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ABSTRACT
Background  Molecular mimicry between commensal 
bacterial antigens and tumor-associated antigens (TAAs) 
has shown potential in enhancing antitumor immune 
responses. This study leveraged this concept using 
commensal bacterial antigens, termed OncoMimics, to 
induce TAA-derived peptide (TAAp)-specific cross-reactive 
cytotoxic T cells and improve the efficacy of peptide-based 
immunotherapies.
Methods  The discovery of OncoMimics primarily relied 
on a bioinformatics approach to identify commensal 
bacteria-derived peptide sequences mimicking TAAps. 
Several OncoMimics peptide (OMP) candidates were 
selected in silico based on multiple key parameters to 
assess their potential to elicit and ameliorate immune 
responses against TAAs. Selected OMPs were synthesized 
and tested for their affinity and stability on the major 
histocompatibility complex (MHC) in vitro and for their 
capacity to elicit cross-reactive OMP-specific/TAAp-
specific CD8+T cell responses in human leukocyte antigen 
(HLA)-A2-humanized mice, human peripheral blood 
mononuclear cells (PBMC) and patients with cancer.
Results  Selected OMPs demonstrated superior 
HLA-A2 binding affinities and stabilities compared with 
homologous TAAps. Vaccination of HLA-A2-humanized 
mice with OMPs led to the expansion of OMP-specific 
CD8+T cells that recognize both OMPs and homologous 
TAAps, exhibiting cytotoxic capacities towards tumor 
antigens and resulting in tumor protection in a prophylactic 
setting. Using PBMCs from HLA-A2+healthy donors, 
we confirmed the ability of OMPs to elicit potent 
cross-reactive OMP-specific/TAAp-specific CD8+ T-cell 
responses. Interestingly, we observed a high prevalence 

of OMP-specific T cells across donors. Cytotoxicity assays 
revealed that OMP-stimulated human T cells specifically 
targeted and killed tumor cells loaded with OMPs or 
TAAps. Preliminary data from an ongoing clinical trial 
(NCT04116658) support these findings, indicating that 
OMPs elicit robust OMP-specific/TAAp-specific CD8+T 
cell responses in patients. Initial immunomonitoring data 
revealed sustained T-cell responses over time, with T 
cells maintaining a polyfunctional, cytotoxic and memory 
phenotype, which is critical for effective antitumor activity 
and long-term immune surveillance.
Conclusions  These findings suggest that leveraging 
naturally occurring commensal-derived antigens through 
OMPs could significantly remodel the tumor immune 
landscape, offering guidance for a promising strategy for 
cancer peptide-based immunotherapies.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Peptide-based immunotherapies have shown the 
potential to elicit antitumor responses; however, they 
often fail to induce sustained immune responses 
and achieve favorable clinical outcomes. Molecular 
mimicry, in which antigens from commensal bacte-
ria resemble tumor-associated antigens (TAAs), has 
emerged as a promising approach for overcoming 
these challenges. Studies have suggested that mim-
icry between tumor and pathogen antigens could 
enhance the efficacy of cancer treatments. However, 
the application of this strategy to improve peptide-
based immunotherapies remains underexplored and 
insufficiently validated in clinical practice.
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INTRODUCTION
Immune checkpoint inhibitors (ICIs) offer potentially 
curative cancer treatment by boosting anticancer T-cell 
immune responses in treated patients. However, their 
inability to stimulate specific T cells in “cold” tumors 
significantly limits their efficacy. Therapeutic vaccines 
could ideally complement ICI treatment in cancers with 
low mutational burdens and limited spontaneous T-cell 
responses.1

Despite the potential of therapeutic vaccines, most 
vaccine trials have failed, largely because of their inability 
to sustainably stimulate antitumor T-cell responses.2 3 
Effective induction of antitumor cytotoxic T cells (CTL) 
responses initially depends on the selection of appro-
priate tumor antigens. Typically, tumors present tumor-
associated antigens (TAAs) that are shared among 
patients, offering broad applicability but limited immu-
nogenicity. Tumor-specific antigens or neoantigens, not 
subject to thymic deletion, are theoretically highly immu-
nogenic; however, their clinical applicability is limited due 
to patient specificity and rarity in low-mutational burden 
tumors.4 5 We leveraged two well-described mechanisms 
to enhance CD8+T cell responses against tumors: peptide 
molecular mimicry and T cell cross-reactivity. Molecular 
mimicry involves using peptides from microorganisms 
that share sequence or structural similarities with tumor 
antigens, enabling the immune system to target tumor 
cells like microbial invaders. T cell cross-reactivity allows 
a single T-cell receptor (TCR) to recognize and respond 
to multiple peptide-major histocompatibility complexes 
(MHC), enabling CD8+T cells primed against micro-
bial antigens to also target similar tumor antigens.6 7 We 
developed a systematic bioinformatic approach to iden-
tify sequence similarities between bacterial and TAA 

