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SUMMARY

Recent evidence has confirmed the presence of intratumor microbes, yet theirimpact on the immunopeptidome
remains largely unexplored. Here we introduced an integrated strategy to identify the immunopeptidome orig-
inated from intratumor microbes. Analyzing 10 colorectal cancer (CRC) patients, we identified 154 putative
microbe-derived human leukocyte antigen (HLA)-I ligands. Predominantly bacterial in origin, these peptides
were notably abundant in Fusobacterium nucleatum, the most prevalent bacterium differentiating between
normal and tumor tissues. We discovered 20 peptides originating from F. nucleatum, thirteen of which, including
two peptides shared across multiple patients, were tumor specific. Validation experiments confirmed that the
putative microbe-derived peptide could activate CD8" T cell responses. Our findings indicate that HLA-I mole-
cules are capable of presenting intratumor microbe-derived peptides in CRC, potentially contributing to CD8*

T cell-mediated immunity and suggesting potential strategies for cancer immunotherapy.

INTRODUCTION

The tumor microenvironment (TME) undergoes alterations dur-
ing the genesis and development of cancer, which are believed
to influence the outcome of cancer therapy, especially with re-
gard to cancer immunotherapy.” Immunological therapies,
such as immune checkpoint inhibitors (ICIs), immune cell ther-
apy, and tumor therapeutic vaccines have been used in cancer
treatment.>* However, the effectiveness of ICI in solid tumors
remains unsatisfactory due to their low immunogenicity, lack of
tumor-infiltrating lymphocytes, and other immune escape mech-
anisms or features of tumor cells.>™ To improve the effective-
ness of immunotherapy, it is crucial to reactivate and enhance
the immune system’s ability to recognize and kill tumor cells.
The immunopeptidome refer to the complete set of peptide
segments presented by antigen-presenting cells in the immune
system.’®"" These peptides are typically derived from the degra-
dation of antigen proteins, cleaved into shorter peptide seg-
ments by intracellular proteases, and presented to immune cells

via human leukocyte antigen (HLA) molecules, also known as
major histocompatibility complex (MHC) molecules.'® ' Study-
ing the immunopeptidome helps us understand how the immune
system recognizes and attacks tumor cells or infected cells.'*~'®
By analyzing the immunopeptidome, we can identify peptide
segments that bind to HLA molecules and further investigate
the interaction between these complexes and specific immune
cells.”” Recent studies have shown that the immunopeptidome
can be used to discover tumor-specific antigens (TSAs) ex-
pressed in tumor cells, which engage the immune system.'®
By analyzing the immunopeptidome in tumor tissues, it is
possible to identify peptide segments associated with tumors,
thereby providing potential targets for the development of tumor
immunotherapy.'®?" Overall, research on the immunopepti-
dome reveals important processes of immune recognition and
response, offering possible insights and targets forimmune ther-
apy, vaccine development, and personalized medicine.

The polymorphism of microbiomes has been considered one
of the hallmarks of cancer.?” The microbes colonizing in gut,
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mucosa, and other tissues can either induce or inhibit tumor
growth, and inflammation, and influence therapy outcomes by
interacting with other tumor characteristics, such as tumor-pro-
moting inflammation, genomic instability, and mutation.>*>’
With the proven existence of intratumor microbe and their rela-
tionship with tumorigenesis, invasion, and metastasis, these mi-
crobes may perform additional functions in the TME.?®*™*° The
local interaction of microbes with host cells and immune systems
through HLA and microbiome-derived peptides should be
explored to further understand TME alterations.

Here, we developed a workflow to identify intratumoral mi-
crobes and related HLA-I peptides. Paired samples of tumor
and adjacent normal tissues acquired from ten colon rectal can-
cers (CRCs) were analyzed. Fusobacterium nucleatum and
Streptococcus salivarius were significantly enriched in tumor
samples, and 154 putative microbe-derived peptides were iden-
tified from a total of 14,260 HLA-I ligands. These peptides may
function as HLA-I ligands with high immunogenicity in the local
region, interacting with tumor cells and antigen-presenting cells,
thereby potentially influencing the immune status in the TME.

RESULTS

Bacteria overwhelmingly dominated the microbe in CRC
samples with Fusobacteria enriched in tumors
To investigate the contribution of microbes to host immunopepti-
dome, we first identified the microbial communities in 10 patients
diagnosed with CRC (Table S1). Based on the analyzing of the
host whole-genome sequencing (WGS) data with an average
sequencing depth of 87.36-fold (Table S2), we found 6.74%-
44.37% of unaligned reads were of microbe origin, ultimately
identifying 1,838 genera and 6,568 species. Of these, 80.50%
and 87.81% were shared between tumor and normal samples,
respectively (Figure 1A). Principal component analysis (PCA) of
microbiome relative abundance and Bray-Curtis beta diversity re-
vealed a slight difference between normal and tumor samples
(Figures 1B and S1A). At the phylum level, Bacteroidetes, Proteo-
bacteria, and Firmicutes were dominant except in patient #05,
while Spirochaetes and Tenericutes were more abundant in pa-
tient #02 and #04 than in paired adjacent samples (Figure 1C).
Despite detecting more microbial taxa in tumors (Figure S1B),
tumor samples exhibited lower alpha diversity indicated by Shan-
non and Simpson indices (not significant, Figures 1D and S1C),
suggesting specific microbial-TME interactions that promote
colonization and result in higher richness but lower diversity within
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tumors.®*° Bacteria overwhelmingly dominated the microbiome
(>90%), even though viruses and fungi were also considered dur-
ing microbiome identification. Fusobacteria, particularly
F. nucleatum, and Streptococcus salivarius, were significantly en-
riched in tumor samples (Figure 1E and Table S3), with
F. nucleatum being the only species exceeding 1% abundance
among all significantly differential species (Figure 1F).

To comprehensively identify peptides from microbes, domi-
nant microbe species and significant enrichment species identi-
fied from tumor sample were included in construction of person-
alized databases. A totally of forty-two species across all
samples were selected based on whether known proteomes
has been recorded in UniProt (Figure 1G). These species could
be classified into thirty-two genera, twenty-five of which were re-
ported in the BIC database.*® Compared with thirty other cancer
types, ten genera, such as Alistipes, Eubacterium, and Fusobac-
terium, showed higher abundance in rectum adenocarcinoma
(READ) and colon adenocarcinoma (COAD). Pseudomonas and
Streptococcus were commonly found across multiple cancer
types (Figures 11 and S1D; Table S4). Additionally, twenty-one
species have been reported to be associated with cancer,
particularly with CRC (Table 1). The enrichment and dominance
of these microbes raise the possibility of their peptides being
captured and presented by HLA complex.

