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Killing tumor-associated bacteriawitha
liposomal antibiotic generates neoantigens
thatinduce anti-tumorimmune responses
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Increasing evidence implicates the tumor microbiota as a factor that can
influence cancer progression. In patients with colorectal cancer (CRC),

we found that pre-resection antibiotics targeting anaerobic bacteria
substantially improved disease-free survival by 25.5%. For mouse studies, we
designed an antibiotic silver-tinidazole complex encapsulated in liposomes
(LipoAgTNZ) to eliminate tumor-associated bacteria in the primary tumor
and liver metastases without causing gut microbiome dysbiosis. Mouse
CRC models colonized by tumor-promoting bacteria (Fusobacterium
nucleatum spp.) or probiotics (Escherichia coliNissle spp.) responded to
LipoAgTNZ therapy, which enabled more than 70% long-term survivalin
two F. nucleatum-infected CRC models. The antibiotic treatment generated
microbial neoantigens that elicited anti-tumor CD8" T cells. Heterologous
and homologous bacterial epitopes contributed to the immunogenicity,
priming T cells to recognize both infected and uninfected tumors. Our
strategy targets tumor-associated bacteria to elicit anti-tumoral immunity,
paving the way for microbiome-immunotherapy interventions.

Establishing immune responses against cancer-derived epitopes
has become the mainstay of cancer immunotherapy’. Unleashing
T cell immunity to elicit anti-tumor immune responses has led to
important clinical advances against cancer, including checkpoint
inhibitors, cancer vaccines and chimeric antigen receptor T cell
(CAR-T) therapies® Failures in achieving immunotherapy efficacy
incolorectal cancer (CRC) have been attributed to both alow muta-
tionload, resulting in the lack of mutation-derived neoantigens, and
the immunosuppressive environment of the tumor. Tumors with
low mutational burden pose greater challenges for personalized

neoantigen vaccines—for example, in patients with microsatellite
stable (MSS) CRC tumors. MSS CRC is typically resistant to immune
checkpoint blockade, and innovativeimmunomodulating strategies
areneeded’. Recent studies have suggested that intratumoral bacte-
riaareintracellularly presentin both cancer and immune cells within
the tumor microenvironment®, which may provide an alternative
source of neoepitopes for cancerimmunotherapy. We hypothesize
thatkilling the intracellular bacteriain the tumor will expose micro-
bial epitopes and yield alternative sources of cancer-associated
neoantigens.

A full list of affiliations appears at the end of the paper.
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Preclinical studies have shown that T cell immunity elicited by
bacteria cross-react with major histocompatibility complex class |
(MHC-I)-restricted antigens from cancer cells, suggesting that
microbe-specific T cells contribute to anti-tumorimmune responses>®.
A commensal Bacteroides species peptide mimic drove the progres-
sion of spontaneous autoimmune myocarditis depending on cardiac
myosin-specific TH;, cells’. The microbiota elicits microbe-specific
T cell responses that are speculated to escape from self-tolerance
mechanisms. We hypothesize that homologous epitopes shared by
both the bacteriaand the host contribute to anti-tumor immunity.

Nanotechnology is a promising tool for the intracellular delivery
of small molecules to the tumor site. Drug-loaded nanoparticles
can specifically abolish the colonization of intracellular bacteria in
the tumor®. In the present study, we tested a strategy by delivering
liposomes loaded with a silver-tinidazole complex (LipoAgTNZ) by
remote loading technology to bacteria-infected orthotopic CRC
tumors in mice. We show here that eliminating bacteria from CRC
tumors via liposomal delivery of antibiotics targeting anaerobic
bacteria unleashed anti-tumor CD8 T cells. We analyzed the heter-
ologous and homologous epitopes based on genome-wide align-
ment between the host and the colonizing bacteria. In an oncogenic
Fusobacterium nucleatum-infected model, T cells responded to
both F. nucleatum and host-shared epitopes. The killing of tumor-
associated bacteriaimproved cancer therapy outcomes by exposing
microbial epitopes.

Results
Antibiotics targeting anaerobes improved cancer survival
Microbial cells outnumber host cells nine-to-one in the human distal
gut’, which impart both beneficial and detrimental influences on
host physiology'. Broad-spectrum antibiotic treatments compro-
mise microbiome diversity and impair the efficacy of cancerimmuno-
therapy'"; therefore, animportant therapeutic opportunity remains
through theselective targeting of oncogenicbacteriathatare associated
with cancer malignancies—for example, gastric (Helicobacter pylori)
and colorectal (F. nucleatum and Bacteroides fragilis) cancer**, Nitro-
imidazole and lincomycin are antibiotic classes approved to treat infec-
tions associated with anaerobic bacteria. We started our approach
by investigating a nationwide pharmaco-epidemiologic database of
patients with CRC to determine ifresected patients with CRC exposed
to these antibiotic classes had improved disease-free survival (DFS)
compared to patients receiving other antibiotics or not receiving any
antibiotics (Fig. 1a). Between 2012 and 2014, among 36,105 patients
who had curative-intent resection of acolorectal tumor, atotal of 4,413
patients with CRC, comprising 12% of the cohort, received antibiotic
treatment of the nitroimidazole or lincomycin classes within 6 months
before resectionto12 months after resection (Supplementary Fig.1a).
Tolimittime-dependentbiases, the exposure to antibiotics was assessed
as atime-dependent variable (Supplementary Fig. 1b). To obtain the
specific effect of the group of antibiotics targeting F. nucleatum,
multivariate Cox models were performed on the group of patients
who did not receive antibiotics other than one included in this class.
Aswe previously reported a prognostic interaction between anti-
biotic intake and chemotherapy exposure”, we focused our analysis
on patients who did not received any cytotoxic treatment. The hazard
ratio (HR) was lower for antibiotics targeting anaerobes than without
antibiotics administration among patients with CRC. This protective
effect occurred in the patients who received antibiotics before resec-
tion of the tumor but not after resection (Fig. 1b). After resection, the
protective effect of antibiotics targeting anaerobes did not occur,
which suggests a specific role of these antibiotics when the tumor has
notyetbeenremoved. Taking antibiotics targeting anaerobes when the
tumor is atargetlesion reduced therisk of recurrence or death by 25.5%
(HR = 0.745,95% confidenceinterval (CI) 0.57-0.98, two-sided P= 0.037)
(Supplementary Fig.1c). Colorectal tumors have direct accessibility to

gut microbiotaand oral availability to antibiotics; therefore, to assess
the specific role of tumor primary, we studied anindependent cohort
of patients with breast cancer (n = 94,484, with 688 patients exposed
tonitroimidazole or lincomycin). This protective effect was not found
in patients with breast cancer in a multivariate model using the same
methodology and adjusted for breast-cancer-relevant prognosis factors
(SupplementaryFig. 2a), suggesting that this protective roleis specific
to CRC and its microbiota. Comparing patients receiving antibiot-
ics targeting anaerobes with patients receiving other antibiotics, we
also confirmed that the DFS was improved for antibiotics targeting
anaerobes before resection of CRC compared to other antibiotics (P(log
rank) = 0.019; Fig. 1c). Again, this effect was not observed for patients
with breast cancer (Supplementary Fig. 2b). The results strengthen
the hypothesis that specific antibiotics have the potential to reduce
the risk of recurrence of CRC with an effect that may be as important
as chemotherapy, which usually reduces the risk of recurrence by 32%
or death by 26% after resection in combination with adjuvant treat-
ments'®. Although the microbiota status of the patients is not known
inthe database, the encouraging clinical results for specific classes of
antibiotics covering anaerobic bacteria have prompted us to establish
awell-defined, bacteria-infected murine model for detailed study.

Bacteriainvaded tumor cellsin response to low oxygen level
Gram-negative and anaerobic bacteria, F. nucleatum, are prevalentin
human CRC as well as metastasis” . To examine whether the infec-
tion of F. nucleatum is correlated with tumor hypoxia, we acclimated
CT26FL3 (RFP/Luc) cells to either 1% (hypoxia) or 20% oxygen (nor-
moxia) for 24 h (Fig. 2a). CT26FL3 (RFP/Luc) cells were MSS and mis-
match repair (MMR) proficient with close mutational signatures to
the wild-type CT26 cells (Supplementary Fig. 3a—c). F. nucleatum was
able to invade hypoxic CT26FL3 (RFP/Luc) tumor cells (Fig. 2b) with
15-fold higher signals in comparison to cells in normoxia (Fig. 2c).
Intracellular F. nucleatum was confirmed by stacking images high-
lighting the co-localization of F. nucleatum and phalloidin-labeled
F-actin, which showed that F. nucleatum was able to invade inside the
cytoskeletoninresponse to hypoxia (Fig. 2d). In F. nucleatum-infected
CT26FL3 (RFP/Luc) spheroids, bacterianot only adhered to the surface
but also translocated into the organoids (Fig. 2e and Supplementary
Fig.5a). The data agree with the clinical observation that F. nucleatum
has a stronger correlation with larger tumors with hypoxic regions™.
Spontaneous invasion to hypoxic tumor cells was also found in the
facultative anaerobic probiotic strain Escherichia coli Nissle, which
suggests that bacteria preferentially invade hypoxic tumors (Fig. 2f
and Supplementary Fig. 6a).

We established CRC in Balb/C mice infected with F. nucleatum
(Supplementary Fig. 4a). F. nucleatuminfection led to an over a30-fold
higher tumor growth ratiocompared to uninfected controls (Supple-
mentary Fig. 4b-d). F. nucleatum infection considerably promoted
tumor metastasis in proximal lymph nodes and distal metastasis
(Supplementary Fig. 4e). The primary tumors, distal metastases and
feces were confirmed to contain F. nucleatum (Supplementary Fig. 4f).
There was a considerable increase in anti-inflammatory M2 macro-
phages and the CD11b*Gr1* myeloid-derived suppressor cell (MDSC)
population compared to uninfected tumors. Animportant decreasein
the CD8'T cell population, memory T cellsand CD11¢*"MHC-II" dendritic
cells were observed compared to the non-F. nucleatum-infected control
group (Supplementary Fig. 4g).

