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Avariety of species of bacteria are known to colonize human tumours'™, proliferate

within them and modulate immune function, which ultimately affects the survival of
patients with cancer and their responses to treatment> ™™, However, it is not known
whether antigens derived fromintracellular bacteria are presented by the human
leukocyte antigen class 1and Il (HLA-1and HLA-II, respectively) molecules of tumour
cells, or whether such antigens elicit atumour-infiltrating T cellimmune response.
Here we used 16S rRNA gene sequencing and HLA peptidomics to identify a peptide
repertoire derived fromintracellular bacteria that was presented on HLA-land HLA-II
molecules in melanoma tumours. Our analysis of 17 melanoma metastases (derived
from 9 patients) revealed 248 and 35 unique HLA-land HLA-Il peptides, respectively,
that were derived from 41 species of bacteria. We identified recurrent bacterial
peptidesin tumours from different patients, as well as in different tumours from the
same patient. Our study reveals that peptides derived fromintracellular bacteria can
be presented by tumour cells and elicitimmune reactivity, and thus provides insight
into amechanism by which bacteriainfluence activation of theimmune system and
responses to therapy.

To investigate the influence of intratumoral bacteria on the immune
response, we developed an experimental pipeline that comprises a
16S rRNA gene-sequencing platform® coupled to HLA peptidomics
and applied it to samples from melanoma tumours.

Species of bacteriaidentified in melanoma

Our sequencing of the 16S rRNA gene of 17 melanoma samples derived
from 9 patients with melanoma (Supplementary Table 1) led to the
identification of 41 distinct species of bacteria (Supplementary Table 2).
Inspection of a microbial phylogenetic tree revealed high similarity
inthe composition of bacteriafound in different metastases fromthe
same patient (Fig. 1, Extended Data Fig. 1), but also among samples
fromdifferent patients. This finding points to the existence of species
ofbacteriathatare common to melanoma. To validate the presence of
bacteriain our tumour cohort, we performed 16S fluorescence in situ
hybridization staining (Extended Data Fig. 2).

We complemented this with taxonomic profiling of awhole-genome
sequencing dataset of melanoma that comprised 108 paired tumour

and blood samples®, focusing on DNA sequences that do not map to
the human genome. Although the proportion of bacterial readsinthe
tumour andblood samples were the same (paired two-tailed Wilcoxon
test, P=0.52), the microbiota richness—measured as the number of
speciesinasample—was higher in tumour samples (paired two-tailed
Wilcoxontest, P=0.0045) (Extended Data Fig. 3a). Moreover, the bacte-
rial composition was more conserved in tumour samples thanin blood
samples (Bray-Curtis distance, two-tailed Wilcoxon test, P=2.8 x107%)
(Extended DataFig.3b), and seven genera of bacteria exhibited greater
abundance in the tumour samples (Extended Data Fig. 3¢, d). Eight
species of bacteria from the Acinetobacter, Actinomyces, Corynebac-
terium, Enterobacter and Streptococcus generawere also found in our
cohort, supporting the microbial composition that we identified in
melanoma tumours.

Presentation of bacterial peptides

We performed an HLA peptidome analysis of the HLA-I and HLA-II
repertoires of the same tumours that were sequenced by 16S rRNA

A list of affiliations appears at the end of the paper.
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Fig.1|Identification ofintratumoral bacteriain melanoma. Schematic
phylogenetic tree of the bacterial composition of 17 melanoma metastases that
originated from 9 patients. The analysisisbased onrRNA16S gene sequencing.
Thedifferent colours and shadesinthecirclesindicate the different

profiling. The raw data from each HLA peptidome were searched
(using MaxQuant software) against the proteomes of the species of
bacteria that we identified in the corresponding tumour, together
with the human proteome. We filtered the peptides by the quality of
their identification and their ability to match the HLA alleles of the
patient (Extended Data Fig. 4, Supplementary Information). This anal-
ysis revealed 248 unique HLA-I-associated peptides and 35 unique
HLA-II-associated peptides (Supplementary Tables 3-5). The clustering
of HLA-Ipeptides of 8-13amino acidsinlength that wereidentified from
each patientshowed areduced amino acid complexity of the peptides
(as expected for HLA-I peptides), and matched the motifs of the HLA
alleles of the patient (Supplementary Fig. 1). The length distribution
of the identified peptides was consistent with the expected length of
HLA-land HLA-Il peptides (Extended DataFig. 5, Supplementary Fig. 2).
The tandem mass spectra of all of the identified peptides is shown in
Supplementary Fig. 3. We validated 48 of the identified peptides by
comparing their tandem mass spectra to that of synthetic peptides
(Supplementary Fig. 3).

In total, we obtained between 0 and 16 HLA-1 and HLA-II peptides
from each metastasis, and between 0 and 45 different HLA-land HLA-II
peptides from each species of bacteria (Fig. 2a). We identified 11recur-
rent HLA-I-associated peptides that were derived from the bacteria
Fusobacterium nucleatum, Staphylococcus aureus and Staphylococcus
capitis. Five of the peptides appeared in different metastases from the
same patient, and six appeared in different patients (Fig. 2b, Supple-
mentary Table 7). As expected, recurrent peptides shared by patients
were predicted to bind to HLA alleles shared by these patients or to
contain the same HLA binding motif.