HLA-I ligands identification with host microbe
information and predominantly originate from human
self-protein

We next established a workflow identifying HLA-I ligands iso-
lated by immunoprecipitation with an HLA-I-specific antibody
in tumor samples and paired adjacent normal tissues (Figure 2A).
Microbes significantly enriched in all tumor samples or with
higher relative abundance than paired normal samples were
selected. Annotated proteins originating from these microbes
and Homo sapiens, downloaded from the UniProt database,
were merged to create a personalized protein database (PPD)
for database searching of LC-MS/MS spectra analyzed using
MaxQuant.®® Peptides meeting stringent criteria, with a false dis-
covery rate®" (FDR) under 1% and posterior error probability
(PEP) below 0.05, were regarded as HLA-I ligands.

In our study, samples ranging from 130.3 to 779.4 mg were
used for the immunoprecipitation of HLA-I ligands (Table S5).
During the personalized database construction process,
50,572 to 114,310 proteins from 4 to 23 microbe species and hu-
man self-proteins were included for each sample (Figure 2B). An

Figure 1. Microbiome profiles in paired tumor and normal tissue samples

C) Relative abundance in phylum.

A) Number of microbiomes identified at genus and species levels from different samples.
B) Principal-component analysis (PCA) based on the relative abundance of all identified microbes.

D) Shannon’s index of alpha diversity within samples. A two-tailed paired Student’s t-test were conducted among normal and tumor samples, no significance
NS) was found.

E) Difference analysis of microbes between tumor and normal samples. Microbes that significantly enrichment in tumor samples highlighted in red and those
decreased in blue. p values were calculated using a two-tailed Student’s t-test.

(F) The abundance of significantly different microbes; relative abundance higher than 1% is marked by an asterisk. Taxonomic levels are represented by prefix:
o (order), g (genus), f (family), and s (species).

(G) All 42 microbial species incorporated into the personalized protein database.

(H) The prevalence of Alistipes (left) and Fusobacterium (right) across 32 different cancer types as documented in the BIC database. Abbreviations for all cancer
types are listed in Table S4.
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Table 1. Reported relationships between microbes and cancers

Species of microbes

Tumor associated

Tumor-suppressing

Tumor-promoting

Cancer therapy related

Alistipes communis

Anaerostipes hadrus
Bacteroides caccae
Bacteroides heparinolyticus

Collinsella aerofaciens
Coprococcus catus

Eubacterium callanderi
Faecalibacterium prausnitzii

Fretibacterium fastidiosum

PC*%; CRC*
CRC*?

CRC*%; NMIBC*5;
BGC; GC; OC; PC;
pharyngeal cancer*’

CRC®®; lung cancer”’

HCcc*’

CRC**
CRC56,57. 8058

lung cancer®®

CRC*®

. 48,
multiple myeloma™;
hematologic
malignancies*®

CRC®'; advanced
adenoma®’;
precancerous
mucosal lesions®?

PD-1 in NSCLC®’;
durable clinical

benefit in lung cancer®”

ICl in MM*3; TNBC**

ICl in MM?7:%°
IClin BC>®

ICI in MM*59°57;
radioiodine therapy
in thyroid cancer®

Fusobacterium necrophorum CRC® - - -
Fusobacterium nucleatum CRC® - CRC®%:¢7 CRC®®
Hungatella hathewayi CRC® - CRC™ -
Intestinimonas CRC"""? - - ICl in melanoma®®
butyriciproducens
Lactococcus lactis - CRC™*7" - -
Paeniclostridium sordellii - - colonic epithelial -

lesions’®
Paraburkholderia fungorum - icc® - -
Parvimonas micra - - CRC’®77 Immune response

in CRC"®"®

Phascolarctobacterium faecium - - - ICl in melanoma®*
Romboutsia ilealis pancreatic cancer*’ = = =
Streptococcus dysgalactiae GC®° - - -
Treponema sp. OMZ 838 - - oscc?'#? -

Abbreviations included are listed in Table S4.

average number of 2,641 HLA-I ligands were identified per pa-
tient through database searching with MaxQuant (Figure 2C). A
Total of 14,260 HLA-I ligands were identified across all Samples.
These identified HLA-I ligands corresponded to 46,318 peptide-
spectrum matches (PSMs), and 90.13% of precursor charge be-
ing +2 (Figure 2D). Of the ligands, 69.8% were nonapeptides
(Figure 2E). Although 46.1% of the ligands were reported by in-
dividual PSM (Figure 2F), 84% were predicted as strong binders
by netMHCPan®® (Figure 2G). The length distribution and charge
states of the peptides were consistent with known HLA-I ligand
characteristics.®®®” Moreover, the amino acid frequencies at
specific positions of HLA-I ligands in each patient were mostly
consistent with known HLA-I subtype motifs, except for patient
#10 (Figures 2H and S2). Furthermore, we observed that the total
number and the average number per milligrams of HLA-I ligand
identified in tumor samples were fewer than in paired normal
samples (Figure S3A), possibly due to the downregulation or
loss of HLA-I surface expression in cancer.?®°° A marginal in-

4 iScience 27, 111338, December 20, 2024

crease in the total identified HLA-I ligands was observed with
increased sample weight (Figure S3B).

Among these HLA-I ligands, we identified that 98.6% (14,063
peptides) were exclusively derived from human self-protein
based on 6,359 human proteins and related isoforms (Figure 2l).
The Jaccard similarity revealed a higher similarity of HLA-I ligands
among samples from the same patient compared to tumor or
normal samples from different patients (Figure 2J). Notably, the
ligands of patients #01, #04, and #07 showed a higher similarity
compared to other samples, indicating that the diversity of immu-
nopeptidome is associated with the subtypes of HLA-I (Fig-
ure S3C). We found that protein COL6A3 and CSDE1, which
yielded more ligands in tumors than normal tissues, have been re-
ported to be associated with cancer development.”'~%*
Conversely, 21 other proteins, including various histones and eu-
karyotic translation elongation factors (EEFs), generated more
HLA-I ligands in normal tissues (Figure 2K, Tables S6 and S7).
GO enrichment analysis indicated significant involvement of
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these 21 Proteins in chromosome condensation and related chro-
mosome dynamics, structural stability, and cell cycle processes.
The scarcity of related HLA-I ligands of these proteins in tumors
underscores the aberrant proliferation and cell cycle disruption
characteristic of cancer cells (Figure S3D).