Transmission electron microscopy (TEM) images of F. nucleatum-
infected CRC tumors demonstrated that F. nucleatumwas intracellular
invivointhetumor region (Fig.2g). Fluorescenceinsitu hybridization
(FISH) using an RNA probe specific for the 16S ribosomal RNA (rRNA)
of F. nucleatum was performed to visualize the bacterium in the CRC
tumor sections. The red pixelsindicating FISH signals were mapped to
the nearest blue pixels indicating DAPI staining, which was calculated
by aEuclidean distance map. We further fitted the minimum distance
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Fig.1| The class of antibiotics targeting anaerobic bacteria have protective
effect on patients with CRC. a, List of antibiotics that were administered to the
cohortand the proportion of the patients who received each drug. b, Multivariate
analyses by Cox model representing asummary of the maximum likelihood

estimates for each variable included in the model. ¢, DFS at 3 years

(no death or recurrence within 3 years) comparing patients receiving only
antibiotics targeting anaerobes or patients receiving other antibiotics before
resection of CRC. Dashed lines represent the 95% CI.ICU, intensive care unit.

distribution by computing the percentage of FISH pixels versus
distances to DAPI?, which was within the range of 3 pm, suggesting that
F. nucleatum appeared near the cell nuclei in the CRC tumor (Fig. 2h,i
and Supplementary Fig. 5b,c).

Escherichia coliNissle 1917 (E. coliNissle) has been widely studied
asaprobioticand engineered bacterium that delivers therapeutics to
hypoxic tumors®. We established orthotopic E. coli Nissle-colonized
CRC tumors in BALB/c mice (Supplementary Fig. 6b). E. coli Nissle
colonized in CRC tumors (Supplementary Fig. 6¢,d) and fostered
an immunosuppressive tumor microenvironment, which may be
caused by colibactin, agenotoxin produced by certain E. coli strains®
(Supplementary Fig. 6e).

Liposomal antibiotics eliminated bacteria in the tumor

Because increasing evidence has shown that administration of
broad-spectrum antibiotics potentially induces microbiota dysbio-
sis?*?°, adrug delivery system that efficiently delivers narrow-spectrum
antibiotics against the anaerobic bacteriaresiding in the hypoxic tumor
region is needed to reduce damage to the commensal microbiota in
the gut. Nitroimidazole is part of a class of antimicrobial prodrugs
that is inactive until reduced by the ferredoxin oxidoreductase sys-
tem in obligate anaerobes” . The reductive activation of the nitro
group is proposed to form the cytotoxic nitro and other free radicals,
leading to structural fragmentation and cytotoxicity to DNA*°. The
presence of oxygen tension inhibits the formation of the cytotoxic
derivative. Reductive inactivation of the nitro group to the amino
group occurs via oxygen-insensitive nitroreductases, rendering nitro-
imidazole non-toxic®. The intrinsic property of hypoxia activation
enabled nitroimidazole to specifically clear the anaerobes residing
in the hypoxic tumor. The nitroimidazole coordinates via the ring N3

donor atom with a variety of metal ions, including cobalt (II), copper
(1), zinc (1) and silver (I) (Supplementary Fig. 7a). Among these metal
ions, Ag*ions are potent antibacterial agents used in various forms as
antibiotics for centuries®. Silver nanoparticles may have the ability to
adhere and penetrate the bacterial cell wall*>. The silver (1) ions inter-
act with sulfur and phosphorus, thereby causing altered activity of
enzymes and DNA®, The formation of the silver-tinidazole complex
was confirmed by mass spectrometry* ¢ (Supplementary Fig. 7b).
Tumor hypoxia directly correlates with tumor acidosis due to
the Warburg effect favored by cancer cells that metabolized pyruvate
into lactate and ethanol®. The low pH of hypoxic tumors as a result of
elevated levels of lactic acid may allow drug release in anerobic bac-
teria residing in the region of the tumor. Inspired by the established
metal gradient used for remote loading of chelate complexes into
liposomes®®, we hypothesized and demonstrated that the metal ions
can be trapping agents for loading nitroimidazole into liposomes
(Fig.3a). Thesilver-tinidazole complex disassociated in acid, showing
the same protonation of both TNZ and AgTNZ as the ring N3 donor
atominacidicmediumat pH4, acondition expected when liposomes
enter cellularendosomes and lysosomes (Fig. 3b). The liposomes were
spherical with a diameter of ~-150 nm and a zeta potential of approxi-
mately -13.8 mV as determined by a nanoparticle tracking system
(SupplementaryFig.7c,d). The liposomes were uniforminmorphology
as imaged by cryogenic electron microscopy (cryo-EM) (Fig. 3¢c). The
loading of TNZ into silver-containing liposomes was efficient with more
than 80% encapsulation efficiency and more than 5% loading content
(Fig.3d). TNZ showed quick loading kinetics into the liposomes, over
80% of which were entrapped within 5 min (Fig. 3e). The TNZ-to-Ag
ratio in the liposomes was 1.54 + 0.18 (n = 4). This is lower than the
theoretical ratio of 2, indicating that the liposomes contained some free
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Fig.2|F. nucleatuminvaded CT26FL3(Luc/RFP) tumor cells inresponse to
hypoxia. a, lllustration of F. nucleatum infection of CT26FL3(Luc/RFP) cellsin
vitro. b, CFSE-labeled F. nucleatum invaded hypoxic CT26FL3(Luc/RFP) cells
within a 4-h co-incubation. Scale bar, 20 pm. ¢, Quantification of the

F. nucleatum-positive area by CFSE fluorescence. n = 5 experiments. Data are

the mean + s.d. ***P < 0.0001.d, Three-dimensional reconstruction of the
zprojection of stacked images of F. nucleatum-infected CT26FL3(Luc/RFP) cells.
The three arrowsin assorted colorsindicate intracellular F. nucleatum.

Scale bar, 5 pum. A videoillustrating the spatial distribution of intracellular

F. nucleatumis provided in Supplementary Video 1. e, F. nucleatuminvaded into

DAPI F. nucleatum F-actin

three-dimensional spheroids in hypoxia. z-stack image of CT26FL3(Luc/RFP)
spheroids co-incubated with F. nucleatum. F. nucleatum covalently labeled by
CFSE mostly appeared inintra-spheroid. The left panel is the bright-field optical
image of the spheroid. n = 3 experiments. Scale bar,100 pm. f, CFSE-labeled

E. coliNissle invaded hypoxic CT26FL3(Luc/RFP) cells. n = 2 experiments.

Scale bar,10 pm. g, TEM Images of CRC tumor sections. Yellow arrows indicate
intracellular F. nucleatum. n = 3 experiments. Scale bar, 1 pm. h, FISH visualizing
F.nucleatum16S RNA in mouse CRC tumor sections. Scale bar, 20 pm. i, Fitting
distribution of the minimum distance of F. nucleatum to the cell nucleus for each
pixel. n =4 experiments.

Ag (I) and/or one-to-one complex. Copper (II) also formed a complex
with tinidazole and encapsulated TNZ (Supplementary Fig. 7e). This
liposome platform will provide a versatile approach to load nitro-
imidazole antibiotics targeting anaerobic bacteriaininfected tumors.
The liposomes dispersed in PBS at pH 7 were stable in 4 days (Supple-
mentary Fig. 7f), and less than 10% of liposome cargoes were released in
30 h(Supplementary Fig. 7g). The bond between silver and tinidazole
readily dissociates in acid, as the ring N3 donor atom (pKa =4.7) was
protonated at pH 4.5 (Fig. 3f). The data suggest that liposomes should
bestableinsystemic circulation without release of the antibiotic cargo.

Antimicrobial assays were performed to determine the mini-
mum inhibitory concentration (MIC) for F. nucleatum by plating and
enumerating viable colony-forming units (CFU). The AGTNZ com-
plex inhibited F. nucleatum with an MIC,; of approximately 100 nM
(Supplementary Fig. 7h). CT26FL3(Luc/RFP) cells were infected with

F. nucleatumand incubated with different concentrations of free AgTNZ
or LipoAgTNZ for 12 h, and intracellular bacteria were quantified by
CFU. Both LipoAgTNZ and free AGTNZ showed higher antimicrobial
efficacy in hypoxia. The effective clearance concentration of intracel-
lular F. nucleatumin hypoxia was 1.5 pM for LipoAgTNZ versus 7.5 uM
for AGTNZ (Fig. 3g) due to the enhanced intracellular accumulation
mediated by liposome delivery (Fig. 3h). Therefore, the liposomal
formulation has the potential to facilitate intracellular F. nucleatum
clearance.

To further profile the pharmacokinetic profiles in vivo, intra-
venous (i.v.)-injected LipoAgTNZ was analyzed by sampling blood
from mice bearing orthotopic tumors at predetermined timepoints.
The molar ratio of TNZ and Ag remained consistent (approximately
1.5to2) within the first 240 minin blood circulation. Compared to the
free drug, liposomal TNZ showed superior pharmacokinetic profiles,
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Fig. 3| Characterization of the pH-sensitive antibiotic liposomes.

a, lllustration of remote loading by a silver nitrate gradient and drug

release inresponse to low pH. b, The 'H nuclear magnetic resonance (NMR)
characterization in neutral pH and weak acid. n = 2 experiments. ¢, Cryo-EM
images of LipoAg and LipoAgTNZ. n =3 experiments. Scale bar,200 nm.

d, Summary of loading properties. n =3 experiments. Data are the mean + s.d.
e, Loading kinetics of LipoAgTNZ. n = 3 experiments. Data are the mean + s.d.

f, pH-sensitive drug release of LipoAgTNZ at pH4.5and pH7.Agand TNZ

were determined by ICP-MS and LC-MS, respectively. n =2 experiments.

g, Intracellular F. nucleatum killing by free AgTNZ and LipoAgTNZ under
normoxia and hypoxia.n =3 experiments. Data are the mean + s.d. ***P < 0.0001.
h, Invitro cell uptake of liposomes and freedrugat1h,2hand4 h.n=3
experiments. Data are the mean + s.d. *P < 0.05; ***P < 0.0001.

as indicated by an increasing area under the curve (AUC) of the drug
concentration in circulation (Supplementary Fig. 8a,b). Tinidazole is
metabolized mainly by CYP3A4 (ref. 39), which supported the higher
level and longer half-life (t,,) of silver than TNZ in the tissues and blood
(Supplementary Fig. 8c). Liposomes were labeled with DiD, a fluores-
centdyethatlabels the lipid membrane of liposomes. The distribution
of liposomes was determined by quantifying DiD fluorescence in the
organs. The liposomes mainly localized to the tumor and the liver, as
shown by ex vivo images (Supplementary Fig. 8d). Liposomesincreased
TNZ accumulationinthe tumor by more than10-fold (Supplementary
Fig. 8e). Mice were killed at 24 h after i.v. injection of free drug and
liposomes. All major organs including the tumor were harvested,
homogenized and measured for both drug contents for biodistribu-
tion. Tinidazole encapsulated in liposomes mainly accumulatedin the
tumor at 24 h after i.v. injection, which suggests the success of tumor
targeting (Supplementary Fig. 8f).