The percentage of bacterial peptides per sample that matched the
HLA-C*03:04, HLA-C*03:03 and HLA-A*02:01 alleles was higher in most
samples compared to the percentage of human peptides that matched
the samealleles (Fig. 2c, Supplementary Fig. 4). The percentage of bac-
terial peptides was higherin HLA-C*03:04 and HLA-C*03:03 even when
considering the RNA expression of the HLA molecules (Supplementary
Fig.5). Whencompared to therepertoire of the human-derived HLA pep-
tidome, bacteria-derived peptides were significantly more hydrophobic
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(unpaired two-sample Wilcoxon test, P=3.71 x 10~*¢) (Supplementary
Figs.5, 6, Supplementary Table 8), aproperty that might make these pep-
tides preferable for antigen presentation'® and recognition by T cells”.
Importantly, we found that bacterial proteomes contained asignificantly
higher fraction of hydrophobic amino acids compared to the human
proteome (Extended DataFig. 6) and that the HLA-C*03:04, HLA-C*03:03
and HLA-A*02:01alleles bind to more hydrophobic peptides (Extended
DataFig. 7), which provides an explanation for the higher frequency of
bacterial peptides that are presented by these alleles.

Aswe used bulk melanomatumours for the HLA peptidomics assay,
we were unable to determine whether the bacterial HLA peptides were
derived from the melanomacells or antigen-presenting cells. To address
this, we digested two melanoma tumours to recover single cells, which
we subsequently separated into two populations on the basis of their
CD45 marker:immune cells (CD45" cells) and nonimmune cells (CD45"
cells, which are primarily melanoma cells) (tumours HG38 and 422 in
Supplementary Fig. 7). As previously reported, the melanoma cells in
our study not only expressed HLA-Ibut also HLA-Il molecules'®* (Sup-
plementary Fig. 8). We subjected the different populations isolated
from tumour 422 to HLA peptidomics (Supplementary Table 9), which
enabled us to identify both HLA-1 and HLA-II peptides in the CD45~
population (with some overlap between CD45 and CD45" populations)
(Fig.3a). Althoughit has previously been shown that bacteria can enter
antigen-presenting cells and be presented by HLA molecules® %, we
wanted to assess whether the bacteria that we identified in our cohort
are also presented by antigen-presenting cells. To test this, we cocul-
tured antigen-presenting cells, the B cell line IHWO01070 and THP1 cells
that were differentiated into macrophages using phorbol-12-myristate-
13-acetate®*° with F. nucleatum and performed HLA peptidomics (Sup-
plementaryFig. 8a-c, Supplementary Table 10). To ensure that the HLA
peptides that we identify are indeed HLA ligands, we cocultured the
HLA-I-null B cell line 721.221, with and without overexpression of the
HLA-A*01:01 allele, with F. nucleatum and performed HLA peptidom-
ics (Supplementary Fig. 8d). As expected, we observed HLA-A*01:01
bacterial peptides onlyinthe cells that overexpressed the HLA-A*01:01
allele; none of these peptides were identified in the 721.221 cells that
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Fig.2|Characteristics of bacterial peptides. a, The number of bacterial
peptides presented on HLA-land HLA-Ilin each patient sample (patient
numberindicated attop)isindicatedinablue colourscale (left). White
indicates that no peptides were identified in the sample, and grey indicates that
thebacteriumwas notidentified in this metastasis (NA, not applicable). The
totalnumber of bacterial HLA-l1and HLA-Il peptides from each bacteriumis
notedinthebar plotontheright. Speciesnames markedinred are known to be
intracellular bacteria (Supplementary Table 6). b, Bacterial peptides that were
identified in afew metastases from the same patient or in different patients are

did not overexpress HLA-A*01:01. The HLA-Il presentation did not differ
between the two lines (Supplementary Table 11).

Entry of bacteriainto melanoma cells

To thoroughly evaluate whether melanoma cells can present bacte-
rial HLA peptides, we first confirmed that the species of bacteria that
we identified in our cohort of patients with melanoma are capable
of entering melanoma cells. To this end, we cocultured low-passage
celllines derived from the same melanoma tumours with representa-
tive intracellular bacteria (bacteria for which we identified HLA pep-
tides), and assessed the entry of bacteria into the cells using several
orthogonal methodologies. We performed a gentamicin protection
assay* on cocultures of 51AL and 55A3 melanoma cells with aerobically
grown Staphylococcus caprae and anaerobically grown Actinomyces
odontolyticus, and detected colony-forming units at both4 and 8 h
afterinfection (Extended Data Fig. 8a, b). As a control, we used Lacto-
bacillus animalis grown under aerobic conditions and Lactobacillus
plantarum grown under anaerobic conditions as representative spe-
cies of bacteria. Both of these species are expected to possess weaker
cell-invasion phenotypes and, using the gentamicin protection assay,
we observed less invasion of these bacteria into 51AL and 55A3 cells
compared to S. caprae and A. odontolyticus (Extended Data Fig. 8a, b,
Supplementary Table 12).

We further verified the presence of bacteria within melanoma
cells by performing immunofluorescence staining of 51AL and 55A3
GFP-expressing cells that were cocultured with S. caprae, using
anti-lipoteichoic acid (Extended Data Fig. 9). Alternatively, we used

140 | Nature | Vol 592 | 1 April 2021

°TTT

0;
03:030
03:04" 08:02

08:02@, 5. »
4:01

10 20 30

No. of peptides per bacteria 20

10407:02 02:02
s vece

NA

Bacterial peptides per allele (%)

Identified in sample

Not identified 25 5.0 75 100
Human peptides per allele (%)

indicated. Peptides identified in the sample are marked green, and white
denotes peptides that were notidentified in the sample (although the
metastasis has the required HLA allele for this peptide presentation and the
species of bacteria). Grey indicates samples thatlack the HLA allele and
bacteriato produce the peptide. ¢, For each metastasis, the percentages of
bacterialand human peptides that match each HLA-A (left), HLA-B (middle) or
HLA-C (right) allele of the patientisindicated. The allele with the best per cent
rank binding prediction (by NetMHCpan) was assigned to each peptide; the full
allelelistisindicatedin Extended DataFig. 6.

copper-free click chemistry to label anaerobically grown F. nucleatum
and A. odontolyticus with DIBO-Alexa Fluor 488%, and cocultured
these bacteriawith 5S1AL and 55A3 cells stained with anti-HLA-I (Fig. 3b,
Extended DataFig.10). Theimages presented in Extended Data Figs. 9,
10 are derived fromthe centre of z-stackimages of the cells cocultured
with the bacteria (Supplementary Video 1-8). We also constructed 3D
representations of the z-stackimages (Supplementary Videos 10-18). We
detected all three species of bacteriainboth of the melanoma cell lines.
We performed correlative light and electron microscopy (CLEM) analysis
of cells cocultured with F. nucleatum, A. odontolyticus and S. caprae and
stained with anti-lipoteichoic acid, which confirmed that the bacteria
indeed entered the melanoma cells (Fig. 3c, Extended Data Fig. 11).