Immunogenic bacterial peptides are presented by HLA-I
in CRC tumor

In addition to peptides exclusively derived from human self-pro-
teins, we identified 197 peptides may originating from microbial
proteins or shared with human proteins. Of these, 84 peptides
(42.64%) particularly detected in tumor samples (Figure 3A;
Table S8). The overlap of peptides between normal and tumor
samples was minimal (33 peptides, 16.75%) (Figure 3A). The
number of putative microbe-derived peptides identified varied
across samples, ranging from 8 to 35, due to the differing
PPDs used (Figure 3B).

To characterize putative microbe-derived epitopes, peptides
were categorized as ‘Common’ (43 peptides, 20.83%) if they
matched known human proteins, or ’Microbe only’ (154 pep-
tides, 78.17%) if they did not (Figure 3C and Table S9). Among
the ’Common’ peptides, 38 peptides were identified as linear
epitopes in public databases. Notably, we observed significant
sequence similarity among several peptides (Table 2). For
instance, the peptide LLDEPTNHL, reported as a T cell epitope
from Mycobacterium tuberculosis,”* was also sourced from hu-
man protein ABCF2. Its variant ILDEPTNHL was documented in
the HLA Ligand Atlas as a human ABCF3 originated ligand, but
our study linked it to proteins from F. nucleatum, Klebsiella pneu-
moniae, and Parvimonas micra. The peptide LLDEPTNNL (N/H
variant of LLDEPTNHL) was previously reported in both Bifido-
bacterium longum and human. However, our findings indicate
it may be derived from multiple proteins of K. pneumoniae and
F. nucleatum.

In contrast, only four ‘Microbe only’ peptides (2.60%) were
retrieved from the public databases. The peptides ITELNSPVL
and IIKDNQIIV, consistent with our findings, were confirmed
as bacterial HLA-bound peptides in melanoma from
F. nucleatum.®® ELLKLLEQL (/I variant of ELIKIIEQL) was listed
as an epitope eluted from human HLA allele in the Immune
Epitope Database (IEDB),”® and INKETLENV (L/I variant of INK-
ETIENV) was reported as an HLA-A*02:01 ligand in the MHC
Motif Atlas.?” Although the source proteins for the last two pep-

iScience

tides were not specified in the databases, our study suggested
their mirror I/L variants were derived from Bacteroides caccae
and F. nucleatum separately. Additionally, none of our ’Microbe
only’ peptides were found in the HLA ligand Atlas,*® Cryptic pep-
tides, IEAtlas® or dbPepNeo.'°° IEAtlas and dbPepNeo specif-
ically catalog non-canonical epitopes from non-coding regions
and neoantigens derived from somatic mutation-induced protein
variations. In contrast, the HLA ligand Atlas and Cryptic peptides
databases include ligands originating from known proteins or
non-coding regions in benign human tissues. These findings
further support our hypothesis that these peptides may origi-
nating from microorganisms.

Previous studies have highlighted the presence of tumor-spe-
cific intracellular bacteria and their influence on therapy
response, cancer metastasis, and patient outcomes in both clin-
ical and animal models.'°'"'% However, few studies have exam-
ined microbial antigens in tumors and their effect on the
TME.®>'% To investigate whether these microbial antigens
could trigger CD8" T cell responses and inflame the TME, we
randomly evaluated eight microbial. After passed verification
(7/8) through parallel reaction monitoring (PRM) (Figure S4;
Table S11), the evaluation of immunogenicity with synthesized
peptides on CD8" T cells from four healthy donors were per-
formed (Figure 3D). To maximize detect the possibilities of the
immunogenicity, donors were selected based on the predicted
affinity of theses peptides with every HLA haplotype of patients
that peptides were detected from (Table S10). The results
showed that ITGNSILTV could stimulate IFN-y secretion
from CD8"* T cells (Figure 3E; Tables S11 and S12). Peptide
ITGNSILTV is associated with the transmembrane helices of
the multi-antimicrobial extrusion protein (MatE) (Figure 3F). It is
prevalent in bacteria and located in cell membranes. %6198

Tumor-specific peptides derived from microbes were
shared across CRC patients

The application of cancer immunotherapy has clearly demon-
strated that, once identified, cancerous cells can be effectively
eliminated by immune system. Identifying tumor-specific micro-
bial-originated peptides may offer a possible route to assist the
host’s immune system, including CD8" T cells, in recognize and
killing cancer cells.?® In this study, more than 10 peptides were
identified as originating from F. nucleatum, Cedecea neteri, Bac-
teroides uniformis and Aeromonas hydrophila, respectively

Figure 2. Overview of HLA-I ligands identified in this study

(A) The identification strategy for microbiome-derived HLA-I ligands utilizing whole-genome sequencing (WGS) and liquid chromatography-tandem mass

spectrometry (LC-MS/MS).

(B) Number of species and proteins included in the construction of a personalized database.

(C) Number of HLA-I ligands identified in each patient.

(D) The distribution of precursor ion charges detected.

(E) The length distribution of HLA-I ligands identified.

(F) The peptide-spectrum match (PSM) counts for the identified ligands.

(G) Affinity of peptide presented by HLA-I complex predicted by NetMHCpan. Peptides were classified based on the minimum rank value with specific HLA-I
subtypes: SB, strong binder (<0.5%); WB, weak binder (0.5%-2%); NB, no binder (>2%).
(H) Motif analysis of HLA-I ligands identified in patient #02 (upper panel) compared to known motifs of specific HLA alleles (lower panel).

() Classification of HLA-I ligands identified across all tumor and normal samples.