We performed MTT assays to analyze the in vitro cytotoxic-
ity. Free Ag, TNZ and AgTNZ did not affect the viability of CT26FL3
(Luc/RFP) cells within 48 h of incubation at concentrations as high
as 40 uM (Supplementary Fig. 9a,b). For the in vivo toxicity study of
liposomal metal-imidazole complexes, healthy (non-tumor-bearing)
mice were i.v. injected (4 mg kg™ with respect to TNZ) with either
LipoCuTNZ or LipoAgTNZ three times every third day. Treated mice
showed no body weight change (Supplementary Fig. 9c). Major organs

from tumor-bearing mice were dissected, fixed, embedded in paraf-
fin and examined for tissue histology after treatments. Histological
changes related to toxicity were not found among the main organs
(Supplementary Fig. 9d). However, metastatic lesions (yellow arrows
in the figure) were found in both the control and free TNZ groups.
F.nucleatuminoculationby oralgavage increased blood platelets, which
decreasedinresponsetothe LipoAgTNZ treatment. Interestingly, neu-
trophils—phagocytes decreased by bacterialinfection—were consider-
ablyelevatedintheblood after LipoAgTNZ treatment (Supplementary
Fig.9e). Toxicity biomarkers were assessed, and no obvious alterations
in serum biomarkers were observed compared to the untreated mice
(Supplementary Fig. 9f).

Killing intracellular bacteriaimproved immune surveillance

Theinfected CRC mouse model was used to test the therapeutic efficacy
of the antibiotic liposomes. Balb/C mice orthotopically inoculated
withtumors and additionally infected with F. nucleatum or E. coli Nissle
received antibiotic liposome treatments (4.0 mg kg ' TNZand 1.1 mg kg™
Ag, i.v.) (Fig.4a). Although the growth of F. nucleatum-infected tumors
wasinhibited by both LipoAgTNZ and LipoCuTNZ at day 23 (Fig. 4band
Supplementary Fig. 10a,b), which eradicated the tumor-colonizing
bacteria (Fig.4c), LipoAgTNZ induced long-termsurvivalin six of seven
mice (Fig. 4d). We did not observe bacteria colonization in the main
organs of mice treated with LipoAgTNZ (Supplementary Fig.10c).
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Thelipopolysaccharide (LPS) of Gram-negative bacteria was reduced
in the tumor after the treatment (Supplementary Fig. 10d). We also
tested the approachinthe . nucleatum-infected wild-type CT26 tumor
model and observed the same tumor and metastasis inhibition with
the CT26FL3(Luc/RFP) model (Supplementary Fig.10e-g). Liposomal
AgTNZ was effective in reducing the probiotic E. coli Nissle content
and inhibiting the growth of infected tumors (Fig. 4e,f). The survival
study was also performed in F. nucleatum-infected wild-type MC38
tumor-bearing C57BL/6) mice, in which LipoAgTNZ achieved a 71%
survivalrate (Fig. 4l and Supplementary Fig.10h) compared to infected
mice without treatments.

To test the hypothesis that tumor-associated bacteria are inde-
pendent of gut-colonized F. nucleatum, polymyxin B (pmB) was used
to eradicate the Gram-negative bacteria in the gut. pmB is a cyclic
peptide with five positive charges and a log(P) of -5.6, rendering it
low transmembrane permeability and poor oral bioavailability*°. The
orally administered pmB affected the bacteria only in the gut but not
in the tumor due to low transmembrane partition and distribution
(Supplementary Fig. 10i). The mice treated with pmB did not show a
reduction in tumor growth (Supplementary Fig. 10j). We concluded
that the tumor colonizing F. nucleatum promoted tumor progression,
which is independent of the F. nucleatum burden in the gut. Interest-
ingly, the efficacy of LipoAgTNZ was dependent on colonization of
F. nucleatum in the tumor, as the uninfected mice did not respond as
well as the infected mice (Supplementary Fig. 10k).

On day 24, tumors were excised and sectioned for the FISH assay
using an F. nucleatum-specific RNA probe. Consistent with quanti-
fication by CFU, FISH signals revealed that LipoAgTNZ effectively
reduced the F. nucleatum burden in CRC tumors. A TUNEL assay was
performed and showed increased apoptotic cells after treatment
(Fig.4g,h). AsAgTNZ did not show cytotoxicity to CT26FL3(Luc/RFP)
tumor cells (Supplementary Fig. 9a,b), we hypothesized that the
treatmentinduced anti-tumor immunity inimmune-competent mice.
Infiltration of CD3* T cells, CD8" cytotoxic T cells and CD44'CD62L"
memory T cellswasincreased inthe LipoAgTNZ-treated F. nucleatum-
infected tumors (Fig. 4i and Supplementary Fig. 11a,b). CD206* M2
macrophage polarizationwasreduced after treatment with LipoAgTNZ
(Fig. 4i and Supplementary Fig. 11c,d).

To investigate whether the treatment was able to trigger an
immune memory response, the long-term survivors were subcuta-
neously rechallenged with tumor cells with or without F. nucleatum
infection (Fig. 4a). There was no detectable tumor growth in the
survivors but rapid growthin the naive mice (Fig. 4j). The therapeutic
efficacy was dependent on the host immune system, as depletion
of either CD8 or CD4 cells by antibodies (200 pg per mouse) dimin-
ished the anti-tumor activity (Fig. 4k). When mice were examined
by necropsy after immune compromise by antibody treatment on
day 75, there was no detectable primary tumor left in the long-term
survivors (Supplementary Fig. 11e), indicating that the gut tumors
were eradicated by the immune response that was dependent on
both CD8" and CD4" T cells. Therefore, through elimination of the
tumor-associated bacteria, the immune-suppressive microenvi-
ronment has been turned into an anti-tumoral immune-activated
state. CD8 and CD4 cell depletion during primary treatments was
performed using the infected CT26FL3(Luc/RFP) model, in which
LipoAgTNZ induced tumor inhibition but did not induce long-term
survival due to compromised T cell function during treatments
(Supplementary Fig.12a-c).

The FadA adhesin of . nucleatuminteracts with E-cadherin, lead-
ing to activation of the B-catenin pathway*. F. nucleatum induces DNA
damage, which promotes the release of the cellular tumor suppressor
Trp53 (ref.42). Vimentinis alsoimportant in epithelial-to-mesenchymal
transition, which is upregulated in F. nucleatum-infected tumors*.
LipoAgTNZ treatment reversed the induction of these metastasis
mediators (E-cadherin, Vimentin and [3-catenin), Trp53 and the key

inflammatory NF-kB pathway in the F. nucleatum-infected tumors
(Supplementary Fig.12d).

The clinical treatment for Fusobacterium infection is the combi-
nation antibiotic therapy consisting of both -lactam and anaerobic
antimicrobial agent”. Treatment of the infected CT26FL3(Luc/RFP)
tumor with the antibiotic cocktails decreased the tumor; however,
cancer relapse occurred after the cocktail treatment (Supplementary
Fig. 12a-c). Antibiotic cocktails taken by oral administration
non-selectively changed the gut microbiota composition and com-
promised theimmune sensitivity***. To determine the gut microbiota
diversity after LipoAgTNZ treatment, we performed high-throughput
gene sequencing analysis of 16S rRNA in fecal bacterial DNA isolated
from age-matched control and survivor mice at day 70. Rarefaction
analysis comparing bacterial diversity within individual subjects
revealed that survivors harbored a similar bacterial community rela-
tive to that of controls (Fig. 4m and Supplementary Fig. 13a). These
datawere further quantified by UniFrac dissimilarity distance analysis
(Supplementary Fig. 13b), which was supported by bacterial opera-
tional taxonomic composition (Supplementary Fig.13c). These results
support the idea that specific gut microbiota homeostasis was pro-
tected by using LipoAgTNZ treatment. To analyze the differentiat-
ing bacterial features after antibiotic treatment, linear discriminant
analysis effect size (LefSe) was applied to identify the difference in
bacterial abundance at the genus level (Fig. 4n and Supplementary
Fig. 13d). Interestingly, the enriched bacteria in survivors suggested
physiological stress with regard to the abundances of Peptococcaceae,
Bacteroidaceae and Clostridium*. The increased Roseburia produced
butyrate, which prevented inflammation and maintained homeostasis
in the colon”.

Liver metastasis, the most common distant metastasis in CRC,
afflicts up to 70% of patients*®. As shown in Supplementary Fig. 8d-f,
liposomes predominantly accumulated in the tumor and the liver.
We hypothesized that LipoAgTNZ liposomes can efficiently elimi-
nate bacteria in the liver metastasis and induce anti-tumor effects.
An F. nucleatum-infected liver metastasis model was established
(Fig. 40). The infected tumor cells were inoculated via the portal vein
by hemi-splenicinjection, which established uniform metastasisin the
liver®. The development of liver metastasis was inhibited by treatment
withLipoAgTNZ (4.0 mg kg TNZ and 1.5 mg kg™ Ag, i.v.), as quantified
by luciferase imaging in vivo (Fig. 4p and Supplementary Fig. 14a,b).
The tumor burdens were reduced by eight-fold at the endpoint, as
quantified by ex vivo luciferase signals (Supplementary Fig.14c,d). FISH
imaging for F. nucleatum16S RNA revealed a high abundance of bacteria
inthe untreated liver metastasis, which was importantly reduced after
LipoAgTNZ treatment and associated with enhanced infiltration of
CD8" T cells. LipoAgTNZ treatment also reduced anti-inflammatory
M2 macrophages, as CD206 expression was much lower than that in
the control group (Supplementary Fig. 14e,f).

Unlike chemotherapy or oncogene-specific therapies thatinduce
cytotoxicity to tumor cells, this strategy targeted the tumor-associated
bacteria in the primary tumor and distal metastasis. The process of
bacterial killing promoted an anti-cancer response, which restored
immune surveillance and inhibited both primary tumor growth and
metastatic progression. Thus, it was worthwhile to look for the bacterial
epitopes that were recognized by the hostimmune system.