peptides. The gut microbiome composition shapes the 
immune system and impacts vaccination and ICI therapy 
outcomes.8 Furthermore, the microbiome encodes 
billions of “foreign” antigens that potentially maintain 
and trigger a memory T-cell pool at the gut level. Thus, 
exposure to commensal epitopes might generate rapid 
induction of a pre-existing pool of cross-reactive T cells, 
which could be leveraged to maximize the efficacy of 
peptide-based immunotherapies.9 10 Taking advantage of 
the widespread presence of these commensal bacteria in 
the human population, we expected to stimulate a diverse 
range of memory T cells capable of cross-reacting with 
TAAs. By employing commensal-derived peptides (CDPs) 
with high affinity for human leukocyte antigen (HLA) 
molecules, we addressed the limited immunogenicity of 
TAA-derived peptides (TAAps) and aimed to activate a 
robust memory T-cell repertoire maintained to protect 
against commensal bacteria.

We describe here this approach, termed “oncomim-
icry”, which enables the discovery of commensal-derived 
short peptides mimicking TAAps and eliciting potent CTL 
responses. The selection process for these OncoMimics 
peptides (OMPs) relies on various criteria, including 
sequence homologies between OMP and their TAAp 
counterparts, binding affinities to HLA class I allelic 
products, predicted cleavage scores and the frequencies 
of commensal bacterial sources expressing the selected 
OMPs in the human population. OMP candidates that met 
these criteria were tested and validated for their immuno-
genicity and ability to elicit cross-reacting TAAp-specific 
CTL responses in HLA-A2-humanized mice, resulting in 
tumor regression. Ex-vivo experiments showed that the 
identified OMPs stimulated human T-cell proliferation 
and triggered cytotoxic activity against target cells with 
homologous TAAs. Finally, initial data from an ongoing 
clinical trial (NCT04116658) demonstrated that OMPs 
generate fast, potent and long-lasting immune responses 
in patients, providing a strong rationale for using CDPs to 
enhance peptide-based immunotherapy.

MATERIAL AND METHODS
In silico OncoMimics selection
The identification process for OMP is illustrated in 
figure 1A and refer to the online supplemental methods 
section for a detailed description.

Measurement of peptide relative binding affinity for 
HLA-A*02:01
Peptide relative binding affinities for HLA-A*02:01 were 
measured as previously described with some minor modi-
fications.11 Briefly, T2 cells were incubated with a titration 
of each tested peptide and 100 ng/mL human β2-micro-
globulin (Sigma) in serum-free medium (TeXmacs) at 
37°C for 20 hours. After incubation, the cells were washed 
and surface-stained with the HLA-A2 mAb (REA517). 
HIVpol1,027–1,035 and FlhA645–653 peptides were used as the 
positive and negative reference controls, respectively. 

WHAT THIS STUDY ADDS
	⇒ This study outlines an innovative approach for the selection of com-
mensal mimic peptides. We demonstrated that these peptides can 
effectively induce cross-reactive CD8+T cells, which specifically 
target and kill TAA-derived peptide (TAAp)-presenting tumor cells. 
Additionally, we validated the high prevalence of these OncoMimics 
peptides (OMPs) in inducing cross-reactive TAAp-specific T cells in 
the general population. Early clinical data indicated that OMPs gen-
erate robust and long-lasting cytotoxic memory T cells with a high 
proliferative capacity in patients with glioblastoma.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE, OR 
POLICY

	⇒ Our findings demonstrated that molecular mimicry between OMPs 
and TAAps efficiently trigger cross-reactive T cells toward tumor 
antigens. We provide a systematic framework for the selection 
process and elucidate how these properties can be leveraged in 
cancer treatment. Our study highlights the importance of integrat-
ing molecular mimicry and T cell cross-reactivity properties to de-
velop advanced immunotherapies targeting TAAs and by extension, 
tumor-specific antigens. It also provides guidance for further clinical 
trials to refine and validate this strategy for various types of cancers.