(J) Jaccard index assessing the similarity of identified HLA-I ligands between samples.
(K) Selection of twenty-three differentially expressed genes based on the number of matched peptides from the corresponding proteins. p values were calculated

using a two-tailed Student’s t-test.
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(Figure 4A). Five peptides were identified from multiple tumor
samples, including AGDNIGVLLR and ITELNSPVL, which origi-
nated from the Elongation factor Tu (EF-Tu) and RND superfamily
resistance-nodulation-cell division antiporter of F. nucleatum,
respectively (Figure 4B).

Additionally, microbial peptides appeared to be more similar
among the same type of specimens from different patients (Fig-
ure S5A), indicating the potential for microbial peptides to be
applied across a wider range of patients, regardless of HLA com-
plex subtyping. Notably, 50% of 'Microbe only’ peptides, which
were identified exclusively from tumor samples, could serve as
potential targets for immunotherapy. Compared to the other
half of the peptides, tumor-specific microbial-originated pep-
tides included a higher proportion of ten-amino-acid sequences
(Figure 4C) and were stronger binders with HLA-I subtypes in a
lower I1Csq values (Figures 4D and S5B). As a result, these pep-
tides have a higher likelihood of being presented and recognized
by the immune system.

When tracing back to source species, the greatest contributor to
tumor-specific microbial-originated peptides was F. nucleatum. In
addition to the two above peptides identified from multiple
samples, there were another 18 peptides identified from
F. nucleatum, 11 of which were tumor-specific peptides (Figure 4E;
Table S13). Peptides AIVSALVAI, ITELNSPVL, QHIDSLSSF,
SFSASFSIS, and VSKTNSRASSAI originated from proteins
located in the membrane. Notably, SFSASFSIS and
VSKTNSRASSAI might be generated from the same protein
Q8REH®6, a hypothetical membrane-spanning protein. Similarly
to Immunogenic bacterial peptides proved in this study, these 5
peptides were located within or near a 3D structure or domain of
their source proteins, which may be conserved in structure or
sequence (Figure 4F).

Peptides AGDNIGVLLR, along with three other peptides
(GYRPQFYFR, TTLTAAITTVLAK, and VGEEVEIVGIK) identified
in multiple tumor and normal samples, were all derived from
Elongation factor Tu (EF-Tu) (Figure 4G). As an abundant and
conserved cytoplasmic protein in bacteria, EF-Tu has been re-
ported to stimulate immune responses, and antibodies against
EF-Tu can decrease bacterial load and partially protect hosts
from infections.'?® To further verify that tumor-specific peptides
identified from F. nucleatum could trigger the host’s immune
response, two peptides identified from multiple samples and 4
other random selected peptides labeled as tumor-specific pep-
tides were synthesized. Following with the same strategy used in
former verification, 5 peptides that pass the PRM verification
(Figure S6; Table S11) were tested with PBMCs from another 2
donors. Results indicated that all 5 peptides could stimulate
IFN-y secretion from CD8" T cells (Figure 4H and Table S14).

iScience

All this evidence supports the assumption that these peptides
could be presented and identified by CD8" T cells, which would
be contribute to remolding TME.

DISCUSSION

In this study, we established a strategy by combining the high-
depth WGS data with the HLA-l immunopeptidome data to iden-
tify the microbe-derived HLA | ligands. We identified 154 pep-
tides derived from microbes, 77 of which were exclusively found
in tumor samples. Most of these microbe-derived peptides pre-
dominantly originated from bacteria. Peptide ITGNSILTV was
proved to be immunogenic, indicating their potential roles in can-
cer immunotherapy.

During the HLA-I ligand identification process, we first accu-
rately identified the microbial species by utilizing high-depth
WGS data from paired normal samples to exclude potential
contaminant DNA. The identification of microbes was executed
using a robust taxonomic classification system from metage-
nomic analysis. We found that F. nucleatum emerged as highly
abundant (>1% relative abundance) and significantly more prev-
alent within tumor regions. The potential link between
F. nucleatum and CRC, as well as its utility in cancer diagnosis,
classification, and treatment, has been extensively docu-
mented.®® %7111 The identification of HLA-I ligands from
F. nucleatum and other cancer-related microbes may help eluci-
date their role in carcinogenesis and their potential in cancer
therapy, particularly immunotherapy.

To account for the complexities of HLA-I peptide presentation
and HLA polymorphisms, we created personalized protein data-
bases for each patient, these databases incorporated proteins
from significantly different microbes (SDMs), tumor-specific
high-abundance microbes (SHMs), and H. sapiens. However,
due to gaps in microbial proteomics data, some microbes were
excluded during the construction of these protein databases.
As a result, only F. nucleatum was retained as an SDM. Given
that SHMs varied per patient, the number of proteins included
in each personalized database differed. For half of the patients
(#01, #02, #03, #06, and #07), the protein count exceeded twice
the number of human proteins listed in Swiss-Prot (42,367). The
limited expansion of the databases was acceptable for target-
decoy search strategy, ensuring the accuracy of spectrum anal-
ysis.®*""" However, the absence of proteome data for other mi-
crobes also limited the exploring of microbial originated peptides.

Generally, over 98% of HLA-I ligands were host-derived, with
paired samples and patients with similar HLA subtypes showing
greater ligand similarity.”'? Notably, peptides from proteins
COLB6A3 and CSDE1 were more abundant in tumor samples.

Figure 3. Presentation of exogenous peptides by HLA-I molecules in the CRC tumor microenvironment

(A) Total number of exogenous peptides identified in normal and tumor samples.

(B) Number of exogenous peptides detected in individual samples.

(C) Features and searching results of identified exogenous peptides. Related databases used in searching process were listed on the key resources table.

(D) Schematic diagram of immunogenicity validation.

(E) Quantification of IFN-y release from T cell stimulated by exogenous peptides. DMSO and anti-human CD3 monoclonal antibody (CD3-2) served as negative
and positive controls, respectively. Data were presented as mean + SEM. SFU denotes spot forming units. P-values were calculated using a two-tailed Student’s

t-test, wih p < 0.05 denoted by *.

(F) Topological features of source proteins yielding immunogenic bacterial peptides.
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Table 2. Peptides similar to those reported in different databases and this study?