T cells from long-term survivors showed specificity to both
infected and unifected tumors

Toanalyze T cell specificity to bacterial infection, T cellsisolated from
survivor mice were compared to those isolated from age-matched
uninfected naive mice. Splenic pan T cells were labeled with the pro-
liferation dye CFSE and injected into recipient mice with or without
F. nucleatuminfection. T cell proliferation was found in both infected
and uninfected recipient mice that received T cells from survivors but
not from naive donors (Fig. 5a,b). Incubating survivor-derived donor
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Fig.5|T cells from survivors suppressed the growth of both infected and
uninfected tumors. a, In vivo T cell proliferation assay. Tumor-infiltrating T cells
were isolated from donor splenocytes and labeled with the proliferation dye CFSE
before injectioninto recipient mice. b, Quantification of flow cytometry dataina
ofthe percentage of proliferated T cells by gating the fluorescence of CFSE level.
n=4per group. Data are the mean +s.d. *P < 0.05; ***P < 0.001; ****P < 0.0001.

¢, Lymphocytes were isolated from survivor or naive mice and incubated with
CT26FL3(Luc/RFP) cells for 24 hin vitro. Quantification of data of CD8*IFN-y*

T cells after incubation. n = 4 per group. Data are the mean + s.d. **P < 0.01.

d, lllustration of the T cell adoptive transfer study. Mice with orthotopic CRC
tumors with or without F. nucleatuminfection received T cells from either naive

mice or long-term survivor mice from LipoAgTNZ treatment as described in
Fig.4a.e, Quantification of CD3'CD8" T cells; datashowning. n =4 per group.
Dataare the mean +s.d. **P < 0.01. f, Quantification of CD3" T cells; data also
showning.n =4 pergroup. Dataare the mean +s.d.*P < 0.05. g, Representative
flow cytometry analysis of CD3*CD8" T cells in tumors of the recipient mice after
adoptive T cell transfer. h, Donor T cells inhibited tumor growth in recipient
mice.n =4 per group. Dataare the mean + s.d. *P < 0.05. i, Confocal image
ofimmunofluorescence of calreticulin (red) in F. nucleatum-uninfected and
-infected CT 26(FL3) tumor cells. Scale bar, 5 um. n =3 experiments. j, Chaperon
expression induced by killing intracellular bacteria treatment.

T cells with uninfected tumor cells in vitro enhanced CD8'IFN-y" cell
populations (Fig. 5c and Supplementary Fig. 15a). These data suggest
that the T cells from the long-term survivors were primed to infected
and uninfected tumor cells.

Splenic pan T cells of long-term survivor mice after LipoAgTNZ
treatment were adoptively transferred to test the efficacy in recipient
mice bearing orthotopic CRC tumors with or without F. nucleatum
infection (Fig. 5d). Donor T cells from the long-term survivor mice
effectively inhibited the growth of tumors infected with F. nucleatum;
unexpectedly, thesame donor T cells also inhibited uninfected tumors
(Fig. 5h). Substantially increased numbers of CD3" and CD3"CD8"
T cells were found in the tumors of both infected and uninfected mice
(Figs 5e-gand Supplementary Fig.15b,c). The data again suggest that
survivor T cells recognized both infected and uninfected tumor cells
invivointherecipient mice.

F. nucleatuminfection decreased the co-localization of calreticu-
linwith the cell membrane, downregulating chaperons (for example,
calreticulin) (Fig. 5i). It is likely that this downregulation is a part of
the immune suppression mechanism of the infected tumor cells. It is
interesting to note that F. nucleatum infection in hypoxia downregu-
lated the stress proteins, which are usually upregulated by cellsunder
hypoxic conditions*®*, Treatment with LipoAgTNZ in hypoxiarestored

chaperonebykillingintracellular bacteria (Fig. 5j). The result suggested
thatimmunogenic cell death may contribute toimmune activation of
the tumor cells under the treatment of LipoAgTNZ.

Host T cells specifically targeted bacterial epitopes after
antibiotic treatment

ThedatainFigs.4 and 5suggest that LipoAgTNZ induced T cellimmu-
nity in CRC-bearing mice. It is worthwhile to identify the epitopes
generated by bacterial death. According to the identification of
transmembrane helices, 1,171 of 2,067 proteins are cytoplasmic at
the F. nucleatum subcellular localization in proteome-wide predic-
tion of Vaxign2 (Fig. 6a)*>*. To identify the most abundant protein in
cytoplasm, the label-free proteomics of F. nucleatum was mapped to
subcellular localization (Fig. 6a). The proteomics data are generated
from the datasource of reference papers®*. To estimate the potential
neoepitopes, we predicted the MHC-1 H-2K¢, H-2D* and H2L? binding
peptides fromthe proteins ranking top in the quantitative proteomics
of F. nucleatum, followed by selection of the epitopes with high total
score and MHC binding affinity (Fig. 6b,d). The top-ranked cytoplas-
mic proteins in abundance were selected for epitope prediction. Five
top-ranked peptides predicted from each protein were selected using
the Immune Epitope Database (IEDB) by applying the NetMHCpan
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Fig. 6 | The killing of tumor-associated bacteria promoted immune
recognition of bacterial neoepitopes. a, Topology analysis of the proteome
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subcellular localization. The selected proteins are marked with enlarged black
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genomes to generate the homologous epitopes. d, Information on the selected
peptides predicted by the IEDB database. e, Representative images of IFN-y

ELISpot. f, Quantification of IFN-y spots. n = 4 per group. *P < 0.05; **P< 0.01;
**p<0.001; NS, not significant. g, H2° MHC binding F. nucleatum epitopes of
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algorithm for mouse MHC-I presentation (sequences shown in the
upper-right corner of Fig. 6b).

To explore the homologous antigens shared by bacteriaand mice,
we aligned the genome of F. nucleatum with the mouse genome*®.
Forty-one genes showed similarity, including those in the non-open
reading frames. We then selected corresponding proteins from the
mice proteome, and 25 proteins were selected, of which only 19 con-
tained potential sequences longer than seven amino acids for the
possibility of MHC-I presentation®’. Ten of 19 sequences encode pro-
teinsbased onthe F. nucleatum proteome (Fig. 6¢). Interestingly, four
similar sequences out of 10 come from the HSP70 chaperon protein
(DnaKk in gene name), which has 65% similarity with mouse HSP70
(Supplementary Table1). Three epitopes outstand by prediction of the
IEDB database according to their likelihood to be presented by H2K¢,
H2D? and H2LY, the MHC-I haplotype of the Balb/C strain (Fig. 6d). In
summary, peptides 1-5 are bacteria-derived neoantigens sharing no
sequence similarity with mice. Peptides 6-8 are homologous epitopes
that are shared between bacteriaand mice.

To confirm the activity of the peptides in vivo, we recovered
splenic CD8" T cells from Balb/c mice that had survived from CRC
tumors infected by F. nucleatum after LipoAgTNZ treatment and res-
timulated them in vitro with the candidate peptides presented by
bone-marrow-derived dendritic cells to measure IFN-y productionin
anELISpot assay. Both homologous antigens and neoantigens showed
enhanced IFN-y-secreting T cells after LipoAgTNZ treatment (Fig. 6¢,f).
SplenicT cells from mice infected with F. nucleatumbut not treated with
LipoAgTNZ did not show a considerable INF-y response to the bacterial
cytoplasmic peptides. A peptide from chicken ovalbumin (OVA) was
used as a negative control.

To explore the targets that the T cell receptors recognized after
antibiotic treatment, we performed tetramer-peptide complex stain-
ing the tumor-infiltrating T cells. Bacterial peptides were loaded to
the corresponding H2 haplotype tetramers, and the complex was
incubated with T cells isolated from the MC38 tumor (Fig. 6g). Heter-
ologous (peptide 9 and 10), heterologous epitopes from DnaK protein
(peptide11and 12) and homologous epitopes (peptide 13 and 14) were
selected for tetramer staining. The LipoAgTNZ treatment induced
higher T cell population recognizing the bacteria peptides (Fig. 6h,i).
Data indicated that peptide 13 (LADDNFSTI) and peptide 14 (RGVP-
QIEVTF) stood out by showing high positive ratioin CD8" T cell popu-
lation. The results indicated that the major tumor-infiltrating T cell
specificities are against the bacteria-host shared epitopes in the
antibiotics-treated group, whichinduced important response against
infected and uninfected tumor cells.

Overall, these data demonstrate that bacteria epitopes can be
presented by host MHC-I after LipoAgTNZ treatment. The tolerance
of self-epitopes that are shared with the tumor-associated bacteria
is likely reversed by the danger signals induced by the killing of intra-
cellular bacteria.

Bacteria-derived epitopes have been found to elicit anti-cancer
immunity. Fecal microbiota transplantation improved the immune
microenvironmentand improved the checkpointinhibitor responsein
immunotherapy-refractory patients with melanoma’®. Bacteria-derived
HLA-bound peptides were recently identified in tumors from patients
with melanoma®. Memory responses by IFN-y-expressing CD4* and
CDS8" T cells specific for Enterococcus hirae, Bacteroides fragilis and
Akkermansia muciniphilahave been associated with favorable clinical
outcomes in patients with cancer**®,

The datasuggest that T cells from survivors established long-term
anti-tumor efficacy compared to T cells from naive mice. These
LipoAgTNZ-treated mice developed IFN-y*CD8" T cells in response
to bacteria-derived neoantigens. Interestingly, IFN-y* CD8 T cells in
response to homologous epitopes also developed after antibiotic
treatment, suggesting cellularimmunity against the self-epitopes. This
result is consistent with the T cell transfer study in which T cells from

survivor mice suppressed uninfected tumor growth. We predominantly
analyzed bacteria-induced CD8' T cellsin response to class IMHC anti-
gens, which is the cytotoxic T cell phenotype for anti-tumor efficacy,
whereas CD4" T cellsinresponse to class I MHC antigens were reported
to generate either cytotoxicity or tolerance®**,

Discussion

Personalized cancer vaccines under development aim to direct the
immune system against the unique neoantigen repertoire of an indi-
vidual’s tumor. This process is dependent on sufficient neoantigen
quantity and quality in addition to adequate immune functionality.
Killing of tumor-associated bacteria may contribute a new source
of neoantigens to facilitate homologous and neoepitope-mediated
cellularimmunity against CRC.

Ourwork stemmed from the observation thatantibiotics targeting
anaerobicbacteriaextended the DFS of patients with CRC and infected
mice. Inpatientswith colon cancers, the benefit derived fromantibiotics
was limited to pre-resection intake, suggesting that the quantity of
intratumoral bacteria to prime immunity may be crucial to success.
Theseresults pave the way for neoadjuvant clinical interventions with
targeted antibiotics specific to the intratumoral microbiota combined
with immunotherapy to boost anti-tumor immunity. Dedicated pro-
spective studies categorizing intratumoral bacteria, tumoral stage
and the optimal timing and impact of antibiotics are needed before
clinicalimplementation.