https://dx.doi.org/10.1136/jitc-2024-010192
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Figure 1  Discovery and selection process of OMPs for cancer immunotherapy. (A) OMPs discovery: A two-step process. (1) 
A data set of HLA-A2 peptides derived from tumor-associated antigens (TAAs) was generated from public human databases 
according to several parameters. (2) OMP candidates were identified by scanning each TAA-derived peptide against all peptide 
sequences of the same length from gut microbiome catalogs using different homology criteria (detailed in online supplemental 
M&M). (B) TAA-derived peptides distribution based on the number of their commensal-derived peptides: the graph shows 
the distribution of 224 TAA-derived peptides (TAAps) based on the number of their associated CDPs. (C) Repartition of TAA-
derived peptides based on the HLA-A2 affinities of their commensal-derived peptides: the graph represents the repartition of 
TAA-derived peptides based on two categories: TAAp with strong binder (SB) CDPs≥TAAp or TAAp with no SB strong binder 
CDPs≥TAAp. In other words, the presence (in red) or absence (in gray) of at least one strong binder CDP, is stronger than its 
TAAp counterparts. In the legends of figure 1C and E, the symbol “≥” indicates “a stronger predicted affinity than”, while “<” 
signifies “a weaker predicted affinity than”. (D) Commensal-derived peptide distribution based on HLA-A2 predicted binding 
affinities: the graph shows the distribution of commensal-derived peptides based on their HLA-A2 predicted binding affinity. 
Commensal-derived peptides with the highest affinities (lower nanomolar values) are shown on the left side of the graph. 
We classified the CDPs into three categories based on their %rank (according to NetMHCpan3.0 recommendations): strong 
binders (SB) were defined as having %rank<0.5, weak binders (WB) with %rank<2 and no binder peptides with %rank>2. 
(E) Commensal-derived peptide repartition based on their HLA-A2 predicted binding affinity compared with their TAAp 
counterparts: The graph shows how commensal-derived peptides are categorized into five groups: SB commensal-derived 
peptide with an HLA-A2 affinity equal to or stronger than the associated TAAp; SB commensal-derived peptide with an 
HLA-A2 affinity equal to or weaker than the associated TAAp; WB commensal-derived peptide with an HLA-A2 affinity equal 
to or stronger than the associated TAAp; WB commensal-derived peptide with an HLA-A2 affinity equal to or weaker than the 
associated TAAp; Commensal-derived peptides that are no binders to HLA-A2. (F) Characteristics of the 10 selected HLA-A2 
OMPs in this study and their homologous TAAps: gene ID of the targeted TAA, sequence name of TAAp and corresponding 
OMP. Amino acid (aa) sequences predicted affinity rank and binding affinity (nM) to HLA-A*02:01 molecule of each pair and 
the numbers of mismatches are shown. Amino acid substitutions are indicated in red and those in dark bold are the five amino 
acids in the peptide core. Fold increases in affinity between OMP and corresponding TAAp. CDPs, commensal-derived peptide; 
HLA, human leukocyte antigen; OMP, OncoMimics peptide.

https://dx.doi.org/10.1136/jitc-2024-010192
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The geometric mean fluorescence intensities of HLA-A2 
staining were measured by flow cytometry (MACSQuant 
analyzers, Miltenyi Biotec) to determine the percentage 
of HLA-A*02:01 molecules stabilized at the cell surface, 
as follows:

	﻿‍ % HLA_A2 binding = GeoMFI obtained with tested peptide − GeoMFI obtained with FlhA645_653 x100
GeoMFI obtained with HIVpol1027_1035 − GeoMFI FlhA645_653 ‍�

The relative affinity (RA) of each peptide for HLA-
A*02:01 was determined as the ratio of the peptide 
concentration to the reference peptide concentration 
(HIV) that stabilized 20% of the HLA-A2 signal at the 
cell surface. The lower the RA, the stronger the peptide 
binding to HLA-A*02:01.