Sequence® Source species Source protein Database
LLDEPTNHL F. nucleatum, H. sapiens, K. pneumoniae, different kinds of ATP-binding proteins This study
P. micra
H. sapiens ATP-binding cassette sub-family F member IEDB
2
M. tuberculosis ABC transporter ATP-binding protein IEDB T cell epitope
- — MHC Motif Atlas
ILDEPTNHL H. sapiens ATP-binding cassette sub-family F member IEDB
3
H. sapiens ATP-binding cassette sub-family F member HLA Ligand Atlas
3
- - MHC Motif Atlas
LLDEPTNNL F. nucleatum, H. sapiens, K. pneumoniae ABC transporter ATP-binding protein, This study
Exonuclease SBCC (EC 3.1.11.-), ATP-
binding component of a transport system,
Transport system ATP-binding component
B. longum ABC-type transporter ATPase component IEDB
ILDEPTNNL H. sapiens ATP-binding cassette sub-family F member IEDB
1
H. sapiens ATP-binding cassette sub-family F member HLA Ligand Atlas
1
- - MHC Motif Atlas
ELIKIIEQL B. caccae histidine kinase (EC 2.7.13.3) This study
ELLKLLEQL H. sapiens cis-spliced peptide from unknown protein IEDB
eluted from human MHC allele
INKETIENV F. nucleatum Methyltransferase This study
INKETLENV - - MHC Motif Atlas

Information that is not included in databases is marked as “-.”
PDifference among similar peptides was marked as bold font.

Given their potential as biomarkers and therapeutic tar-
gets, """ further research is required to determine whether
these ligands can modify the TME in immunotherapy and be uti-
lized in the development of chimeric antigen receptor T (CAR-T)
or T cell receptor—engineered T (TCR-T) cells.>'"®

Although SHMs were included in the databases, we found no
significant accumulation or tumor-enrichment of their peptides.
The observation applied to F. nucleatum in tumor samples
potentially due to the limited microbial variety and peptide
numbers, as well as MHC downregulation in tumor cells. None-
theless, we identified 154 microbe-derived peptides as HLA-I li-
gands across tumor and normal samples, including 18 that are
specific to F. nucleatum, 15 of which were not recorded in the
public databases we utilized. Additionally, peptides from bacte-
rial EF-Tu and EF-4 appeared in multiple samples. Given their
abundance and conservation in bacteria,''® and their known
roles in stimulating immune responses,’®'"” these proteins
are promising candidates for immunization against infections
and potentially cancer. This study also confirmed that peptides
ITGNSILTV from MatE could activate CD8" T cell immunity.
These conserved prokaryotic proteins and their peptides warrant
further investigation.

In conclusion, our study successfully identified 154 putative
microbe-derived HLA-I ligands by utilizing personalized data-
bases that incorporated microbiome-derived proteins to deci-

pher the LC-MS/MS spectra. The majority of these putative
microbe-derived ligands were not recorded in related data-
bases. Our findings demonstrated that peptides ITGNSILTV
from MatE protein can activate CD8" T cell immune responses,
indicating the potential application of microbe-derived peptides
in cancer immunotherapy. Furthermore, another 15 peptides
were identified from F. nucleatum highlighting the need for
further exploration of these peptides in therapeutic contexts.

Limitations of the study

It is important to note that verifying the sources of putative
microbe-derived peptides in our approach may be limited. Pep-
tides presented by HLA-I can originate from various sources,
such us linear sequences or spliced oligopeptides formed by
ligating non-contiguous peptide fragments.'? These fragments
may arise from normal or abnormal translation of genomic re-
gions, including non-coding regions, as well as from extracellular
or intracellular microorganisms and toxins.' "' '® In this study, we
focused solely on the annotated proteins of humans and mi-
crobes during the peptide identification process and traced their
origins. While the usage of public epitope databases partially
compensates for this limitation, we did not consider somatic
mutation or abnormal translation of genomic regions specific
to each patient. Future studies could potentially overcome this
limitation by incorporation somatic mutation analysis using

iScience 27, 111338, December 20, 2024 9
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WGS,""%7"?" transcriptome identification via Ribosome Nascent-
chain Complex-bound RNA sequencing (RNC-seq)'?>"%® and
long-read sequencing.'?*

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Xuan Dong (dongxuan@
genomics.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o Whole genome sequencing data have been deposited at in CNGB
Sequence Archive (CNSA)'?® of China National GeneBank (CNGB)'?®
and the Genome Sequence Archive for Human'?’ in National Genomics
Data Center (NGDC)'?® and are publicly available as of the date of pub-
lication. Raw mass spectra data have been deposited in CNSA of
CNGBdb and are publicly available as of the date of publication. Acces-
sion numbers are listed on the key resources table.

e All original code has been deposited at Zenodo and is publicly available
as of the date of publication. DOlIs are listed in the key resources table.

o Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-human-CD80-FITC BioLegend Cat#305205; RRID: AB_314501
Anti-human-CD83-FITC BioLegend Cat#305305; RRID: AB_314513
Anti-human-CD86-PE BioLegend Cat#305405; RRID: AB_314525
Anti-human-HLA-A/B/C-PE BioLegend Cat#311405; RRID: AB_314874
Anti-Human HLA-A/B/C Monomorphic AtaGenix Cat#FHMO00110

Antibody (W6/32)
Anti-human CD3 monoclonal antibody (CD3-2)

Thermo Fisher Scientific

Cat#14-0037-82; RRID: AB_467057

Biological samples

tumor biopsies and paired adjacent The Sixth Affiliated Hospital N/A
normal tissues of colorectal cancer of Sun Yat-sen University
from patients, listed in Table S9
Peripheral Blood Mononuclear Cell Beijing Yuhe Traditional Chinese N/A
from Donors, listed in Table S10 and Western Medicine
Comprehensive Rehabilitation
Hospital
Chemicals, peptides, and recombinant proteins
Phenylmethanesulfonyl fluoride (PMSF) Beyotime Cat#ST505
protein A Sepharose CL-4B Cytiva Cat#17096303
HIPP-T009 Lymphocyte Serum-free Medium Bioengine Cat#EXP0101302
HyClone™ Characterized Fetal Cytiva Cat#SH30071.02

Bovine Serum (FBS)

Human GM-CSF Recombinant Protein
Human IL-6 Recombinant Protein
Human IL-1 beta Recombinant Protein
Human TNF-alpha Recombinant Protein
Human IL-4 Recombinant Protein