Anti-tumoralimmune response relies on the ability ofimmune cells
torecognize and eliminate tumor-derived antigens. Mutation-derived
neoantigens are recognized as a major determinant to benefit from
immunomodulating strategies. The lack of mutation-derived neo-
antigens, as in most MSS CRCs, associated with an immunosuppres-
sive microenvironment is a major barrier to developing long-term
anti-tumoral immunity. To decipher the intertwinement between
anti-tumoralimmunity, the gut microbiome and antibiotic treatment,
we developed liposomes remotely loaded with antibiotics to target
the CRC tumors. We showed that intratumoral pro-tumoral bacteria
established in animmunosuppressed tumoral milieu can be targeted
by antibiotics to induce the release of cancer-specific microbial neo-
antigens. We performed adoptive T cell transfer and T cell epitope
studies to investigate the function of the immune system after bacte-
rial removal. The treatment induced infiltration of cytotoxic CD8"
T cells in the tumor, which has specificity to microbial neoepitopes.
Homologous epitopes also showed anti-tumor efficacy, which may
result in animmune response to uninfected tumors. Thus, the killing
of tumor-associated bacteria can turn an immunologically cold
tumor into a hot tumor and prime the immune system to recognize
both infected and uninfected tumor cells. The discovery of cancer-
associated microbial neoantigens offers exciting possibilities for the
development of innovative anti-tumoral therapeutic or preventive
vaccine strategies.
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Methods

Selection criteria of the clinical cohort

The specific methodology regarding the colorectal cohort and antibi-
otic consumptionwas previously reported”. Inbrief, the present study
included all people aged 18 years or older with incident non-metastatic
CRCresected betweenJanuary 2012 and December 2014 in France. To
select incident cases, we excluded people with a previous history of
cancer (2010-2011) or long-term disease for cancer (diagnosed before
2012). To obtain ahomogeneous population with the same study dura-
tion, each patient was followed up for 3 years after surgical resection.
The 3-DFSisavalidated criterion for adjuvant studies and an accepted
surrogate for overall survivalin CRC.

Measurement of antibiotic therapy in the clinical cohort

All reimbursements for antibiotics were extracted during the perio-
perative period of 6 months before the surgical resection and until
1year after. We assumed that each pill delivered was taken by the
patient. We used the daily delivery dose of each antibiotic to convert
the quantity reimbursed in number of days of treatment. Because drugs
dispensed during a hospitalization were not directly traceable in the
cancer cohort, the consumption of antibiotics in the hospital has been
evaluated by the presence of a diagnostic code (ICD-10) for infectious
diseases. Hospital infections occurring after surgery were split into
those occurring within 30 d and those occurring more than 30 d after
surgery to isolate postoperative infections.

For outpatient consumption of antibiotics targeting anaerobes,
we predefined a list of antibiotics approved for the treatment of
Fusobacterium nucleatum spp.-related infection using Anatomical
Therapeutic Chemical codes as follows: (1) nitroimidazole: metroni-
dazole, tinidazole, nimorazole, ornidazole and secnidazole; and (2)
lincosamides: clindamycin and lincomycin.

Covariates used in the multivariate model

Several potentially predictive factors for survival were identified or
reconstructed from the available data: sex, age (18-49, 50-69, 70-79
and >80 years), laterality of cancer Charlson comorbidity index (none,
1-2and >3), nutritional status during the surgical resection (malnutri-
tion versus no malnutrition), admission to the intensive care unit dur-
ing the surgical resection length of stay (no admission or <2d, 2-7d
and >7 d) and time when antibiotics were used along the time axis to
account for a potential time-dependent bias.

Identification of recurrencesin the clinical cohort

Recurrences wereidentified by analgorithmlooking for the occurrence
of an ICD-10 diagnostic code for metastases, a palliative care code, a
new cancer-related surgical resection after the first one or treatment
with chemotherapy or radiotherapy starting more than 3 months after
the surgical resection.

Statistical analysis of clinical data

3-DFS was defined as the time elapsed between the date of surgery
(time origin) and the date of recurrence, death or the end of 3-year
follow-up, whichever occurred first. The 3-year DFS was modeled
using Cox models to study the link with antibiotics intake adjusted
forall covariates.

The survival curves are represented using the Kaplan-Meier
method and compared with the log-rank test. HRs were estimated by
Cox proportional regression models. As this study was conducted in
the overall population (not a sample), statistical tests for descriptive
comparisons were not considered relevant. Antibiotic exposure before
TO was considered a fixed variable. Antibiotic exposure after TO was
considered a time-dependent variable®*. A multivariate model was
carried out to isolate the effect of antibiotics targeting anaerobes by
comparing patients who received only these antibiotics to those who
did not receive any antibiotics as outpatients.

Celllines

Metastatic CT26FL3 cells were kindly provided by Maria Marjorette O.
Pefa at the University of South Carolina. CT26FL3(Luc/RFP) cells stably
expressing red fluorescent protein (RFP) and luciferase (Luc) were
established by transfection with lentivirus vectors carrying RFP and
Luc genes and a puromycin resistance gene. CT26FL3(RFP/luc) cells
were cultured in DMEM with 4.5 g L™ glucose (Gibco) and 10% BCS
(HyClone) supplemented with 1 ug ml™ puromycin (Thermo Fisher
Scientific) and 1% antibiotic-antimycotic (Gibco) at 37 °C and 5% CO,
inahumidified atmosphere. MC38 cells were purchased from Kerafast
and cultured in DMEM with10% BCS, 0.1 mM non-essential amino acids
and 1% antibiotic-antimycotic.

Animal models

Allanimal handling protocols were approved by the University of North
Carolinaat Chapel Hill’s Institutional Animal Care and Use Committee.
Six-to-eight-week-old female BALB/c) or C57BL/6) mice were obtained
from The Jackson Laboratory. Animals were maintained in a specific
pathogen-free facility (12-h light/dark cycle, tempeature 21-23 °C,
humidity 30-70%). All mice were used at 6-8 weeks of age and were
age and sex matched for the experiment.

The orthotopicand subcutaneous CT26(FL3)-RFP/Luc tumor model
was established based on previous work®>°, In brief, female BALB/c) mice
were anesthetized with2.5%isofluranein oxygeninthe supine position. A
midlineincision was made to exteriorize the cecum. CT26(FL3)-RFP/Luc
cells at a density of 2.0 x 10®in 50 pl of mixture of PBS and Matrigel (1:1)
wereinjectedinto the cecumwall. The cecumwas returned to the perito-
neal cavity before theincision was sutured. The tumor burden was moni-
tored by bioluminescent analysis using an IVIS imager (PerkinElmer)
withintraperitoneal (i.p.) injection of 100 plof D-luciferin (PerkinElmer,
10 mg mlI™). Each mouse was inoculated with 108 CFU of F. nucleatumin
100 pl of PBS every fifth or fourth day by oral gavage.

The subcutaneous tumor model was established by injection of
1.0 x 10° CT26(FL3)-RFP/Luc cells in 100 pl of PBS into the right flank
of the BALB/cJ) mice. The rechallenge studies were performed by sub-
cutaneously inoculating 10° tumor cells. CT26(FL3)-RFP/Luc was
infected with F. nucleatumbefore inoculation. Tumor volume (V) was
calculated as follows:

V,=0.5x%xaxb? ()]

In equation (1), @ and b are defined as the major and minor
diameter of the tumor.

Liver metastasis model was previously reported**”. CT26(FL3)-
RFP/Luc was infected with F. nucleatum before inoculation. Female
BALB/c) mice were anesthetized with 2.5% isoflurane in oxygen in the
supine position. Anincision was made to exteriorize the spleen below
theleftrib cage. The spleen was tied and cutinto two parts that contain
intact vascular pedicle for each half. The distal section of the spleen
was inoculated with 1.0 x 10® CT26(FL3) cells in 150 pl of PBS. The
hemi-spleen containing inoculated cells was resected 5 min after inocu-
lation, allowing the cancer cells to enter the liver through the portal
vein. The other half of the spleen was returned to the peritoneal cavity,
andtheincision was sutured. The tumor burden was monitored by bio-
luminescent analysis using an IVIS imager (PerkinElmer, Living Image
version 4.5) with i.p. injection of 100 pl of D-luciferin (PerkinElmer,
10 mg mlI™). For ex vivo imaging, the dissected liver with tumor was
quickly rinsed inPBS and placed in diluted luciferin solution (1 mg miI™)
for 1 min. Bioluminescence imaging was applied immediately.

Invitro cellinfection

Five milliliters of overnight F. nucleatum or E. coli Nissle culture was
harvested and washed in sterile PBS two times by centrifugation at
4,000 r.p.m. for 10 min in an anaerobic chamber. The optical density
was adjusted to 1.3 x 10° CFU per milliliter. For intracellular bacterial
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imaging, the bacteria were then stained with 5 pM CFSE (Invitrogen)
according to the manufacturer’sinstructions. The culture medium of
CT26FL3(Luc/RFP) cells was changed to DMEM supplemented with
10% BCS without antibiotics before bacterial infection. The cells were
then incubated with the stained or unstained bacteria at a multiplic-
ity of infection (MOI) of 20 in a hypoxic incubator for 4 h, followed
by three washes in PBS. The cells were harvested for inoculation. For
intracellular bacteria imaging, the cells were stained with phallo-
idin and antibodies as described below. Antibodies (Supplementary
Table 2) wereincubated at 4 °C overnight.

Liposome preparation

Distearoyl phosphatidylcholine (16.0 mg, Avanti), cholesterol (10.0 mg,
Avanti) and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
N-[methoxy (polyethylene glycol)-2000] (5.0 mg, Avanti) were dis-
solved in chloroform. The solvent was evaporated to formalipid thin
film. Three milliliters of 300 mM silver nitrate solution (adjusted to pH
3.0 with nitric acid) was added to hydrate the film at 65 °C for 15 min,
and then the suspension was sequentially extruded through 400-nm,
200-nmand 100-nm membranes for 10 times. Gel filtration (Sephadex
G-50) was used to remove the silver ions from the outer aqueous
phase of the liposomes and to replace it with 5% sucrose with EDTA
(UltraPure, pH 8.0, 1:25 dilution by sucrose solution) and then with 5%
glucose without EDTA. The liposomes were incubated with tinidazole
(0.4 mg) at 65 °C for 15 min for remote loading. The gel filtration was
repeated to remove the unencapsulated tinidazole. For analysis, the
drug-loaded liposomes were dissolved in methanol and measured by
liquid chromatography with mass spectrometry (LC-MS) and induc-
tively coupled plasma mass spectrometry (ICP-MS) for tinidazole and
Ag', respectively. Liposomal encapsulation efficiency was calculated as
the weight of tinidazole entrapped inliposomes versus the total weight
of tinidazole added. Liposomal loading efficiency was calculated as
the weight of tinidazole entrapped in liposomes versus the weight of
gross materials added.

