that
were fed with VitD; standard (2 1U/g), or high (10 1U/g) diet starting from 3.5 weeks prior to tumor
inoculation and received or not vancomycin (0.5 g/L) in the drinking water starting from 2 weeks
prior to tumor inoculation. (D) C57BL/6J WT mice (n=10 per group) that received FT (on day -14
and -12) from donors treated as in (C). (E) C57BL/6 mice were purchased from two different
commercial vendors [C57BL/6JOlaHsd2 Envigo (n=10 per group], [C57BL/6J Charles River
(n=10 vs. n=9)] or were procured from the Crick [C57BL/6J Crick (n=8 vs. n=8)] and separately
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housed at CRUK Manchester Institute (CRUK MI). All groups received FT (on day -14 and -12)
from C57BL/6J Crick donors that were fed with VitDs; standard (2 1U/g) or high (10 1U/g) diet.
Data in (A) are presented as mean concentration + SEM and are from one experiment. Data in
(B-E) are presented mean tumor volume (mm?® + SEM and are from one experiment. Data in (A-

p<

*kkk

E) were compared using Bonferroni-corrected two-way ANOVA. *p<0.05, **p<0.01,

0.0001; ns, not significant.
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Supplementary Fig. 5. RNA sequencing of the colon of WT mice fed with standard or high

VitD diet. (A-D) RNA sequencing of colons from separately housed groups of WT C57BL/6J
mice (n=5 per group) that were fed with VitDs; standard (2 IU/g) or high (10 IU/g) diet for 3.5

weeks. (A) Gene expression profile (heatmap) of individual colon samples. (B) Gene ontology
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biological process (GOBP) analysis in the high (VitD;"" diet) comparing to the (VitDs;*" diet)
group of colon samples mapped to Gene Ontology Biological Process (GOBP) database. (C-D)
Proportion of CIBERSORT-gene signatures of (C) myeloid and (D) lymphoid immune populations
within individual colon samples. Gene expression in (A) is presented as normalized read counts
across samples for each gene (z-scores). In (B) all genes were ranked by the Wald’s test and
FDR-adjusted p values (q values) were calculated. In (A-B), data are normalized gene expression
in (A) and normalized enrichment score in (B) with positive values in red, negative values in blue.
In (C-D) data are presented as frequency mean + SEM of gene signatures within a sample. In (C-
D) frequency means of gene signatures between groups were compared using Bonferroni-

*kkk

corrected two-way ANOVA. p< 0.0001; ns, not significant. Data in (A-D) are from one

experiment.
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Supplementary Fig. 6. Bacterial taxonomic diversity in the fecal matter of mice with high
or low VitD availability. (A-D) Sequenced bacterial taxa diversity (A, C) within (alpha diversity,
inverse Simpson index) and (B, D) across (beta diversity, principal component analysis) fecal
samples from separately housed groups of WT C57BL/6J or G¢”~ mice that were fed with VitDs
standard (2 IU/g) or deficient (0 1U/g) (A, B) or VitDs standard (2 1U/g) or high (10 IU/g) (C, D) diet
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for 3.5 weeks. (A, B) WT + VitD;%"% (n=10), Gc™ + VitD;%*"%*? (n=9), WT + VitD;"*"*" (n=10),
Gc™ + VitD""*™ (n=10). (C-D) WT + VitD;>*"* (n=12), Gc” + VitD;¥*"%" (n=11), WT + VitD5"o"
(n=13), Gc™ + VitDs"9" (n=13). Data in (A, C) are presented as inverse Simpson index box-and-
whisker plots with median, 25" and 75" percentiles represented by the box and min/max by
the whiskers and are from one experiment. Data in (B, D) are presented as projected data of
variances of two individual principal components (PC1 and PC2). Inverse Simpson indexes (A,
C) were compared using Bonferroni-corrected two-way ANOVA. Taxa composition between
groups in (B, D) were compared using PERMANOVA. *p<0.05, **p<0.01, **p<0.001, ***p<
0.0001; ns, not significant.
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Supplementary Fig. 7. Phylum abundance in the fecal matter of mice with high or low VitD
availability. (A-B) Relative abundance bar plots of bacterial phyla in fecal samples from
separately housed groups of WT C57BL/6J or G¢c”~ mice that were fed with VitD; standard (2
IU/g) or deficient (0 1U/g) (A) or VitDs standard (2 1U/g) or high (10 IU/g) (B) diet for 3.5 weeks. (A)
WT + VitDaS2"%" (n=10), Gc™" + VitDs3"%9 (n=9), WT + VitDs>*"®™ (n=10), Gc™ + VitDs**™*" (n=10).
(B) WT + VitDs8e"% (n=12), Gc™~ + VitDsS2"% (n=11), WT + VitDs"9" (n=13), G~ + VitDs"*" (n=13).
Data in (A, B) are shown as stacked bar plots for individual mice separated by groups (left) and
averaged per group (center), and as relative abundance (PPM) box-and-whisker plots with