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Cat#300-03-1MG
Cat#200-06-1MG
Cat#200-01B-1MG
Cat#300-01A-1MG
Cat#200-04-1MG

Prostaglandin E2 (PGE-2) PeproTech Cat#3632464

Synthetic peptides for PRM identification GCAT bio N/A

and immunogenicity validation, listed in Table S11

Critical commercial assays

IFN-y enzyme-linked immunospot (ELISpot) assay Mabtech

AllPrep DNA/RNA Mini Kit Qiagen Cat#80204

MGiIEasy FS DNA Library Prep Set MG Cat#1000006987

Deposited data

Whole genome sequencing data This study CNGB: CNP0004656; GSA for human: HRA005229
Raw mass spectra data This study CNGB: CNP0005402

Original in-house codes This study https://doi.org/10.5281/zenodo.11312743

Reference proteomes from UniProt

|IEDB database
T Cell Epitope from IEDB
MHC Motif Atlas database

el iScience 27, 111338, December 20, 2024

The UniProt Consortium'2°

Randi Vita et al.*®
Randi Vita et al.*®
Daniel M. Tadros et al.””

https://ftp.uniprot.org/pub/databases/
uniprot/current_release/knowledgebase/
reference_proteomes/

https://www.iedb.org/database_export_v3.php
https://www.iedb.org/database_export_v3.php

http://mhcmotifatlas.org/data/classl/
all_peptides.txt

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
|IEAtlas database Yangyang Cai et al.” http://bio-bigdata.hrbmu.edu.cn/
IEAtlas/download.jsp
HLA Ligand Atlas database Ana Marcu et al.*® https://hla-ligand-atlas.org/downloads

Cryptic Peptides from HLA Ligand Atlas

dbPepNeo database

BIC database

Ana Marcu et al.?®

Xiaoxiu Tan et al.®°

Kai-Pu Chen et al.*®

https://jitc.bmj.com/highwire/filestream/
22897 /field_highwire_adjunct_files/2/
jitc-2020-00207 1supp003_data_
supplement.xlsx
http://www.biostatistics.online/
dbPepNeo/download.html

http://bic.jhlab.tw/

Software and algorithms

Fastp (version 0.20.1)
BWA (version 0.7.17)
Kraken2 (version 2.1.2)

KrakenTools (version 1.2)

POLYSOLVER

MaxQuant (version 2.2.0)

Skyline (version 21.2)

PDV (version 1.7.4)
Matchms (version 0.17.0)
NetMHCpan (version 4.1)

GibbsCluster (version 2.0)

Seg2Logo (version 2.1)

Shifu Chen et al.™"
Heng Li et al.™"
Derrick E. Wood et al.'®?

Jennifer Lu et al.'®®

Sachet A Shukla et al."**
Tyanova, S et al.®®

|'135.136

Alexandra N. Marsh et a

Li Kai et al."®’
Huber Florian et al.”*®
Reynisson Birkir et al.®®

Andreatta Massimo et al.’*°

Martin Christen Frglund
Thomsen et al.’*®

https://github.com/OpenGene/fastp
https://github.com/Ih3/bwa
https://github.com/DerrickWood/
kraken2/tree/master
https://github.com/jenniferlu717/
KrakenTools/
https://github.com/jason-weirather/
hla-polysolver
https://www.maxquant.org/download_
asset/maxquant/latest
https://skyline.ms/project/home/
software/Skyline/begin.view
https://github.com/wenbostar/PDV
https://github.com/matchms/matchms
https://services.healthtech.dtu.dk/
services/NetMHCpan-4.1/
https://services.healthtech.dtu.dk/
services/GibbsCluster-2.0/

https://services.healthtech.dtu.dk/
services/Seg2Logo-2.1/

Other

96-well filter microplate
Sep-Pak tC18 96-well Plate

Kimble™ Kontes™ Dounce
Tissue Grinders

Poly-Prep Chromatography Columns

HyperCool 3055 centrifugal
vacuum concentrators

CD14 MicroBeads
CD8 MicroBeads

Agilent
Waters
Thermo Fisher Scientific

Bio-Rad
Gyrozen

Miltenyi Biotec
Miltenyi Biotec

Cat#204495-100
Cat#186002321
Cat#K8853000015

Cat# 7311550
Cat#Hyper-HC3055

Cat#130-097-052
Cat#130-097-057

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human participants

Ten patients diagnosed with colon adenocarcinoma (n=9), or rectal adenocarcinoma(n=1) were selected. All patients signed an
informed consent form to collect tumor biopsies and paired adjacent normal tissues. All samples were selected based on the surgical
specimens obtained from the Sixth Affiliated Hospital of Sun Yat-sen University in 2021 under the approval of E2018032 by the Med-
ical Ethics Committee. The detailed information of clinical characteristics was listed in Table S1. All related samples were flash-frozen

in liquid nitrogen within 30 min after surgical resection and stored in at -80°C freezer until use.
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Six donors with specific HLA-I subtypes listed in Table S10 were selected at Beijing Yuhe Traditional Chinese and Western
Medicine Comprehensive Rehabilitation Hospital. Human specimens were collected in accordance with an institutional review
board-approved protocol, and written informed consent was obtained from the donors for the use of de-identified specimens.

All experiments involving the use of human tissue samples were performed in accordance with the WMA Declaration of Helsinki,
CIOMS International Ethical Guidelines for Health-related Research Involving Humans 2016, applicable regulations/guidelines, and
were approved by the Institutional Review Board of BGI.

METHOD DETAILS

Identification of microbe from samples based on whole genome sequencing (WGS) data

After rapid freezing in liquid nitrogen and milling, approximately 50 mg of each sample was used for DNA extraction using the AllPrep
DNA/RNA Mini Kit (Qiagen). Qualified DNA was constructed using the MGIEasy FS DNA Library Prep Set (MGl). The resulting libraries
were sequenced on the BGI DNBSEQ platform. Microbiome identifications were performed as follows: raw read sequences of WGS
were processed using Fastp,'*' and all low-quality reads and adapters were removed. Acquired clean reads were mapped to the
GRCh38 human genome reference using BWA.'®' Finally, all unaligned reads were used for microbe identification using Kraken2."*?