FISH

F. nucleatum in orthotopic CRC tissues was determined using RNA
insitu hybridization. The F. nucleatum16S RNA probe was synthesized
by GenScript. The sequence of the F. nucleatum-targeted RNA probe
was 5’-CUUGUAGUUCCGCrYUACCUC/3’CY5/-3’witha CY5 label at the
3’end, which was based on a previously reported F. nucleatum-targeted
probe (S-G-Fuso-0664-a-A-19, https://probebase.csb.univie.ac.at/
pb_report/probe/1346)°. Stellaris RNA FISH buffers (Stellaris RNA
FISH Wash Buffer A, Stellaris RNA FISH Wash Buffer B and Stellaris
RNA FISH Hybridization Buffer) were used according to the Stellaris
RNA FISH protocol for frozen tissue. In brief, fresh dissected tumors
were quicklyembeddedin Tissue-Plus O.C.T. Compound and stored at
-80°C.Thefrozentumorsweresliced atathickness of 10 pm, fixed with
4% paraformaldehyde and permeabilized with 70% ethanol. The slices
were subsequently immersed in Wash Buffer A for 5 min, dispensed
with 200 pl of Hybridization Buffer containing a probe solution of
125 nM, followed by incubationin dark at 37 °Cfor 16 h. The slides were
then incubated with Wash Buffer A in dark for 30 min, stained with
5pg mi™ DAPI in Wash Buffer A, immersed in Wash Buffer B for 5 min
and mounted with Prolong Diamond Antifade Mountant (Thermo
Fisher Scientific). We stained uninfected tumors with the probes as
negative controls to verify that the FISH assay specifically detected
F. nucleatum.Images were acquired by Zeiss ZEN 2011.

FISH quantification

The distance map indicating the minimum distance between FISH
signals and DAPI staining was calculated by the Euclidean distance
function:

d(x)=min(lx-yl),x€ Qr,y € Qp 2

where Qrand Q, are theimage domains of FISH signals and DAPI stain-
ing, respectively. x/y denotes the position of each pixel in the
two-dimensional coordinate system. For each x of FISH signals, we
computed its minimum distance from the position of DAPI staining by
equation (2). xand d (x)were then fitted with a polynomial fourth-order
curve to better reflect the correlation of the distance between FISH
signals and DAPI staining, by GraphPad Prism 9.0 software.

Fecal DNAisolation and library preparation

Mouse stool samples were collected on day 60 after LipoAgTNZ treat-
ment andimmediately stored at—80 °C upon collection. Fecal DNA was
isolated using a QIAamp Fast DNA Stool Mini Kit (Qiagen) following
the manufacturer’s protocol. Then, 12.5 ng of total DNA was amplified
by polymerase chain reaction (PCR) using primer set (515F-806R)**7°
targeting the V4 region on 16S rRNA genes, and PCR amplicons were
sequenced at the V4 region on an lllumina MiSeq (Illumina). Subse-
quently, each sample was amplified using a limited cycle PCR pro-
gram, adding Illumina sequencing adapters and dual-index barcodes
(index1(i7) and index 2(i5)) (Illumina) to the amplicon target. The final
libraries were purified using AMPure XP reagent (Beckman Coulter),
quantified and normalized before pooling. The DNA library pool was
then denatured with NaOH, diluted with hybridization buffer and heat
denatured beforeloading onthe MiSeq reagent cartridge (Illumina) and
onthe MiSeqinstrument (Illumina). Automated cluster generation and
paired-end sequencing with dual reads were performed according to
the manufacturer’s instructions.

Bioinformatic analysis

Sequencing output from the Illumina MiSeq platform was converted to
FASTQ format and demultiplexed using lllumina Bcl2Fastq 2.20.0. The
resulting paired-end reads were processed with the Quantitative Insights
Into Microbial Ecology (QIIME) 2 2021-2 (ref. 71) wrapper for DADA2
(ref.72) including merging paired ends, quality filtering, error correction
and chimera detection. Amplicon sequencing units from DADA2 were
assigned taxonomic identifiers with respect to the Greengenes’ and
Silva™ databases; their sequences were aligned using maFFT” in QIIME 2;
and a phylogenetic tree was built with FastTree’ in QIIME 2. A rarefac-
tion curve was generated atadepth of 5,000 sequences per subsample.
B-diversity estimates were calculated within QIIME 2 using weighted Uni-
Fracbetweensamples at asubsampling depth of 5,000. Theresults were
summarized and visualized through principal coordinate analysis as
implemented in QIIME 2. Microbiota taxonomy was also applied to clas-
sify the organism as arepresentative operational taxonomic unit (OTU).
The linear discriminant analysis effect size (LEfSe) Galaxy module was
used for analysis examining biologic consistency and effect relevance
(http://huttenhower.sph.harvard.edu/galaxy)”’, which was conducted
by coupling standard tests for statistical significance.

T cellisolation and adoptive transfer
The spleens from long-term survivors (pulsed with 2 x 10° CT26FL3
(Luc/RFP) cellssubcutaneously inthe lower right flank 48 h before T cell
isolation) and naive mice were disassociated in PBS with 0.1% BSA and
2 mM EDTA using a syringe plunger and filtered through a 40-pum cell
strainer. The splenocytes were centrifuged at 300g for 10 min at 4 °C
and washed in 50 ml of PBS with 0.1% BSA and 2 mM EDTA. The cells
were resuspended with 10 ml of RPMI11640 medium (Gibco) with 120
Kunitz units per milliliter of DNase for 15 min at room temperature and
filtered througha cell strainer. The cells were washed with 50 ml of PBS
with 0.1% BSA and 2 mM EDTA, resuspended in 4 ml of PBS with 0.1%
BSA and2 mM EDTA and purified by 3 ml of Ficoll-Paque PLUS at 400g
for30-40 minat room temperature. The undisturbed lymphocytes at
the interface were collected and used for in vivo (CFSE-labeled cells)
andinvitroT cell proliferation assays.

Pan T cells were further isolated by negative magnetic labeling
using a pan T cell isolation kit (Miltenyi Biotec). T cells were treated
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with biotin-antibody cocktail and subsequently anti-biotin cocktail
and separated by an LS column (Miltenyi Biotec) in elution buffer
(PBSwith 0.5% BSAand2 mMEDTA) inthe magnetic field of the MACS
separator (MiltenyiBiotec). The cells were adjusted to1 x 10°in 200 pl
of PBSandi.v.injected into the recipient mice on day 10 and day 15 after
tumor inoculation.

Bacteria epitope prediction

Forbacteria-derived neoantigens, cytoplasmic proteins of F. nucleatum
were predicted by Vaxign2 (https://violinet.org/vaxign2) and then
ranked by the abundance in the quantitative label-free proteomics™ .
The most abundent proteins were selected for T cell epitope predic-
tion. T cell epitopes were predicted using open-source tools based on
artificial neural networks supported by IEDB (https://iedb.org/) and
NetMHC 4.0 server (http://www.cbs.dtu.dk/services/NetMHC/). MHC
haplotypes corresponding to strain Balb/C and C57BL/6 were used for
thisexercise. Predicted epitopes were ranked, and potential epitopes
were used for T cell study.

Forbacteria-derived homologous antigens: To explore the homol-
ogous antigens shared by bacteria and mice, the genome of Fusobac-
terium nucleatum subsp. nucleatum ATCC 25586 (GCA_000007325.1)
was aligned with the mice genome (GRCm39 reference annotation
release 109) by using Nucleotide Blast*®. The putative proteins in mouse
proteome were selected, among which sequences longer than seven
amino acids were further filtered and aligned in F. nucleatum proteome
(UP000002521_190304). The homologous peptide sequences were
selected for T cell epitope prediction.

ELISpot assay

ELISpot assay was used to test the memory immune response and
MHC-restricted peptides on splenic CD8" T cells. IFN-y ELISpot assays
(R&D Systems, EL485) were performed in 96-well sterile plates. The
membrane of plates was precoated with capture IFN-y antibody and
incubated with blocking buffer for 2 h. Bone-marrow-derived den-
dritic cells (10° per well) were pulsed with peptides (20 ug ml™) and
addedto CD8' T cells (2 x 10* per well) for 24 hat 37 °C, and plate areas
were developed with a biotinylated detection antibody specific for
IFN-y for 1 h, followed by streptavidin-alkaline phosphatase for 1 h.
Finally, the substrate of alkaline phosphatase (BCIP/NBT buffer) was
added for 5-20 min. Spots were imaged by using stereomicroscopy
(Olympus BX61).

Tetramer study

After 28 d of orthotopic tumor inoculation, surface immunopheno-
typing of tumor-infiltrating T lymphocytes was performed as fol-
lows. Single-cell suspension of solid tumor was obtained by standard
Ficoll-Paque density gradient centrifugation. CD8' Tlymphocytes were
isolated by negative bead selection (MiltenyiBiotec,130-104-075). The
T cell epitopes were evaluated for the percentage of specific CD8* T
lymphocytes by staining with an H2-Db- or H2-Kb-peptide tetramer
(5001-1-20, Eagle Biosciences) and anti-CD8 monoclonal antibody.

Statistical analysis

Statistical analysis comparing two groups was performed using an
unpaired two-tailed ¢-test. Comparisons between three or more groups
were performed using ordinary two-way ANOVA with multiple compari-
sons. For survival analyses, the log-rank test was used for comparison.
Allstatistical analyses were performed using GraphPad Prism 9.0.1and
9.5.1software. Appropriate tests were applied in analyzing these data,
meeting assumptions of the statistical methods. A P value less than
0.05was considered significant. Data are presented asthe means + s.d.