Bacterial presentation is specific

We assessed whether we could use the bacteria that were identified in
tumours to identify the bacteria-derived HLA-bound peptides of the
corresponding patientin cocultures of 51AL cells with F. nucleatum, and
55A3 cellswith S. caprae. Subjecting these cocultures to HLA peptidom-
icsrevealed 105HLA-1and 130 HLA-II peptidesin cells cocultured with
bacteria (Supplementary Table 13). Knockout of the 3-microglobulin
(B2M) or class Il major histocompatibility complex transactivator
(CIITA) genes in the cells using genome editing reduced the expres-
sion of HLA-land HLA-II, respectively (Supplementary Fig. 8e),and led
to adecrease in the number of HLA-I- and HLA-Il-associated peptides
after coculture with bacteria compared to a scrambled non-targeting
single-guide RNA control (Fig. 3d). Furthermore, coculturing the cells
with L. plantarum or L. animalis—which are less cell-invasive than
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F. nucleatum and S. caprae (Extended Data Fig. 8a, b)—yielded fewer
HLA-I-and HLA-II-bound peptides (Fig. 3d). To control for nonspecific
contaminationinthe HLAimmune purification process, we performed
HLA peptidomics on bacterial pellets using the same amount as was
used for the cocultures, and observed none or few peptides—none
of which were identified in the coculture samples (Supplementary
Table 14). Both the HLA-knockout and less-invasive-bacteria controls
suggest that the bacterial peptides that we identified are HLA ligands,
astheir presence was strongly reduced in both control experiments.

Tumour-isolated bacterial presentation

To further validate the results of our cultured cell studies, we isolated
bacteria from melanoma tumours and checked whether the specific
isolated strains caninvade melanoma cells. Our gentamicin protection
assay and immunofluorescence staining of the isolated bacteria from
tumours (S. capitis from tumour 58A and Staphylococcus succinus from
tumour 261MS) revealed that both of these bacteriainvade melanoma
cells (Extended Data Figs. 8c, d, 9, Supplementary Videos 1-18). We
cocultured S. capitis from tumour 58A with a melanoma-derived cell
line produced from this tumour and performed HLA peptidomics on
the cells, whichled to theidentification of 13 HLA-land 11 HLA-II bacte-
rial peptides (Supplementary Table 15).

For our HLA peptidomics analyses, we used published proteomes
(from UniProt®) of the species of bacteria that we identified using 16S
rRNA sequencing. We performed whole-genome sequencing of the
bacteria isolated from the tumours and of the commercial bacteria
used for the cocultures. We then constructed a proteome database
from the whole-genome sequencing data and analysed the HLA pep-
tidomics data in a similar manner to that from the UniProt database.
Thebacterial peptidesidentified in each of the experiments are shown
in the peptide tables provided in Supplementary Tables 9-11, 13-15.

peptidesidentified by HLA peptidomicsin the 51AL and 55A3 cell lines that
were cocultured with F. nucleatum and S. caprae, respectively. B2M and CIITA
were knocked out (KO) to reduce the levels of HLA-Tand HLA-II, respectively.
Compared with cellsinfected withscrambled control single-guide RNA (SC),
the cells with B2M or ClITAknocked out show alower number of identified
bacterial peptides. Less-invasive species of bacteria (L. animalis and
L.plantarum) were used as a control to show that the identified peptides are
HLAligands thatresulted fromintracellular bacteria. e, Different peptides
were derived from the pyruvate-ferredoxin (flavodoxin) oxidoreductase
protein from F. nucleatum. The protein sequenceis described until the 900th
aminoacid rather than the end of the protein (1,188 amino acids in total), as no
peptides were identified after this region of the protein.

The overlap in the identified peptides between the two analyses was
high in most experiments, which suggests that the use of published
proteomes—even if they are not of the specific strain that was identi-
fied inthe tumour—cangive a sufficiently close peptide identification
(Supplementary Table 16). This emphasizes that—although thereis a
clear advantage in using a database derived from the specific strain
of bacteriaisolated from the tumour to increase specificity—using a
combination of 16S rRNA sequencing and the UniProt database avoids
theneedtoisolate and sequence the bacteria from the tumour (which
may be very difficult for many bacteria), thus increasing the number of
bacterial HLA-bound peptides thatitis possible to identify. A schematic
overview of bacteriasequencing stages that we applied before the HLA-I
and HLA-Il peptidomics workflow is presented in Supplementary Fig. 9.

Recurrently presented bacterial peptides
We were able to identify two HLA-I peptides in the HLA peptidome of
the cocultured cell lines that were also identified in the corresponding
tumour samples: GLDLGTLTY, which was identified in metastasis 27 of
patient 51, and GVDLGTLTY, which was identified in metastasis 51BR of
the same patient—these peptides were noted alsoin 51AL cells that were
cocultured with F. nucleatum. Weidentified the peptide ETTLVVTEY both
intumour 27 and in 721.221 cells that were cocultured with F. nucleatum.
Wefound two additional peptides, oneinthe 51AL cell line (peptide IASDV-
SAIL) and one in macrophages and 721.221 cells (peptide NSIKIIGDKTDLY)
cocultured with F. nucleatum. This demonstrates that some bacterial pep-
tides can be presented by both melanoma cells and antigen-presenting
cells, similar to what we observed in tumour 422 (in which we identified
two peptides (EELSRQNL and LSNAKSLEL) that were presentinboth the
CD45" and CD45 cell fractions) (Supplementary Table 9).