Identification of HLA-I subtypes

The HLA-I subtypes of all patients were determined using the POLYSOLVER'®* software. For this analysis, BAM files, which had been
previously aligned to the GRCh38 human genome reference, were utilized as input. The parameters for POLYSOLVER were config-
ured to cater to the specific demographic and technical aspects of the study: -race: Asian, -includeFreq: 1, -build: hg38, -format:
STDFQ, -insertCacl: 0.

Calculation of reads count and relative abundance in different samples and every level of taxonomy

Read count, relative abundance, and alpha and beta diversity were calculated using in-house scripts. In general, read counts were
extracted from Kraken2 report files with modified scripts from KrakenTools,'*® the count of reads mapped to Homo sapiens were
wiped off from each sample’s node of H. sapiens as well as the total read counts for each sample. The relative abundance of different
taxa from Domain to Species was calculated as the percentage of read counts corresponding to the total mapped read count.

HLA-I ligand identification based on database dependent analysing
Immunoprecipitation and liquid chromatography with tandem mass spectrometry (LC-MS/MS) methods to acquire spectra of HLA-I
ligands was processed according to our previous protocol.’*?

Collection of HLA-I ligand through immunoprecipitation

Snap-frozen tissue samples were minced in lysis buffer and then homogenized on ice using Kimble Kontes Dounce Tissue Grinders.
The lysis buffer consisted of phosphate-buffered saline (Gibco) supplemented with 0.5% sodium deoxycholate (Sigma-Aldrich), 2%
octyl-B-D-glucopyranoside (Sigma-Aldrich), a protease inhibitor cocktail (Roche), 2 mM PMSF (Beyotime), 2 mM EDTA (Invitrogen),
and 0.4 mM iodoacetamide (Sigma-Aldrich). The homogenates were centrifuged at 17,000 x g at 4°C for 50 min. The supernatant
was used to immunoaffinity-purify HLA class | complexes using 0.2 mL of W6/32 antibody cross-linked to protein A Sepharose CL-4B
beads (5 mg of antibody per 2 mL of beads) in a 96-well filter microplate (Agilent) pre-conditioned with 100% acetonitrile (ACN,
Sigma-Aldrich), 0.1% trifluoroacetic acid (TFA, Sigma-Aldrich), and 100 mM Tris-HCI (Thermo Fisher Scientific), pH 8.0. The beads
were washed sequentially at room temperature with 2 mL each of buffer A (150 mM NaCl, 20 mM Tris-HCI, pH 8.0), buffer B (400 mM
NaCl, 20 mM Tris-HCI, pH 8.0), and buffer C (20 mM Tris-HCI, pH 8.0), followed by elution of the HLA class | complexes and bound
peptides with 1% TFA, and then processed through Sep-Pak tC18 96-well cartridges (Waters), pre-washed with 80% ACN in 0.1%
TFA, and equilibrated with 0.1% TFA. After washing the cartridges with 0.1% TFA and then with 2% ACN in 0.1% TFA, the peptides
were eluted using 14% ACN in 0.1% TFA followed by 28% ACN in 0.1% TFA. The eluted peptides were dried using HyperCool 3055
centrifugal vacuum concentrators (Gyrozen) and stored at —20°C for further analysis.

Acquire mass spectra of HLA-I ligand through LC-MS/MS

Collected peptides were reconstituted in 5% acetonitrile (ACN) with 0.1% formic acid and analyzed using liquid chromatography with
tandem mass spectrometry (LC-MS/MS). The peptides were loaded onto a 300 pm X 5 mm trapping column (Acclaim PepMap 100
C18 HPLC column, 5 um, 100 A, Thermo Fisher Scientific) at a flow rate of 0.5 pL/min for 5 min. Subsequent separation occurred on a
C18 column (150 um x 35 cm, 1.8 um particle size, Welch) connected to an Ultimate 3000 RSLCnano system (Thermo Fisher
Scientific). A non-linear gradient of ACN, ranging from 5% to 80% over 90 min at a flow rate of 0.5 pulL/min, was used for peptide
elution. The eluted peptides were ionized via nanospray ionization and analyzed on an Orbitrap Fusion Lumos Tribrid mass spectrom-
eter (Thermo Fisher Scientific) in data-dependent acquisition (DDA) mode. Full-scan mass spectra were acquired in the Orbitrap over
arange of 350-1,500 m/z at a resolution of 60,000. The top 30 most intense precursor ions were selected for fragmentation by higher-
energy collisional dissociation (HCD) with a normalized collision energy (NCE) of 30%. The resulting fragments were detected in the
Orbitrap at a resolution of 15,000. A dynamic exclusion period of 30 s was applied to minimize redundant precursor selection. The
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automatic gain control (AGC) targets for MS1 and MS2 scans were set to 1.0 x 10° and 2.0 x 10%, respectively, with maximum in-
jection times of 50 ms for both MS1 and MS2 scans.

Construction of personalized database

The results generated by LC-MS/MS were decoded using a database searching method based on a patient-specific personalized
protein database (PPD). A specific PPD contains three parts: proteins of H. sapiens, microbes with significantly different abundance
between tumor and normal samples, and other dominant microbe species (relative abundance in tumor samples exceeded the me-
dian of all species), whose relative abundance in specific patients was at least 2-fold higher or only identified in tumor samples. All
proteins of specific species or subspecies were downloaded from the UniProt'*° database, and microbial species whose proteins
were not published in the database were ignored.

Database searching with MaxQuant

Output raw spectra were searched against the PPD using MaxQuant.®® The tolerances of the precursor and fragment ions were set at
10 ppm and 0.05 Da, respectively. Oxidation (M) and deamination (NQ) were selected as variable modifications, and Carbamido-
methyl (C) was set as a fixed modification. False discovery rate at the peptide level was set at 1%. The digestion mode was set
to unspecific. Only peptides with lengths of 8-15 amino acids were retained. peptide-spectrum matches (PSMs) whose false discov-
ery rate (FDR) was lower than 1% and posterior error probability (PEP) did not exceed 0.05 remained as potential HLA-I ligands.