	﻿‍ RA = Concentration of candidate peptide that stabilizes 20% of the HLA∗02 : 01 expression
Concentration of HIV peptide that stabilizes 20% of the HLA−A∗02 : 01 expression ‍�

Assessment of peptide/HLA-A*02:01 complex stability
The stability of peptide binding to HLA-A*02:01 was 
measured using T2 cells pulsed overnight with indi-
vidual peptides and human β2-microglobulin, followed 
by the indicated chase kinetics performed in the pres-
ence of Brefeldin A (Sigma) to inhibit the neosyn-
thesis of HLA-A*02:01, as previously described.11 The 
dissociation complex at 50% (DC50) was defined as 
the half-life of the peptide-MHC complex and was 
calculated as the time required to observe 50% decay 
of the initially stabilized peptide-MHC complex.

Animal models
All experimental protocols were approved by the 
local Ethics Committee on Animal Experimentation 
and followed the guidelines of the EU. For Enterome, 
approvals were from CEEA N°51, CERFE (D91228107), 
and APAFIS (#35 017–2021101316078260 v7). At the 
Université de Franche-Comté, approvals were from 
the local Animal Ethics Committee (#58) and APAFIS 
(#2021–004-OA-12PR). Both received validation from 
the French Ministry of Higher Education, Research 
and Innovation, and the French Ministry of Agricul-
ture. The previously described HLA-DRB1*01:01/
HLA-A*02:01-transgenic mice (A2/DR1 mice), H-2 
class I and II knockout animals were obtained from 
Francois Lemonnier (Institut Pasteur, Paris, France).12 
CD8+ and CD4+ T cells were restricted to HLA-A*02:01 
and HLA-DR1*01:01, respectively. All the mice used 
in the described studies were bred and maintained 
under specific pathogen-free conditions at Charles 
River Laboratories.

A2/DR1 prime-boost immunizations
Mice were immunized on days 0 (prime) and 14 
(boost) with the indicated MHC class I peptides (5, 
30, or 95 nmol per mouse) and MHC class II helper 
peptide (universal cancer peptide 2 (UCP2), 30–100 
µg per mouse) emulsified in Montanide ISA 51 VG 
(ratio 50:50, Seppic). Immunization was performed 
subcutaneously using 100 µL of the emulsified 
preparation.

Restimulation of peptide-specific CD8+ mouse T cells ex vivo 
postimmunization
To determine the immunogenicity of the analyzed peptides 
and the cross-reactivity of specific T cells against human 
TAA homologs, mice were euthanized 21 days post-prime 
immunization and the number of IFN-γ peptide-specific 
CD8+ T cells in the spleen of the animals was determined 
by Enzyme-Linked ImmunoSpot (ELISpot) (Mabtech, 
3321-4APT-2 kit) following the manufacturer’s recom-
mendations. Briefly, spleens were harvested and mechani-
cally disrupted and red blood cells (RBCs) were lysed with 
RBC lysis buffer (Miltenyi Biotec). 2×105 splenocytes were 
restimulated per ELISpot well using the indicated peptides 
at a concentration of 10 µM. PMA (Phorbol-myristate 
acetate, 0.1 µM, Sigma) and ionomycin (1 µM, Sigma) 
were used as positive controls and EZH2-B2, an HLA-
A2:01-restricted peptide, was used as a negative control. 
Cells were cultured for approximately 20 hours in media 
(Roswell Park Memorial Institute (RPMI)-1640 (Sigma), 
10% fetal bovine serum (VWR), 1% GlutaMAX (Gibco), 
1% non-essential amino acid (aa) (Sigma), 10 mM HEPES 
(Sigma), 1 mM sodium pyruvate (Sigma)+1% penicillin/
streptomycin (PenStrep) (Sigma), 50 µM β-mercaptoeth-
anol (β-ME) (Sigma)) and respective peptides at 37°C 
and 5% CO2. IFN-γ spots were detected according to the 
manufacturer’s instructions and counted using an iSpot 
ELISpot Fluorospot reader system (AID). The number of 
spots obtained for each mouse and each condition was 
subtracted from the background values (cells cultured in 
media only) and normalized to the frequency of total T 
cells from each mouse, resulting in the number of specific 
IFN-γ-producing T cells/106 T cells.

Tumor protection model
After prime-boost immunization, A2/DR1 mice were 
subcutaneously injected 21 days post-prime immunization 
in the right flank with 0.5×106 SARC-A2-hCD20-GFP or 
SARC-A2-GFP sarcoma cells resuspended in phosphate-
buffered saline (PBS). Tumor growth was evaluated twice 
a week using a caliper and the mice were euthanized 
when their tumors reached a volume≥300 mm2.