Inaddition, we identified 39 bacterial protein groups from whichwe
received multiple bacterial peptides (2-15 different peptides per gene)
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Fig.4 |TILreactivity towards bacteria-derived antigens. IFNy-secreting
51ALand 55A3 TILs were detected after 6 h of coculture with B cellsloaded with
abacterial peptide or dimethyl sulfoxide (DMSO) control, using flow
cytometry. TILs were also tested for the presence of the CD69 reactivity
marker. Theimage presents 4 representativeimmunogenic peptides (3 out of
7immunogenic peptides of patient 51and 1out of 1 peptides of patient 55) that
showed at least a 2-fold change between the peptide and DMSO control. The
percentage of positive IFNy-secreting or CD69-expressing TILs is an average of
threeindependent experiments (Extended DataFig.12, Supplementary
Figs.10,11).a, Patient 51. b, Patient 55.

(Supplementary Table17). The bacterial protein with the correspond-
ing highest number of different peptides was pyruvate-ferredoxin
(flavodoxin) oxidoreductase from F. nucleatum (Fig. 3e). Twelve of these
peptides were HLA-I peptides, and three were HLA-Il peptides. Most of
the peptides that weidentified were from the 51AL cell line cocultured
with F. nucleatum, although we also identified some in macrophages
andtheB cellline 721.221 overexpressing HLA-A*01:01. One peptide was
foundinboththe 51AL melanoma cells and the 721.221B cells, and two
different pairs of peptides had an overlapping sequence. Other genes
showed a higher number of overlapping peptides, which created pres-
entation ‘hot spots’. Among these genes was ATP synthase subunit-6
fromS. caprae (from which 10 different HLA-Il peptides were derived,
proteingroup 9) (Supplementary Table 17).

Bacterial peptides are immunogenic

As recent studies have reported that tumour microbiota can affect
responses to therapy by modulating the immune system' ™ and as
we identified antigens derived from bacteria on tumour HLA-l and
HLA-Il molecules, we hypothesized that intratumoural bacteria may
notonly shape theimmune tumour microenvironment but also affect
T cellimmune reactivity.To evaluate this hypothesis, we analysed the
reactivity of tumour-infiltrating lymphocytes (TILs) isolated from
the analysed tumours towards the HLA-I-bound bacterial antigens
that we identified. Specifically, we assessed the reactivity of bacte-
rial peptides identified in the tumour that were derived from bacte-
ria (such as F. nucleatum and S. aureus) that are known to negatively
affect the host and immune system response by mechanisms other
than peptide presentation®’, as well as the recurrently presented
bacterial peptides (Supplementary Table 7), owing to their biologi-
cal relevance and potential prevalence in the population. We pulsed
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synthetic peptides onto Epstein-Barr-virus-transformed B cells that
expressed the tumour-matched HLA alleles. We then cocultured the
loaded B cells with the autologous TILs, and analysed TIL reactivity
by using flow cytometry to detect IFNy-secreting TILs (Extended Data
Fig.12). We detected an increase in IFNy-secreting TILs of twofold or
more for eight different bacterial peptides, compared to control B cells
that were not loaded with these peptides (Fig. 4, Extended DataFig.12,
Supplementary Fig.10). These included sevenimmunogenic peptides
that were derived from patient 51and one peptide that was derived from
from patient 55. Of the reactive antigens, one peptide (VLTDTYLTL)
was identified in two different metastases of patient 51, two peptides
(ITELNSPVL and SLTDKISII in patients 51 and 92) were identified in
two different patients, one peptide was also identified in the match-
ing in vitro coculture of cells from the same patient (GVDLGTLTY in
patient51), and one peptide wasidentified from two potential species
of bacteria that wereidentified in the same metastasis (ALSDMSLAL was
derived from Sphingomonas dokdonensis or Sphingomonas melonis;
both of these species were observed in metastasis 55B3). We confirmed
these results by flow cytometry analysis of the CD69 T cell reactivity
marker (Fig. 4, Supplementary Fig.11).

Discussion

In summary, here we demonstrate the presence of HLA peptidomic
signatures derived from bacteriain tumours from patients with mela-
noma, and characterize the species of bacteria involved. We demon-
strate that bacterial HLA-1 and HLA-Il peptides can be presented by
both antigen-presenting cells (as has previously been shown*2%) and
by melanoma cells, by applying HLA peptidomics to a tumour sam-
ple that was separated into CD45™ and CD45" populations as well as to
antigen-presenting cells and melanoma cell lines that were cocultured
withbacteria. Among the peptides that we identified were ones shared
by different metastases from the same patient or by metastases from
different patients. Some of these recurrent antigens bind to HLA alleles
thatare highly prevalentin the melanoma cohort of The Cancer Genome
Atlas (Supplementary Fig.12). Moreover, a few of the identified pep-
tidesthatelicited animmune response from the autologous TILs of the
patient are recurrent peptides. As the bacterial antigens are non-self,
they could serve as targets forimmunotherapy. The selection of the
species of bacteria forimmunotherapy should be carefully considered,
and should favour species of bacteria that are known to negatively
affect the response of the host and immune systems (rather than more
‘protective’ bacteria*®*?). When focusing on the presented bacterial
proteins, we observed genes that have overlapping peptides, which
create presentation hots pots that possibly indicate the existence of
protein domains and may further assist investigations into selecting
the targets forimmunotherapy.