Classification of identified peptides

Peptide sequences identified by filtered PSMs were categorized as human-derived, microbe-derived, or overlapping peptides, ac-
cording to the origin of the protein and species listed in PPD. Due to the indistinguishable of leucine (L) with isoleucine (l) for the same
mass difference from other amino acids, peptide sequences were remapped to protein sequences in each patient’s PPD with in-
house scripts after replacement of | with L in both peptide sequences and protein sequences. The classification of peptide sequences
was then determined based on the protein sources identified through this remapping process.

Comparison with epitopes in public databases, articles and patents

Seven databases containing known epitopes, as detailed in the key resources table, were utilized. Specifically, the 'T cell Epitope’
dataset was obtained from IED,® and the ’Cryptic Peptides’ dataset was sourced from supplemental information of published arti-
cles associated with HLA Ligand Atlas.’® From these datasets, only epitopes classified as ‘Linear peptide’ were selected for inclusion
in our analysis. To ensure accurate peptide matching between the datasets from this study and the downloaded databases, all in-
stances of the | was replaced with L due to their biochemical similarity and potential for interchangeability in mass spectrometry data.
We conducted articles and patents searches using PubMed and google patents (https://patents.google.com/), respectively, using
the peptide sequence as search term.

Affinity prediction and motif analysis of immunopeptidome

Binding affinity of peptides to HLA-I were predicted using NetMHCpan®® with all HLA-I subtypes of samples. Peptides were catego-
rized based on their lowest predicted binding affinity percentile rank value across different HLA-I subtypes as strong binders (SB,
<0.5%), weak binders (WB, 0.5%-2%) or no binders (NB, >2%). For clustering analysis, GibbsCluster'*® was employed, with the
number of clusters set to '1-x’. Here, ’x’ represents the smallest integer greater than the number of HLA-I subtypes present in
each sample. The final number of clusters was determined based on the Kullbach-Leibler distance. Sequence logos, create using
Seq2Logo ' following clustering, were compared with binding motifs from the MHC motif Atals®” to assess the similarity.

Verification of HLA-I ligands with parallel reaction monitoring with synthesized peptide

Synthetic peptides (>98% purity) were analyzed using the Orbitrap Eclipse Tribrid mass spectrometer by applying the parallel reac-
tion monitoring (PRM) method under a 65 min gradient. Full scan spectra were measured with a resolution of 500,000 and a normal-
ized AGC target of 200%, with a maximum injection time of 100 ms. The precursor ions were selected with a 0.7 m/zisolation window,
fragmented by 30% HCD collision energy, and analyzed with a resolution of 60,000, standard AGC target and auto maximum injec-
tion time. The PRM data were processed using Skyline'*® and PDV'®’ software to validate and visualize the mutated peptides. Modi-
fied cosine similarity (MCS)'*® of spectra from DDA and PRM was calculated with matchms."® Ligand verification was considered
successful if MCS of paired Spectra exceeded 0.33. All Synthetic peptides were listed in Table S11.

Immunogenicity validation of bacterial peptides

Generation of specific DCs and CD8* T cells

Healthy donors were selected based on the predicted affinity of chosen peptides with various HLA-I complex types. Specifically,
validation was conducted on at least one donor whose HLA type included the same subtype with the lowest predicted binding affinity
rank value from the corresponding patients. CD14* monocytes and CD8* T cells were isolated from 1 x 108 PBMCs of healthy donors
using CD14 and CD8 MicroBeads (Miltenyi Biotec), respectively. The isolated CD8" T cells were cryopreserved in liquid nitrogen for
later use. Dendritic cells (DCs) were generated by culturing CD14* monocytes (1 x 107 cells) in HIPP-TO09 medium (Bioengine)
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supplemented with 2% FBS (Cytiva), 800 U/mL GM-CSF (Thermo Fisher Scientific) and 1000 U/mL IL-4 for 4 days. Maturation was
induced by replacing the medium with HIPP-T009 containing 2% FBS, 20 ng/mL IL-6, 20 ng/mL IL-18, 40 ng/mL TNF-a, 1 pg/mL
PGE-2, 800 U/mL GM-CSF, and 1000 U/mL IL-4 for 2 additional days, confirmed by flow cytometry with Anti-human-CD80-FITC,
Anti-human-CD83-PE, Anti-human-CD86-PE, and Anti-human-HLA-A/B/C-PE (BioLegend).

DCs were loaded with synthetic peptides at 10 pg/mL concentration and incubated overnight at 37°C. Excess peptides were
removed by centrifugation and washing twice in HIPP-T009 medium with 2% FBS and 30 ng/mL IL-21. Loaded DCs were then
co-cultured with autologous CD8" T cells at an effector-to-target cell ratio of 5:1 in HIPP-TO09 medium supplemented with 2%
FBS and 30 ng/mL IL-21 for 48 h. Activated CD8"* T cells were then cultured in fresh HIPP-T0O09 medium containing 2% FBS,
10 ng/mL IL-2, 10 ng/mL IL-7, and 10 ng/mL IL-15 for one week to promote proliferation. This process of antigenic stimulation
with DCs and subsequent in vitro expansion was repeated twice to enhance the expansion of CD8" T cells specific to the peptides.
IFN-v releasing testing by ELISpot assay
The secretion of IFN-y by CD8" T Cells was tested using IFN-y enzyme-linked immunospot (ELISpot) assay (Mabtech). Briefly, CD8*
T cells that had been stimulated and proliferated were allowed to rest in HIPP-TO09 medium containing 2% FBS for 24 h. Approx-
imately 1 x 10% CD8* T cells were then seeded into each well of an ELISpot plate, together with 2 x 10* DCs pulsed with the peptide of
interest. The cells were co-cultured in HIPP-TO09 medium with 2% FBS for 20 h. DMSO and Anti-human CD3 monoclonal antibody
(CD3-2) were served as the negative and positive control, respectively. After the co-culture period, immunospots were visualized and
quantified using the AID iSpot ELISPot reader (AID-Autoimmun Diagnostika GmbH). Three technical replicates were performed for
each peptide-donor pair during the co-culturing and imaging stages.

QUANTIFICATION AND STATISTICAL ANALYSIS

All Statistical analysis in the script was performed using ‘ggsignif’ package (v0.6.4) in R (v 3.6.3) with two-side Student’s t-test. The
significance levels are represented as follows: * (o < 0.05), *™* (p < 0.01), ** (p < 0.001), and **** (p < 0.0001).
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