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

Data availability

The 16S rRNA data are available through the National Center for
Biotechnology Information (NCBI) Sequence Read Archive (accession
numbers SRR23197060-SRR23197067, BioProject PRINA926798). The
whole-exome sequencing data are available through the Sequence
Read Archive (BioProject PRINA926643). The genome of Fusobacte-
rium nucleatum subsp. nucleatum ATCC 25586 (GCA_000007325.1)
is available on KEGG (https://www.genome.jp/kegg-bin/show_
organism?org=fnu). Mus musculus genome (GRCm39 reference anno-
tationrelease109) isavailable at the NCBI (https://www.ncbi.nlm.nih.
gov/genome/annotation_euk/Mus_musculus/109/). Fusobacterium
nucleatum reference proteome (UP000002521_190304) is available at
the European Bioinformatics Institute (https://www.ebi.ac.uk/refer-
ence_proteomes/). Allother datasupporting the findings of this study
areavailable fromthe corresponding authors upon reasonable request.
Source data are provided with this paper.

Code availability
The distance map for FISH images analysis is available on Zenodo
(https://doi.org/10.5281/zenodo.8200515)®.
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Data collection  Applied Biosystems 7500 fast and 7500 Real-Time PCR System (7500 v2.3) was used to collect relative gene expression (RQ) values. Zeiss ZEN
(2.3 SP1 FP3 895 black, 64 bit, release version 14.0.0.0) was used to collect confocal images. Flow cytometry data were acquired with BD
FACSDIVA™ v8.0.1. Living Image v 4.5 was used to collect luminescence images. NIS-Elements BR 3.0 was used to take bright field images of
HE staining. LabSolutions V5.86 SPI was used to collect HPLC/MS data. ZetaVIEW v 8.05.11 SP4 was used to collect data of nanoparticle
tracking analysis. ESI SC 2.9.0.202 was used to collect ICP-MS data. OpenVnmrj v2.1 REVISION A was used to collect NMR spectrum data.
Sequencing output from the lllumina MiSeq platform were converted to fastq format and demultiplexed using lllumina Bcl2Fastq 2.20.0
(Illumina, Inc. USA). The resulting paired-end reads were processed with the Quantitative Insights Into Microbial Ecology (QIIME) 2 2021-2
wrapper for DADA2 including merging paired ends, quality filtering, error correction, and chimera detection. Living Image® version 4.5
software was used to collect VIS data. UV absorption for MTT and protein quantifications were collected by Mikrowin 2000. Image Lab 6.0
Software (BIO-RAD) was used to image western blots.
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Data analysis Flow cytometry data were analyzed with FlowJo VIO. ImageJ v2.10 was used for confocal, TEM and cryoEM images processing. GraphPad
Prism 9.0.1 and 9.5.1 was used to plot the data and analyze the statistic differences. The chemical structure were generated by Chemical
Draw v14. X calibur v4.1 (ThermoFisher, Breman, Germany) was used to analyze the Mass spectrum data. LabSolutions V5.86 SPI was used to
analyze HPLC/MS data. ZetaVIEW analyze v8.05.1l SP4 was used to analyze the data of nanoparticle tracking analysis. Image deconvolution
algorithms were done by Autoquant X3.. Image reconstruction was done by Imaris 9.5.1. Amplicon sequencing units from DADA2 were
assigned taxonomic identifiers with respect to the Greengenes and Silva databases, their sequences were aligned using maFFT in QIIME 2, and
a phylogenetic tree was built with FastTree in QIIME 2. The linear discriminant analysis effect size (LEfSe) Galaxy module was used for analysis
examining biologic consistency and effect relevance, which was conducted by coupling standard tests for statistical significance. FASTQ files of
whole exome sequencing were subjected to FASTQC (v0.11.4) to check raw sequencing quality and TrimGalore (v0.6.0) to remove low-quality
bases adapters and short reads.
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The 16S rRNA data are available through NCBI public repository Sequence Read Archive (accession number: SRR23197060-SRR23197067, BioProject PRINA926798).
The whole exome sequencing data are available through NCBI public repository Sequence Read Archive (accession number: BioProject PRINA926643).

The genome of Fusobacterium nucleatum subsp. nucleatum ATCC 25586 (GCA_000007325.1) is available on KEGG (https://www.genome.jp/kegg-bin/
show_organism?org=fnu). Mus musculus genome (GRCm39 reference Annotation Release 109) is available on NCBI (https://www.ncbi.nIm.nih.gov/genome/
annotation_euk/Mus_musculus/109/). Fusobacterium nucleatum reference proteome (UP000002521_190304) is available on EBI (https://www.ebi.ac.uk/
reference_proteomes/). The distance map for FISH images analysis is available on Zenodo (DOI: 10.5281/zenodo.8200515). All other data supporting the findings of
this study are available from the corresponding authors upon reasonable request. Source data are provided with this paper.
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Reporting on sex and gender In the clinical cohort of colorectal cancer gender as reported to the Health insurance system is reported and gender is
accounted for in the multivariate model as gender was identified as a prognosis factor for 3 year DFS in univariate analyses.
For the breast cancer clinical cohort, only female patients as reported to the French health insurance system were included.

Population characteristics Covariates Used in the Multivariate Model: gender, age (18-49, 50-69, 70-79, > 80 years), laterality of cancer Charlson
comorbidity index (none, 1-2, >3), nutritional status during the surgical resection (malnutrition vs. no malnutrition),
admission to the intensive care unit during the surgical resection length of stay (no admission or <2 days, 2-7 days, >7 days),
and time when antibiotics were used along the time axis to account for a potential time-dependent bias.

Recruitment The clinical study was performed by analyzing the French Cancer Cohort from the cancer institute data platform of the
French National Cancer Institute (INCa), the prospective cohort of which is an extraction from the National Health Data
System (SNDS) and includes all people diagnosed, treated, or followed up for cancer in France since 2010. In brief, this study
included all people aged 18 or older with incident nonmetastatic colorectal cancer resected between January 2012 and
December 2014 in France. To select incident cases, we excluded people with a previous history of cancer (2010-2011) or
long-term disease for cancer (diagnosed before 2012).

Ethics oversight The French cancer cohort protocol was approved by a national committee (Comité Consultatif sur le Traitement de
I'Information en Matiére de Recherche dans le Domaine de la Santé) and authorized by the French Data Protection Agency
(Commission nationale de I'informatique et des libertés—Cnil, number 2019-082).
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Life sciences study design

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

Sample size Sample size was determined by power analysis (90% power at 5% significance level).

Data exclusions  No exclusion criteria were incorporated in the design of the experiments for this study and no data were excluded from analyses.
Replication For each series of experiments, all replication attempts were successful. The experiment repeats have been added to each panel.
Randomization  Mice, cells and bacteria for studies were randomly allocated to experimental groups at the beginning of experiments.

Blinding Samples were labeled with simple numbers before data analysis. The investigators were blinded to group allocation during data collection.
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Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
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|:| Clinical data
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Antibodies

Antibodies used The antibodies used in this study were summarized in Supplementary Table S2.
MSH2, (Cell Signaling, 50-204-7020) WB dilution 1:1000
MSHS, (Cell Signaling, 50-204-7740) WB dilution1:1000
MLH1, (Abcam, EPR3894) WB dilution 1:2000
CD8 Alexa Fluor® 700 (Biolegend, 155022) Flow cytometry, dilution 1:100
CD3 PE-Cy7 (Biolegend, 100219) Flow cytometry 1:100
CD206 PerCP-Cy5.5 (Biolegend, 141715) Flow cytometry, dilution 1:100
F4/80 PE-Cy5 (Biolegend, 12311) Flow cytometry, dilution 1:100
CD8 PE (BD Pharmingen, 553032) Flow cytometry, dilution 1:100
CD3 Alexa Fluor® 647 (BioLegend, 100209) Flow cytometry, dilution 1:100
CD4 Percy-Cy5.5 (BioLegend, 100434) Flow cytometry, dilution 1:100
CD11b FITC (BioLegend, 101205) Flow cytometry, dilution 1:100
F4/80 Alexa Fluor® 488 (Invitrogen, 15-4801-80) Flow cytometry, dilution 1:100
CD206 PE-Cy7 (eBioscience, 25-2061-80) Flow cytometry, dilution 1:100
CD62L APC (BioLegend, 104411) Flow cytometry, dilution 1:100
CD44 FITC (BioLegend,103006) Flow cytometry, dilution 1:100
INF-y BV421 (Invitrogen, 48-7311-80) Flow cytometry, dilution 1:100
CD31 Alexa Fluor® 647 (BioLegend, 102516) IF, dilution 1:200
LYVE-1 Alexa Fluor® 488 (Invitrogen, 53-0443-82) IF, dilution 1:500
HIF-1 (Invitrogen, PA5-85494) IF, dilution1:1000
Anti-Rabbit 1gG Alexa Fluor® 594 (Abcam, AB150077) IF, dilution 1:1000
CD206 PE (BioLegend, 141705) IF, dilution 1:500
CD8 FITC (BioLegend, 100705) IF, dilution 1:500
CD11c Percy-CY5.5 (BiolLegend, 117327) Flow cytometry, dilution 1:100
MHCII PE-CY7 (BioLegend, 107629) Flow cytometry, dilution 1:100
Gr-1 Alexa Fluor® 594 (BioLegend, 108448) Flow cytometry, dilution 1:100
Anti-CD8 (Bioxcell, BPO004-1) i.v. injection
Anti-CD4 (Biocell, BEOOO3-1) i.v. injection
1gG (Bioxcell, BEOO94) i.v. injection
Calriticulin (Abcam, AB2907) Western blot and IF, WB dilution 1:1000, IF dilution 1:100
Heat shock protein 70 (Invitrogen, MA5-31961) Western blot dilution 1:3000
Beta-actin (Invitrogen, MA5-32479) Western blot, dilution 1:1000
Anti-Rabbit 1gG HRP (Invitrogen, 31460) Western blot, dilution 1:10000




Validation

All antibodies were verified by the supplier and each lot has been quality tested. All the antibodies used are from commercial
sources and have been validated by the vendors. Validation data are available on the manufacturer's website.