Despite its strengths, our study has several shortcomings. Specifi-
cally, the resolution needed for the identification of specific species
ofbacteriais limited, owing to the high similarity of the 16S sequences
between some species of bacteria. We also acknowledge the limitations
ofidentifying bacterial peptides using HLA peptidomics, asit relies on
peptide intensity: this may sometimes be below the detection level,
especially when the amount of sample material is limited. This also
explains the higher number ofidentified bacterial peptidesin cell lines,
as the amount of cells used was higher in these experiments. Addi-
tional studies that assess intratumoral bacteria-derived peptides—in
combination with clinical and therapeuticinformation on large-scale
cohorts—arelikely to shed furtherlight on the clinical role of bacterial
peptides and to provide a higher-resolution view of the fundamental
trends outlined in this Article.

Our comprehensive analysis of the intratumour microbiotain mela-
nomaand the HLA peptides derived from these bacteriademonstrates
that the bacteria that colonize melanoma tumours canenter melanoma
cells, and that their peptides can be presented by the HLA-land HLA-II



molecules of melanomatumours. As both classes of HLA molecule have
previously been shown to have a central role in CD8* and CD4" T cell
immunity***, they are expected ultimately to modulate immune func-
tion. Finally, as the gut and tumour microbiota can affect the survival
of patients with cancer and their responses to therapy®***°*3 our
findings are of particular relevance, as they suggest that a mechanism
that involves antigen presentation may underlie these effects.
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Research Reporting Summary linked to this paper.
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Extended DataFig.2|Visualization of bacterial 16S rRNA in tissue sections
frommelanoma tumours. a,16S rRNA fluorescence in situ hybridization
(FISH) staining of tissue sections from melanoma tumours using pan-bacteria
EUB338 probe (red) and DAPI (blue). b, 16S rRNA FISH staining of tissue
microarray sections of melanoma tumours (red) and DAPI (blue). Slice name

.-
B10 E3

55A7
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indicates the positioninthe tissue microarray. Images are presented at 20x
magnification. Scale bars,100 pm. ¢, Representative control using 16S FISH
nonspecific control probe. Asterisks mark the region that was selected for
higher magnification. Figures are representative of at least three independent
experiments.
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Extended DataFig. 3 | Taxonomic analysis of 108 whole-genome-sequenced
melanoma samplesidentify abacterial composition similar to that found
inour tumour cohort. a, Alphadiversity, measured as the number of observed
speciesinatumour (green) or blood (purple) sample. Pvalues from paired
two-tailed Wilcoxon test between tumour and blood taxonomic diversity.

b, Microbiome similarity withinand between groups. Bray-Curtis dissimilarity
measured between each pair of samples, then stratified into four groups.
Pvalues from two-tailed Wilcoxon test.c, Comparison of the relative
abundance between tumour samples and associated blood samples. Pvalues

from paired two-tailed Wilcoxon test between tumour and blood taxonomic
abundance.***P<0.001,**P<0.01,*P<0.05.d, List of groups of bacteria that
aremore abundantin the tumour samples plottedinc. Pvalues from paired
two-tailed Wilcoxon test between tumour and blood taxonomic abundance.
Pvalues with asterisks survived multiple hypothesis correction
(false-discovery rate of 5%). Inthe box plots, the centre lines represent the
medians, the boxes represent the range between the 25th and 75th percentile,
and the whiskers represent the range between the smallest and largest data
point.
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Peptide filtration:

1. Remove peptides that are similar to human with an I/L change

2. Remove peptides that might derive from non-coding sequences or pseudogenes

3. Filter out outliers of a linear model regression between experimental retention
time and predicted hydrophobicity

4. Retain peptides with a MS/MS coverage; HLA-I > 60%, HLA-Il > 40%

5. Retain peptides that are predicted to bind the patient HLA alleles

Peptide validation:

1. Peptides were unbiasedly clustered to the cells’ HLA alleles motifs

2. Endogenous peptides fragmentation was compared to synthetic peptide
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Extended DataFig. 4 |Pipeline for the identification of bacteria-derived peptides. Peptides were filtered according to theiridentification quality and
HLA peptides. Tumour samples were 16S-sequenced to identify their bacterial ~ ability tobind to the HLA alleles of the patient. Selected bacterial peptides were
composition and analysed using HLA peptidomics. Searching the data thentested forreactivity. Identification of bacterial peptide presentation was
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Extended DataFig. 6 | Bacterial proteomes containahigher amount of
hydrophobic amino acids compared to the human proteome. a, For each
metastasis, the percentages of bacterialand human peptides that match each
HLA-A, HLA-Band HLA-C allele of the patientisindicated. The allele with the
best per centrank binding prediction by NetMHCpan was assigned to each
peptide. b, Kyte-Doolittle hydrophobicity index was calculated for bacterial
and human peptides. The hydrophobicity of HLA-I bacterial peptidesis higher
than that of human-derived peptides (indicated Pvalue is from an unpaired
two-sample Wilcoxon test). ¢, The percentage of hydrophobic and
nonhydrophobic amino acids was calculated for bacterial proteomes and the
human proteome. Two groupings were used for selecting hydrophobic amino

acids:L,1,V,FandM,orL,1,V,F,M,W,Y and A. The percentage of hydrophobic
and nonhydrophobic amino acids from bacterial proteomesis plotted in the
box plot.Inthebox plots, the centre lines represent the medians, the boxes
represent the range between the 25th and 75th percentile, and the whiskers
represent the range between the smallest and largest data point. The
percentages representing the human proteome are marked by ared dashed
line.d, Two-sided Student’s t-test comparing the percentage of hydrophobic
and non-hydrophobic amino acids between bacterial proteomes and the
human proteome. The Pvalues and false-discovery rates are indicated in the
table.
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Extended DataFig.7|Hydrophobicity of bacterialand human peptides per
allele. Kyte-Doolittle hydrophobicity index was calculated for bacterial and
human peptides and plottedinabox plot for each HLA allele. In the box plots,
thecentrelines represent the medians, theboxesrepresent the range between
the 25thand 75th percentile, and the whiskers represent the range between the
smallest and largest data point. a, The hydrophobicity of the bacterial peptides

thatbind tothe HLA-C*03:04, HLA-C*03:03 and—to alesser extent—
HLA-A*02:01was higher compared to the hydrophobicity of other alleles
(markedinred). Additional alleles also show this trend, but they were derived
fromalower number of tumour samples and therefore are notindicated.