In vivo cytotoxicity in humanized HLA-A2 mice
To test the cytotoxic function of CD8+ T cells that were 
activated following vaccination, immunized A2/DR1 
mice were challenged 6 days post-boost immunization 
with syngeneic splenocytes pulsed with either a mix of 
peptides or individual peptides. Unimmunized A2/DR1 
donor mice were euthanized and a suspension of synge-
neic splenocytes was prepared. To assess the cytotoxic 
response against peptide pools, splenocytes were split 
into two fractions and labeled with a cell tracking dye 
(Carboxyfluorescein Succinimidyl Ester (CFSE) or Cell 
Trace Violet, Thermo Fisher Scientific) using a low (0.3 
µM) or a high concentration (3 µM). To determine the 
individual contribution of each peptide, refer to online 
supplemental materials. The bright populations used as 
target cells were pulsed for 2 hour at 37°C with a peptide 

https://dx.doi.org/10.1136/jitc-2024-010192
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pool or a specific peptide at a final concentration of 100 
µM before being mixed at an equal ratio with the other 
populations. Cells were injected intravenously into immu-
nized and naïve mice and the in vivo cytotoxic response 
was assessed 20 hours post-injection. Antigen-specific lysis 
was calculated as follows:

	﻿‍ % Specific lysis = % of targeT cells in naive mice − % of target in immunized mice x 100
% of targeT cells in naive mice ‍�

Generation of antigen-specific CD8+ CTL in HLA-A*0201 HD 
PBMCs
Peripheral blood mononuclear cells (PBMCs) were stim-
ulated for 24 hours with OMPs at 10 µM in ImmunoCult 
medium (STEMCELL). Antigen-specific T cells were 
enriched by magnetic isolation using a CD137-VioBright-
Fluorescein Isothiocyanate (FITC) mAb (REA765, 
Miltenyi Biotec), anti-FITC microbeads and LS MACS 
columns (Miltenyi Biotec) as previously described.13 
After CD137 enrichment, polyclonal T cell expansion was 
performed for 8 days with ImmunoCult Human CD3/
CD28 T Cell Activator (STEMCELL) in expansion media 
(ImmunoCult culture medium supplemented with IL-2 
(50 U/mL), IL-7 (12.5 ng/mL), IL-15 (12.5 ng/mL) 
and IL-21 (62.5 ng/mL) (all from Miltenyi Biotec)). 
Cells were then restimulated every 10 days using peptide-
loaded T2 cells (APCs) at a ratio of 10:1 in the expansion 
medium, as previously described.14 Before co-culture, T2 
cells were treated for 1 hour with Mitomycin C (Sigma) 
at 20 µg/mL, washed and loaded with 100 ng/mL β2-mi-
croglobulin (Sigma) and 10 µM peptides overnight. The 
frequency of antigen-specific CD8+ T cells was assessed by 
surface staining with CD8 VioGreen mAb (REA734) and 
fluorescently labeled tetramers. The percentage of cross-
reactivity of each healthy donor (HD) (%) was calculated 
as follows:

	﻿‍
%cross − reactivity = 100 −

[ (
% TAA−specific CD8+T cells

)
x100

% OMP−specific CD8+T cells ‍�

Flow cytometry-based cytotoxicity assay in HLA-A*0201 HD 
PBMCs
T2 target cells were labeled with the CellTrace Far Red 
Proliferation Kit (Thermo Fisher Scientific) and loaded 
overnight with 10 µM of the individual peptide and 100 
ng/mL β2-microglobulin. Peptide-loaded target cells 
were co-cultured with peptide-specific CD8+ T cells at 
37°C for 24 hours.15 Media and EZH2-B2 irrelevant 
peptides were used as the negative controls. Antigen-
specific CD8+ T cells were stained with VioGreen or 
PerCPVio700 CD8 mAbs (REA734) and dead cells were 
identified using the LIVE/DEAD Fixable Violet Dead 
Cell Stain Kit. Conditions were performed in duplicate 
and SD were calculated. The percentage of specific cell 
killing was calculated as follows:

	
‍
%cytotoxicty = 100 −

[ (
live T2 cells cocultured with CD8 T cells

)
x100

Live T2 cells only

]

‍
�

Statistical analyses were performed using the GraphPad 
Prism (V.8).