median, 25" and 75t percentiles represented by the box and min/max by the whiskers (right).
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Taxa abundances (A, B, right panel) were compared using Bonferroni-corrected two-way
ANOVA. *p<0.05, *p< 0.01; ns, not significant.
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Supplementary Fig. 8. Order abundance in the fecal matter of mice with high or low VitD
availability. (A-B) Relative abundance bar plots of bacterial orders in fecal samples from
separately housed groups of WT C57BL/6J or G¢c”~ mice that were fed with VitD; standard (2
IU/g) or deficient (0 1U/g) (A) or VitDs standard (2 1U/g) or high (10 IU/g) (B) diet for 3.5 weeks. (A)
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WT + VitD;5"% (n=10), G + VitDs%*"*® (n=9), WT + VitDs°*"“*" (n=10), Gc™" + VitDs"*""*™ (n=10).
(B) WT + VitD;"* (n=12), Gc™" + VitDs¥*"% (n=11), WT + VitD5"" (n=13), G¢™" + VitD5"¢" (n=13).
Data in (A, B) are shown as stacked bar plots for individual mice separated by groups (left) and
averaged per group (center), and as relative abundance (PPM) box-and-whisker plots with
median, 25" and 75t percentiles represented by the box and min/max by the whiskers (right).
Taxa abundances (A, B, right panel) were compared using Bonferroni-corrected two-way

ANOVA. *p<0.05, *p< 0.01, ***p< 0.0001; ns, not significant.
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Supplementary Fig. 9. Meta analyses of taxonomic and functional bacterial features in the

fecal matter of mice with high or low VitD availability. (A-C) Meta-analyses of indicated

comparisons for (A) bacterial gene products and (B, C) taxonomy associated with differences in
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VitD availability: Meta1 (left), Exp 1 WT + VitD;%#"%"® (n=10) vs. G¢™" + VitD;>*"*" (n=9) and Exp?2
WT + VitD;5% (n=12) vs. Gc™” + VitD;%"% (n=11); Meta2 (center), WT + VitD;%2"%" (n=12) vs.
Gc™” + VitD;5% (n=11) and WT + VitD;"9" (n=13) vs. G¢™ + VitD;"¢" (n=13); Meta3 (right), WT +
VitD;5% (n=12) vs. Gc™ + VitD;%"%? (n=11) and WT + VitD;"9" (n=13) vs. WT + VitD5%*
(n=12). Only features that showed consistent direction of fold change across both comparisons
were used for the meta-analyses and plotted. Data in (A, B) are presented as log. median fold
change for each comparison and in (C) as average of log. median fold change across both
comparisons in each meta-analysis. In (A, B and C), p values were calculated using the Mann-
Whitney-Wilcoxon U test on relative abundance (PPM) for that feature in samples within each
group for pairwise comparisons. The combined p value (cp) for meta-analysis of within-group
comparisons was calculated using Fishers P value. In (A, B) the number of significant/total
features in each analysis are shown above each plot. In (C), significantly different taxonomy
common across all three analyses are highlighted. For each feature type, the cut-offs for the

meta-analysis were: p< 0.2, cp< 0.1, FDR<0.15 (red); not significant (grey).
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Supplementary Fig. 10. B. fragilis is associated with VitD; availability and enhanced tumor