b, Bacterial peptides are marked inred and human peptides are marked in grey.
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Extended DataFig. 8| Gentamicin assay demonstrating the entry of the bacteria (grey). ‘No gentamicin’ refers to samples not treated with
bacteriainto melanomacells. a, b, Colony-forming units (CFU) of gentamicin after the coculture (red). ‘With gentamicin’ refers to samples
A.odontolyticusand . caprae after coculture with 51AL and 55A3 melanoma treated withgentamicin for 1h after the coculture (blue). Bars represent the
cells. Less-invasive bacteria (L. animalisand L. plantarum) were used as a average of s.e.between biological replicates (n=3). Pvalues from Student’s
control, and showlower CFU. c,d, CFU of S. capitis (c) (isolated from tumour 58)  t-testbetweenthe supernatantsample and the without gentamicin or with
after coculture with 58 A melanoma cells, or S. succinus (d) (isolated from gentamicinsamples; Pvalues between S. capraeor A. odontolyticus with
tumour Mel261) after coculture with 51AL or 55A3 cells. Cells were cultured gentamicinto L. animalisor L. plantarum with gentamicin control samples are
with theindicated bacteriafor 4 and 8 h.‘Supernatant’ refers to the CFU of from aone-way analysis of variance followed by Tukey’s test, and are presented

medium taken from samplesincubated with gentamicin after coculture with inSupplementary Table 4.
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Extended DataFig. 9 |Immunofluorescence staining of melanomacells
cocultured with aerobically grown bacteria, demonstrating the ability of
thebacteriato enter the cells. a, Melanoma cells expressing GFP (green)

were cocultured with the aerobically grown bacteriaS. caprae, S. capitis or
S.succinus stained with antibacterial antibody lipoteichoic acid (LTA) (red); cell
nuclei were stained with DAPI (blue). White arrows indicate the location of

bacteriathatentered the melanomacells. b, Arepresentative image of SIAL
cellsexpressing GFP (green) cocultured with S. caprae and stained without a
primary LTA antibody (red), to exclude nonspecific staining. Images are
presented at 63x maghnification. Scale bars, 10 pm. Figures are representative
of atleast threeindependent experiments.
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Extended DataFig.10 |Immunofluorescence staining of melanomacells
cocultured with anaerobically grown bacteria, demonstrating the ability
ofthebacteriatoenter thecells. a, Melanoma cells stained ananti-HLA
antibody (red) were cocultured with anaerobically grown bacteria F. nucleatum
orA.odontolyticus. These bacteriawere labelled with click chemistry (green).
Cellnucleiwere stained with DAPI (blue). White arrows indicate the location of

bacteriathatentered the melanomacells. b, Arepresentative image of SIAL
cellsstained with the anti-HLA antibody (red) cocultured with F. nucleatum that
were not grown with D-GalNAz and labelled with Alexa Fluor F488 (green), to
exclude nonspecific staining. Images are presented at 63x magnification. Scale
bars,10 pm. Figures are representative of at least three independent
experiments.
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Extended DataFig.11| CLEM images showingentry of bacteriainto microscopy (TEM) of the same cells for high-resolution morphology. Leftand
melanoma cells. Fusobacterium nucleatum was grown withD-GaINAzand then ~ middle panels show CLEM and TEM images, respectively. Scale bars, 5um. The
labelled with DIBO-Alexa Fluor 488. Actinomyces odontolyticus and S. caprae right panel shows high-magnification TEM image of the areain the black box in
wereincubated withananti-LTA antibody, and then with an anti-mouse the corresponding middle panel. Scale bars,1pum. Bacteriathatentered the
secondary antibody labelled with Alexa Fluor 488. The 51AL and 55A3 cell lines melanoma cellare indicated withawhite arrow. N, nucleus; M, mitochondrion;
were coincubated with the bacteria for 8 h. Ultra-thinsectionswereanalysedby  ER,endoplasmicreticulum. Figuresarerepresentative of atleast three
fluorescence microscopy toidentify the bacteria (greenand bluelabelling are independent experiments.

forbacteriaand nucleus, respectively), followed by transmission electron
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Extended DataFig.12|TIL reactivity towardsbacteria-derived antigens. bifunctional antibody, which binds secreted IFNy. The value indicates the ratio
Flow cytometry analysis of IFNy-secreting TILs after coculture of 51AL and of IFNy-secreting cells with the peptides to those with the DMSO control. Grey
55A3 TILswith B cellsloaded with the indicated bacterial peptide. Each peptide  dotsindicate theresults of n=3biological replicates, and blue dots represent
wasloaded onadifferent B cell that exhibited the HLA alleles to which the theaverage of replicates. Barsrepresents.e.between replicates.

peptide was predicted to bind. TILs were stained with anti-IFNy and anti-CD45
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For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
Confirmed

|Z| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

|Z| The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
|X| A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

< A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

D

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

X

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

00X O O000005F%

X X []

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection No software was used for data collection