Immunomonitoring protocols
Tetramer staining assay and memory phenotype analyses in 
patients
Tetramer staining was performed ex vivo on thawed 
PBMCs and/or cells that had been subjected to in vitro 
stimulation (IVS). Cells were washed with Fluorescence-
Activated Cell Sorting (FACS) Buffer (PBS supplemented 
with 2% Fetal Calf Serum (FCS), 0.02% Sodium Azide 
(NaN3) and 2 mM EDTA) and incubated with two sepa-
rate tetramer mixes (one containing OMPs and the other 
containing TAAp-tetramers) each at 2.5 µg/mL for 30 
min at room temperature (RT). In some experiments, 
PBMCs were also incubated with three separate mixes, 
each containing matched OMP and TAAp tetramers, to 
assess T cell cross-reactivity. The tetramers were diluted 
in PBS supplemented with 0.02% NaN3, 2 mM EDTA 
and 50% FCS for staining. The cells were then washed 
once with FACS buffer and incubated with mAbs against 
CD4 (APC-Cy7, BD Biosciences), CD8 (PE-Cy7, Beckman 
Coulter), CD14 and CD19 (both PerCP, BioLegend) for 
20 min at 4°C. A dead live-cell marker (Zombie Aqua, 
BioLegend) was also included. In the ex vivo setting, 
mAbs against CD45RA (FITC, BD Biosciences) and CCR7 
(BV650, BioLegend) were included in the staining mix 
to evaluate the naïve/memory/effector phenotypes of 
the antigen-specific CD8+ T cells. After three washes, the 
samples were analyzed using an LSRFortessa Cell Analyzer 
(Becton Dickinson). At least 750,000 and 600,000 cells 
were acquired in the ex vivo and IVS settings, respectively. 
The data were analyzed using FlowJo V.10. Tetramer+ T 
cells were presented as the percentage of cells within 
living CD8+ lymphocytes. For the analysis of the naïve/
memory/effector phenotype, the results are shown as the 
percentage of cells within tetramer+ CD8+ cells.

IVS of patient PBMCs
PBMCs from patients were expanded for 12 days IVS 
with the bacterial peptide pool (EO2316, EO2317 and 
EO2318) before analysis by tetramer staining, IFN-γ 
ELISpot assay and intracellular staining assay.16 For the 
expansion procedure, PBMCs were thawed in a thawing 
Iscove’s Modified Dulbecco’s Medium (IMDM (Gibco) 
supplemented with 2.5% heat-inactivated human serum 
(HS, Capricorn), 1% PenStrep solution (Sigma), 50 µM 
β-ME and 3 µg/mL DNase I (Sigma)), washed (1300 
rpm, 8 min, RT), counted and resuspended in dedi-
cated medium (IMDM supplemented with 10% HS, 
1% PenStrep and 50 µM β-ME, hereafter referred to as 
TCM). Cells were seeded either in 24 or 48 well plates 
at approximately 2.5–3.5×106 cells per well and cultured 
for 24 hours (37°C, 5% CO2). On day 1, peptides were 
added to the culture medium (final concentration of 1 
µg/mL for each OMP). On day 3, IL-2 was added to the 
culture medium (final concentration of 2 ng/mL; rhIL-2 
reference: R&D 202-IL-010). On day 5, the cells were split 
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by 1/3 and 2 ng/mL IL-2 was added again. On days 7 and 
9, the medium was removed from each well and replaced 
with fresh TCM medium containing IL-2 (2 ng/mL). If 
necessary, the cells were split in a 1:2 ratio on day 9. On 
day 12, the cells were collected and their viability and 
number were assessed with an automated cell counter 
(Nucleo Counter NC-250) using an Acridine Orange-4′,6-
Diamidino-2-Phenylindole (AO-DAPI) staining reagent 
(solution 18 from ChemoMetec).17