resistance. (A-C) Sequence analysis of bacterial taxa in fecal samples from separately housed
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groups of WT C57BL/6J or G¢c” mice that were fed with VitD; standard (2 1U/g) or deficient (0
IU/g) or VitD; standard (2 1U/g) or high (10 IU/g) diet for 3.5 weeks. Relative abundance of (A)
Bacteroides fragilis and (B) Prevotella brevis. (C) Differentially abundant taxa between WT and
Gc™ present when mice are given VitD;%"% put not VitD;°*"*"; (left) Venn diagram showing
number of overlapping and exclusive differentially abundant taxa across both diets and (right)
volcano plot highlighting 7 taxa exclusive to VitD;%*% (A, B, and C) WT + VitD;%#"%® (n=10),
Gc™ + VitDs%#"%@ (n=9), WT + VitD;*"“*" (n=10), Gc™ + VitDs*"™*" (n=10). (A, B) WT + VitD,S"%d
(n=12), G + VitDz3*% (n=11), WT + VitDs"" (n=13), Gc™ + VitD;"9" (n=13). (D) Growth profile
of 0.2 x 10° 5555 Braf'®®® cancer cells implanted into separately housed groups of
C57BL/6J0OlaHsd2 Envigo (n=10 per group), C57BL/6J Charles River (n=9 vs. n=10), C57BL/6J
Crick (n=10 vs. n=9) before receiving B. fragilis or vehicle at CRUK Manchester Institute (CRUK
MI). Mice received 10° B. fragilis by oral gavage on days -14, -12 and -10 prior to tumor
inoculation. (E) Q-PCR quantification of 16S rRNA gene of B. fragilis in fecal matter of mice that
were fed VitDs; standard or deficient diet and received B.fragilis or vehicle, relative to abundance
of total 16S rRNA gene. WT-VitD;%**"* 4+ vehicle (n=17), WT-VitD;"*"*"+ vehicle (n=18), WT-
VitDsSe"% e 4 B, fragilis (n=16), WT-VitD;"*"*" + B.fragilis (n=19). (F) Growth profile of 0.2 x 10°
5555 Braf'*®F cancer cells implanted into separately housed groups of WT C57BL/6J mice (n=10
per group) fed with VitD; standard or VitD; deficient diet, starting 3.5 weeks before receiving P.
brevis or vehicle. Mice received 10° P. brevis by oral gavage on days -14, -12 and -10 prior to
tumor inoculation. Data in (A, B) are presented as relative abundance (PPM) box-and-whisker
plots with median, 25" and 75" percentiles represented by the box and min/max by the
whiskers and are from one experiment. Data in (C) is presented as log, median fold change vs.
-log(FDR). Data in (D) are presented as mean + SD of two independent experiments. Data in (D
and F) are presented as tumor volume (mm?® + SEM of one experiment (D) or are representative
of two independent experiments (F). Data in (C) were compared using the Mann-Whitney-
Wilcoxon U test on PPM in samples within each diet for pairwise comparisons with significance
indicated by p < 0.05, FDR < 0.15 within each comparison. Data in (A, B, D, E, and F) were
compared using Bonferroni-corrected two-way ANOVA. *p<0.05, **p<0.01, **p<0.001, ****p<
0.0001; ns, not significant.
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Supplementary Fig. 11. Genome-wide association studies and association of patient
survival, tumor stage and response to checkpoint inhibitors with gene expression in
human tumors. (A) Schematic representation of the correlation of VitD; metabolites and proteins

involved in VitDs biosynthesis, availability or biological function with cancer risk (red square),
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microbiota alterations (purple square) or immune parameters in health and disease (green
square). The asterisk indicates polymorphisms in the indicated genes that are identified in
genome-wide association studies correlated with at least one of the four parameters listed
(coloured squares). (B) Human tissue expression of VDR from the Genotype-Tissue Expression
database. (C) Prognostic value of VDR expression for overall survival and hazard ratio comparing
samples with the lowest (VDR"") versus highest (VDR"9") expression in the indicated TCGA
datasets. Skin cutaneous melanoma (SKMC, n=460), sarcoma (SARC, n=259), liver
hepatocellular carcinoma (LIHC, n=370) bottom and top 25% of patient cohort. (D) Prognostic
value of VDR expression for tumor stage comparing samples with the lowest (VDR"") versus
highest (VDR"9") expression in the indicated TCGA datasets. Breast cancer (BRCA, n=1092),
prostate adenocarcinoma (PRAD, n=497) bottom and top 25% of patient cohort. (E) Expression
of the indicated immune related gene signatures and genes comparing samples with the (VitD-
VDR gene sign™") versus the lowest (VitD-VDR gene sign*°") expression in the indicated TCGA
datasets. (F) VDR expression in samples with no versus exceptional response (top) and rapid
versus standard disease progression (bottom) of patients (n=1008) treated with checkpoint
inhibitors (CP11000* cohort). In (C, D) data are presented as mean of log2 normalized expression
+ SEM. In (E) data are presented as log2 fold change (FC) of gene or gene signature expression
comparing VitD-VDR gene sign High/Low groups (colour intensity represent the magnitude of
FC and the size of the circle depicts the magnitude of the probability value). In (F) data are
presented as log2 normalized expression box-and-whisker plot with median, 25" and 75"
percentiles represented by the box and min/max by the whiskers. Survival (Kaplan-Meier) curves
in (C) were compared using Log-rank (Mantel-Cox) test. In (C) hazard ratios (HR) with 95%
confidence interval showed. In (C, D and E) expression of genes and gene signatures between
groups were compared using two-tailed unpaired t test with Welch’s correction. In (D) frequency
of tumour stage was compared between groups using Chi-squared test. In (F) gene expression
between the groups was compared using Wilcoxon signed-rank test. *p<0.05, **p<0.01, **p<

0.001; ns, not significant.
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Supplementary Fig. 12. Schematic summary of the findings. (A-B) Mice with increased VitD
activity display (A) endogenous and (B) transmissible tumor resistance. (C) VitD acts on intestinal
epithelial cells, which modulate the gut microbiome increasing a niche for B. fragilis, which
boosts T cell responses to cancer. Limited VitD activity due to dietary restriction of VitD and

sequestration by plasma Gc globulin dampens microbiome-dependent anti-cancer immunity.

Supplemental Table 1. Polymorphisms in genes regulating VitD availability correlate with

cancer risk, alterations in microbiota and/or changes in immune parameters.

Supplemental Table 2. VitD-VDR gene signature in TCGA and CP1000* cohorts.

Supplemental Table 3. Elution time of isotope-labelled VitD; internal standards in SFC-MS

analysis.
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