CD8 Alexa Fluor® 700 (Biolegend 155022) has been validated to be used for flow cytometric analysis and mentioned species
reactivity with mouse. https://www.biolegend.com/de-at/cell-health/pe-cyanine7-anti-mouse-cd8a-antibody-1906

MSH2, (Cell Signaling, 50-204-7020) has been validated to be used for western blot and mentioned species reactivity with mouse.
https://www.cellsignal.com/products/primary-antibodies/msh2-d24b5-xp-rabbit-mab/2017?_requestid=624578

MSHS, (Cell Signaling, 50-204-7740) has been validated to be used for western blot and mentioned species reactivity with mouse.
https://www.cellsignal.com/products/primary-antibodies/msh6-p150-antibody/3995

MLH1, (Abcam, EPR3894) has been validated to be used for western blot and mentioned species reactivity with mouse. https://
www.abcam.com/products/primary-antibodies/mlh1-antibody-epr3894-ab92312

CD206 PerCP-Cy5.5 (Biolegend, 141715) has been validated to be used for flow cytometric analysis and mentioned species reactivity
with mouse. https://www.biolegend.com/fr-fr/products/percp-cyanine5-5-anti-mouse-cd206-mmr-antibody-8477

F4/80 PE-Cy5 (Biolegend, 12311) has been validated to be used for flow cytometric analysis and mentioned species reactivity with
mouse. https://www.biolegend.com/de-de/products/pe-cyanine5-anti-mouse-f4-80-antibody-4069

CD3 PE-Cy7 (Biolegend, 100219) has been validated to be used for flow cytometric analysis and mentioned species reactivity with
mouse. https://www.biolegend.com/ja-jp/clone-search/pe-cyanine7-anti-mouse-cd3-antibody-6060

CD8 PE (BD Pharmingen, 553032) has been validated to be used for flow cytometric analysis and mentioned species reactivity with
mouse. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/pe-rat-anti-mouse-cd8a.553032

CD3 Alexa Fluor® 647 (BioLegend, 100209) has been validated to be used for flow cytometric analysis and immunofluorescence and
mentioned species reactivity with mouse. https://www.biolegend.com/en-us/products/alexa-fluor-647-anti-mouse-cd3-
antibody-2693

CD4 Percy-Cy5.5 (BioLegend, 100434) has been validated to be used for flow cytometric analysis and mentioned species reactivity
with mouse. https://www.biolegend.com/fr-ch/products/percp-cyanine5-5-anti-mouse-cd4-antibody-4220?GrouplD=BLG4745

CD11b FITC (BioLegend, 101205) has been validated to be used for flow cytometric analysis and mentioned species reactivity with
mouse. https://www.biolegend.com/en-us/cellular-dyes-and-ancillary-products/fitc-anti-mouse-human-cd11b-antibody-347

F4/80 Alexa Fluor® 488 (Invitrogen, 15-4801-80) has been validated to be used for flow cytometric analysis and mentioned species
reactivity with mouse. https://www.thermofisher.com/antibody/product/F4-80-Antibody-clone-BM8-Monoclonal/53-4801-82

CD206 PE-Cy7 (eBioscience, 25-2061-80) has been validated to be used for flow cytometric analysis and mentioned species reactivity
with mouse. https://www.thermofisher.com/antibody/product/CD206-MMR-Antibody-clone-MR6F3-Monoclonal/25-2061-82

CD62L APC (BioLegend, 104411) has been validated to be used for flow cytometric analysis and mentioned species reactivity with
mouse. https://www.biolegend.com/en-ie/cell-health/apc-anti-mouse-cd62l-antibody-381

CD44 FITC (BioLegend, 103006) has been validated to be used for flow cytometric analysis and mentioned species reactivity with
mouse. https://www.biolegend.com/fr-fr/sean-tuckers-tests/fitc-anti-mouse-human-cd44-antibody-314?GrouplD=BLG10248

INF-y BV421 (Invitrogen, 48-7311-80) has been validated to be used for flow cytometric analysis and mentioned species reactivity
with mouse. https://www.thermofisher.com/antibody/product/IFN-gamma-Antibody-clone-XMG1-2-Monoclonal/48-7311-82

HIF-1 N/A (Invitrogen, PA5-85494) has been validated to be used for western blot and immunofluorescence and mentioned species
reactivity with mouse. https://www.thermofisher.com/antibody/product/HIF1A-Antibody-Polyclonal/PA5-85494

Anti-Rabbit 1gG Alexa Fluor® 594 (Abcam, AB150077) has been validated to be used for immunofluorescence and mentioned species
reactivity with rabbit. https://www.abcam.com/products/secondary-antibodies/goat-rabbit-igg-hl-alexa-fluor-594-ab150080.html

CD206 PE (BioLegend, 141705) has been validated to be used for flow cytometric analysis and mentioned species reactivity with
mouse https://www.biolegend.com/de-de/sean-tuckers-tests/pe-anti-mouse-cd206-mmr-antibody-7424?GrouplD=BLG9506

CD8 FITC (BioLegend, 100705) has been validated to be used for flow cytometric analysis and mentioned species reactivity with
mouse. https://www.biolegend.com/en-us/products/pe-anti-mouse-ccl5-rantes-antibody-10420?GrouplD=BLG13391

CD11c Percy-CY5.5 (BiolLegend, 117327) has been validated to be used for flow cytometric analysis and mentioned species reactivity
with mouse. https://www.bdbiosciences.com/en-us/products/reagents/flow-cytometry-reagents/research-reagents/single-color-
antibodies-ruo/percp-cy-5-5-hamster-anti-mouse-cd11¢c.5605844#:~:text=CD11c%20plays%20a%20role%20in%20binding%200f%
20iC3b.&text=PerCP%2DCy5.5-,PerCP%2DCy5.,Em%20Max)%20at%20676%20nm.

MHCII PE-CY7 (BioLegend, 107629) has been validated to be used for flow cytometric analysis mentioned species reactivity with
mouse. https://www.biolegend.com/de-de/explore-new-products/pe-cyanine7-anti-mouse-i-a-i-e-antibody-6136?

GrouplD=BLG11931

Gr-1 Alexa Fluor® 594 (BioLegend, 108448) has been validated to be used for immunofluorescence and flow cytometric analysis and

>
Q
—
(e
(D
©
(@)
=
S
<
-
(D
©
O
=
>
(@)
w
[
3
=
Q
A

Lcoz Yooy




mentioned species reactivity with mouse. https://www.biolegend.com/de-de/products/alexa-fluor-594-anti-mouse-ly-6g-ly-6¢-gr-1-
antibody-9672

Anti-CDS8 (Bioxcell, BP0004-1) has been validated to be used for western blot and mentioned species reactivity with mouse. https://
bioxcell.com/invivomab-anti-mouse-cd8a-be0004-1

Anti-CD4 (Bioxcell, BEO003-1) has been validated to be used for western blot and mentioned species reactivity with mouse. https://
bioxcell.com/invivomab-anti-mouse-cd4-be0003-1

1gG (Biocell, BEO094) It has been described as ideal for use as a non-reactive control IgG. https://bioxcell.com/invivomab-polyclonal-
rat-igg-be0094

Calriticulin (Abcam, AB2907) has been validated to be used for immunofluorescence and western blot and mentioned species
reactivity with mouse. https://www.abcam.com/products/primary-antibodies/calreticulin-antibody-er-marker-ab2907.html

Heat shock protein 70 (Invitrogen, MA5-31961) has been validated to be used for western blot, immunofluorescence and flow
cytometric analysis and mentioned species reactivity with mouse. https://www.thermofisher.com/antibody/product/HSP70-
Antibody-clone-SA0379-Recombinant-Monoclonal/MA5-31961

Beta-actin (Invitrogen, MA5-32479) has been validated to be used for western blot, immunofluorescence and flow cytometric
analysis and mentioned species reactivity with mouse. https://www.thermofisher.com/antibody/product/Actin-Antibody-clone-
JJ09-29-Recombinant-Monoclonal/MA5-32479

Anti-Rabbit 1gG HRP (Invitrogen, 31460) has been validated to be used for western blot and mentioned species reactivity with
mousehttps://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-lgG-H-L-Secondary-Antibody-Polyclonal /31460

Eukaryotic cell lines

Policy information about cell lines and Sex and Gender in Research

Cell line source(s)

Authentication

Metastatic CT26FL3 cells were kindly provided by Dr. Maria Marjorette O. Pefia at the University of South Carolina.
CT26FL3(Luc/RFP) cells stably expressing red fluorescent protein (RFP) and luciferase (Luc) were established by transfection
with lentivirus vectors carrying RFP and Luc genes and a puromycin resistance gene. MC38 cells were purchased from
Kerafast, Inc..

None of the cell lines used were authenticated.

Mycoplasma contamination The cell lines were tested negative for mycoplasma contamination .

Commonly misidentified lines  No cell lines used are listed in the database of commonly misidentified cell lines.

(See ICLAC register)

Animals and other research organisms

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

Research

Laboratory animals

Wild animals
Reporting on sex
Field-collected samples

Ethics oversight

Animals were maintained in a specific pathogen-free facility (12-hour light/dark cycle, tempeature: 21-23 °C, humidity: 30-70%). All
mice were used at 6-8 weeks of age, age and sex matched for the experiment.

The study did not involve wild animals.
Balb/CJ and C57BL/6J mice were female. Sex were not considered in study design.
The study did not involve samples collected from the filed.

All animal handling protocols were approved by the University of North Carolina at Chapel Hill's Institutional Animal Care and Use
Committee.

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

Plots
Confirm that:
The axis labels state the marker and fluorochrome used (e.g. CD4-FITC).

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

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

Sample preparation Freshly harvested tumor tissues were digested into single cell suspensions in PBS with collagenase Il (200 U/ml, Invitrogen)
and DNase (100 ug/mL, Invitrogen) at 37 °C for 60 min. Single cell suspension was collected by mechanical disruption using
the plunger end of a 1 mL syringe, and diluted to 1x106 cells/mL with FACS buffer (PBS containing 2% bovine calf serum and
2 mM EDTA). One milliliter of the cell suspension was centrifuged and stained at 4 °C for 30 min by the addition of a cocktail
of fluorophore conjugated antibodies (Supplementary Table 2). For intracellular staining, cells were permeabilized with
Cytofix/Cytoperm buffer (BD Biosciences), and then stained with intracellular antibodies at 4 °C for 20 min. Cells were fixed
with 4% PFA and analyzed by flow cytometry.

Instrument BD LSR Il, LSRFortessa

Software FACSDIVA™ v8.0.1

Cell population abundance All cells are used for analysis of a relevant cell population. Cell count of at least 25,000 events was collected of a relevant cell
population after the initial gating.

Gating strategy Preliminary cell populations were gated for singlets using FSC-A/SSC-A. Control stains were used to distinguish between

background staining and specific antibody staining. Specific immune cell populations were gated based on the specific
antibody staining as described in each experiment.

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