Data analysis SMURF package in R, V1
geplot2 package in R, v3.3.0
ggtree package in R, v2.2.4
BWA-MEM software
Kraken v.1.0
phyloseq package in R, v1.3.2.0
vegan version 2.5-4 package in R
CD-HIT software, v4.6.6
MaxQuant version 1.5.0.25
NetMHCpan version 4.0
NetMHCllpan version 3.2
GibbsCluster 2.0 server
Seq2logo 2.0
Peptides package in R, v2.4.1
R package OrgMassSpecR, v0.5.3
Trimmomatic v0.38-WGS data for bacteria (Bolger, A. M. et al., 2014) , SPAdes v3.14 -Quality filter of WGS paired-end de novo assembled
(Bankevich A. et al., 2012), QUAST v5.0 -Genome assembly quality(Gurevich, A. et al., 2013), CheckM v1.0.18 -Genome assembly
quality(Parks, D. H. et al., 2015), BWA-MEM software v0.7(Li, H.et al,2013), metabat2 v2.14 -Contig grouping (Kang, D. et al, 2015), GTDB
release 04-RS89-Taxonomic classifications (Parks, D. H. et al., 2020), GTDB-tk v0.3.2- Taxonomic classification(Chaumeil, P. et al, 2019),
fastANI v1.1-Taxonomic classification(Jain, C. et al,2018), dRep- clustering (Olm, M. et al,2017), Prokka v1.140- protein sequence
annotations(Seemann, T. et al, 2014).
FlowJo software v7




Imagel) 1.53C
Imaris 9.1 (Bitplane) software

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers.
We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

All raw MS files as well as human and bacteria proteomes and the MaxQuant version used for analyzing the data were deposited to the ProteomeXchange
Consortium via the PRIDE partner repository with the dataset identifier PXD022150. Raw sequence data of isolated bacteria WGS were deposited in the NCBI
Sequence Read Archive (SRA), under BioProject accession number PRINA669827. Source Data 1 is related to Figure 2a, and includes all raw files of identified
peptides for HLA peptidomics experiments. Source Data 2 is related to Figure 3e, and includes all the data recived from bacteria WGS (16S rRNA sequences, genome
assembly and Protein sequences).

Other publicly available detests used:

The Greengenes database (May 2013 version) for 16S sequencing reference

High-throughput DNA sequencing of 108 pairs of tumor and blood samples (Hayward, N. K. et al., 2017)
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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 determine according to biological material availability
Data exclusions  Data was not excluded
Replication All experiments required were done in triplicates and repreduced

Randomization  For all high throughput data analysis-randomization for samples into experiment groups is not relevant, as the design of the study requires
explorative analysis for identifying discriminative features between already established experimental groups.

Blinding For all high throughput data analysis-blinding to investigators is not relevant to this study, as the design of the study requires explorative
analysis for identifying discriminative features.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies g |:| ChlIP-seq
Eukaryotic cell lines |:| g Flow cytometry
Palaeontology |Z |:| MRI-based neuroimaging

Animals and other organisms

Human research participants
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Clinical data

Antibodies

Antibodies used anti-Lipoteichoic acid antibody, Cat #4M5018, Hycult Biotech, Clone 55, LOT 25823M0119-A
anti-LPS, Cat# HM6011, Clone WN1 222-5
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Validation

Eukaryotic cell lines

anti-mouse secondary antibody labeled with Alexa flour 488, Cat #115-545-146, Jackson Immunoresearch, Clone , LOT 117790
anti-mouse secondary antibody labeled with Alexa flour 546, Cat #A-11030, Invitrogen, AB_141370
AF647-conjugated CD45, Cat# 7368537, lot B239311s, clone 2D1,BiolLegend

APC/Cy7-conjugated CD19, Cat# 302218, lot B279663, clone HIB19,BioLegend

APC-conjugated CD19, Cat# 302212, lot B182157, clone HIB19,BiolLegend

APC-conjugated HLA-A,B,C ,Cat# 311409, lot B213470, clone W6/32,BioLegend

APC-conjugated HLA-DR,DP,DQ,,Cat# 361714, lot B289409, clone Tu39,BioLegend
BV421-conjugated CD69,Cat# 310930, lot B284312, clone FN50,BioLegend

anti-GAPDH, Cat# MAB374, lot 3043558, clone 6C5,Millipore

anti-CD45, Cat# 13917, lot 6, clone D9MS8I,Cell Signaling

anti-HLA-DP1, Cat# ab157210, lot GR3173627-19, clone EPR11226,Abcam

APC/Cy7-conjugated CD14 Cat# 301820, lot B280758, clone M5F2,BioLegend

Anti-pan-HLA-I antibody, Cat #H41650,Sigma, Clone W6/32, LOT 22130603

IFNg capture antibody, as part of kit, Cat #130-054-202, Miltenyi Biotec, LOT 5190207203

All antibodies used in the study were validated by the manufacturer, data is available at the manufacturer's website, as indicated
bellow:

anti-Lipoteichoic acid antibody, Cat #HM5018, Hycult Biotech, Clone 55, LOT 25823M0119-A: https://www.hycultbiotech.com/
hm5018-1

anti-LPS, Cat# HM6011, Clone WN1 222-5, https://www.hycultbiotech.com/hm6011

anti-mouse secondary antibody labeled with Alexa flour 488, Cat #115-545-146, Jackson Immunoresearch, Clone , LOT 117790,
https://www.jacksonimmuno.com/catalog/products/115-545-146

anti-mouse secondary antibody labeled with Alexa flour 546, Cat #A-11030, Invitrogen, AB_141370, https://
www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Highly-Cross-Adsorbed-Secondary-Antibody-Polyclonal/
A-11030

AF647-conjugated CD45, Cat# 7368537, lot B239311s, clone 2D1,BiolLegend, https://www.biolegend.com/en-us/products/apc-
anti-human-cd45-antibody-12397

APC/Cy7-conjugated CD19, Cat# 302218, lot B279663, clone HIB19,BioLegend, https://www.biolegend.com/en-us/products/
apc-cyanine7-anti-human-cd19-antibody-1910

APC-conjugated CD19, Cat# 302212, lot B182157, clone HIB19,BioLegend, https://www.biolegend.com/en-us/products/apc-
anti-human-cd19-antibody-715

APC-conjugated HLA-A,B,C ,Cat# 311409, lot B213470, clone W6/32,BioLegend, https://www.biolegend.com/en-us/products/
apc-anti-human-hla-a-b-c-antibody-1870

APC-conjugated HLA-DR,DP,DQ,,Cat# 361714, lot B289409, clone Tu39,BioLegend, https://www.biolegend.com/en-us/products/
apc-anti-human-hla-dr-dp-dg-antibody16319

BV421-conjugated CD69,Cat# 310930, lot B284312, clone FN50,BioLegend, https://www.biolegend.com/en-us/products/
brilliant-violet-421-anti-human-cd69-antibody-7141

anti-GAPDH, Cat# MAB374, lot 3043558, clone 6C5,Millipore, https://www.merckmillipore.com/INTL/en/product/Anti-
Glyceraldehyde-3-Phosphate-Dehydrogenase-Antibody-clone-6C5,MM_NF-MAB374

anti-CD45, Cat# 13917, lot 6, clone D9M8I,Cell Signaling, https://www.cellsignal.com/products/primary-antibodies/cd45-
intracellular-domain-d9m8i-xp-rabbit-mab/13917

anti-HLA-DP1, Cat# ab157210, lot GR3173627-19, clone EPR11226,Abcam, https://www.abcam.com/hla-class-i-antibody-w632-
low-endotoxin-azide-free-ab23755.html

Policy information about cell lines

Cell line source(s)

Authentication

Mycoplasma contamination

Commonly misidentified lines
(See ICLAC register)

51AL,55A3,58A were produced by MD Anderson

EBV-transformed B-cells were purchased from the IHWG Cell and DNA Bank
Hybridoma cells HB95 and HB145 were purchased from the ATCC

LCL 721.221 cell line was purchased from the ATCC

THP-1 cells were a kind gift from Prof. Steffen Jung (originally from ATCC)

Commercial cells were authenticate by the supplier

51AL, 55A3, 58A- The Cell line authentication test was performed at the Genomics Center of Biomedical Core

Facility, Technion. The test was performed using the Promega GenePrint 24 System in order to determine short

tandem repeat (STR) profile of 23 loci plus Amelogenin for gender determination (X or XY). In addition, the male-specific
DYS391 locus is included to identify null Y allele results for Amelogenin. DNA sample from the kit (2800M Control DNA) was
included in the analysis and served as positive control for the PCR step. No DNA template was also included as negative
control. The results were analyzed using the 3500xI Genetic Analyzer (Life Technologies) and GeneMapper IDX software.
Allelic ladder was included in the run.

All cell lines were tested regularly and were found negative for mycoplasma contamination (EZ-PCR Mycoplasma Kit,
Biological Industries).

no commonly misidentified cell lines were used in the study
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Human research participants

Policy information about studies involving human research participants

Population characteristics All patients included in the analysis were diagnosed with metastatic melanoma. Tumor samples from patients 19, 42, 51, 55, 58,
70, 86, 92, 112, 152 and 422 were received from eleven different patients treated at the University of Texas MD Anderson
Cancer Center, all of who had signed an informed consent for the collection and analysis of their tumor samples. The protocol for
tumor samples was approved by the MD Anderson Institutional Review Board (protocol numbers 2012-0846, LABO0O-063 and
2004-0069, NCT00338377). Synchronous metastatic tumors were resected via surgery at the same time. Sample and patient
information are provided in Extended Data Table 1. From each patient, we collected between 1-3 different metastases. Tumor
sample HG38 was received from patient biopsies removed at the University of Zurich Hospital. The patient had signed a patient
release form, which has been approved by an ethics committee and assigned the numbers EK647 and EK800. Tumor 261MS was
received from patient biopsies removed at the Ella Lemelbaum Institute for Immuno-Oncology (Sheba medical center, Israel),
under Institutional Review Board number 6786-20-SMC.

Recruitment Patient were recruited by University of Texas MD Anderson Cancer Center, all of who had signed an informed consent for the
collection and analysis of their tumor samples. Tumor sample HG38 was received from patient biopsies removed at the
University of Zurich Hospital. The patient had signed a patient release form, which has been approved by an ethics committee
and assigned the numbers EK647 and EK800. Tumor 261MS was received from patient biopsies removed at the Ella Lemelbaum
Institute for Immuno-Oncology (Sheba medical center, Israel), under Institutional Review Board number 6786-20-SMC.

Ethics oversight The protocol for tumor samples was approved by the MD Anderson Institutional Review Board (protocol numbers 2012-0846,
LABO0-063 and 2004-0069, NCT00338377). Tumor sample HG38 was received from University of Zurich Hospital under an ethics
committee and assigned the numbers EK647 and EK800. Tumor 261MS was received from the Ella Lemelbaum Institute for
Immuno-Oncology (Sheba medical center, Israel), under Institutional Review Board number 6786-20-SMC.

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

Flow Cytometry

Plots

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

IE 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).
|X| All plots are contour plots with outliers or pseudocolor plots.

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

Methodology
Sample preparation TILs after co-culture with EBV transformed B-cells loaded with peptides, were labeled with an IFNg capture antibody
(130-054-202, Miltenyi Biotec) and then incubated for 45 minutes at 37°C. Then cells were stained with the detection antibody.
For HLA-I and HLA-II staning all cells were washed X2 and staind for 30 minutes on ice with the antibodies.
Instrument BD LSR Il flow cytometer (BD Biosciences)
Software FlowlJo software

Cell population abundance  Known cell amounts, of the different cell types, in known ratio and was constant during experiments

Gating strategy In all assays, cells were first gated for live, single cells, and then gated according to the requested staining.

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