IFN-γ ELISpot assay for patient T cells
For the ELISpot assay, after 12 days of IVS with OMP 
pools, cells were collected and plated in ELISpot plates 
(Merck Millipore) pre-coated with a monoclonal anti-
IFN-γ mAb (clone 1-D1K purified Mabtech) at a density of 
200,000 cells/well. Cells were incubated with the human 
peptide pool (IL-13RA2, BIRC5 and FOXM1 at 5 µg/mL 
each) or individual bacterial peptides (EO2316, EO2317, 
or EO2318, each at 1 µg/mL) for 26 hours. A peptide 
solvent (10% Dimethyl Sulfoxide (DMSO) in water) was 
used as the negative control. Phytohemagglutinin (PHA) 
at 10 µg/mL was used as the positive control. After incu-
bation for 26 hours, the cells were discarded and IFN-γ was 
detected by adding anti-human IFN-γ biotinylated mAb 
(clone 7-B6-1, Mabtech) for 2 hours, followed by incuba-
tion with ExtrAvidin Alkaline Phosphatase (Sigma) for 1 
hour and finally, 5-Bromo-4-Chloro-3-Indolyl Phosphate/
Nitro Blue Tetrazolium (BCIP/NBT) substrate (Sigma) 
was added to the wells. Plates were left to dry for at least 
12 hours at RT in the dark prior to plate imaging and spot 
counting using an Immunospot S6 Universal Analyzer 
(CTL). The number of spots in peptide-stimulated 
wells (n=3 for each condition) was compared with those 
obtained in the negative control (solvent control wells) 
using a permutation test (distribution-free resampling 
DFR2x).18 If less than three replicates per condition were 
available, analyses were performed manually based on 
positivity criteria from the laboratory (at least twice the 
spot count in peptide-stimulated wells compared with the 
solvent control plus a minimum of 6 spots per 100,000 
cells seeded).

Cytotoxicity assay on glioblastoma cell lines
PBMCs from the three vaccinated patients were stim-
ulated in vitro with OMP peptides (EO2316, EO2317 
and EO2318) for 12 days as described above. Cells were 
then stained with TAAp-tetramers and the CD8+ T cells 
specific for IL13RA2, BIRC5 and FOXM1 were isolated 
with a BD Influx Cell Sorter. Sorted cells were polyclon-
ally amplified using ImmunoCult Human CD3/CD28 T 
Cell Activator (STEMCELL) in expansion media (Immu-
noCult culture medium supplemented with IL-2 (50 U/
mL), IL-7 (12,5 ng/mL), IL-15 (12,5 ng/mL) and IL-21 
(62,5 ng/mL) (all from Miltenyi Biotec)). To perform 
the cytotoxic assay, U87 (HLA-A2+) and U118 (HLA-A2-) 
cell lines were labeled with CellTrace Violet (Thermo 
Fisher Scientific) and co-cultured with the amplified 
TAAp-specific CD8+ T cells at 37°C for 24 hours in 50% 

RPMI/50% X-vivo 15 media at different effector-to-target 
cell (E:T) ratios. T2 target cells were labeled with Cell-
Trace Violet and co-cultured with the amplified TAAp-
specific CD8+T cells, peptides (OMPs or irrelevant EZH2 
control peptide) and β2-microglobulin at 37°C for 24 
hours in 50% RPMI (Gibco)/50% X-vivo 15 (Lonza) 
media. Media and EZH2-B2 irrelevant peptides were used 
as negative controls. Specific CD8+T cells were stained 
using AF700 CD8 (clone SK1, BioLegend) mAb, and 
dead cells were identified using the LIVE/DEAD Fixable 
Near-IR Dead Cell Stain Kit. Conditions were performed 
in duplicate. The percentage of specific cell lysis was 
calculated as follows:

	﻿‍ %cytotoxicty = 100 −
[ (

Live target cells cocultured with CD8 T cells
)

x100
Live target cells only

]
‍�

Statistical analysis
Results are expressed as mean±SEM or SD. The Mann-
Whitney U test was used to compare the two groups. 
Comparisons between tumor growth curves were 
performed using a two-way analysis of variance test and 
multiple comparisons were corrected using the Bonfer-
roni coefficient. Statistical significance was determined 
using Prism software (GraphPad software). Statistical 
significance was set at p<0.05.

RESULTS
Comprehensive multistep process for discovering and 
selecting OMPs for cancer immunotherapy
We developed a comprehensive bioinformatic pipeline to 
identify CDPs that exhibit molecular mimicry (sequence 
similarities) with TAAps. This approach targets peptides 
with enhanced affinity for HLA class I molecules, partic-
ularly HLA-A2, owing to its prevalence in approximately 
49% of the Caucasian population, with a significant 
majority expressing the HLA-A*02:01 allelic variant.19 
Our strategy was to identify immunogenic CDPs capable 
of initiating cross-reactive CD8+T cell responses against 
cancer cells presenting these TAAps. We screened 224 
HLA-A2 verified TAAps derived from 113 well-described 
TAAs against a large public database of gut commensal 
proteins (online supplemental table 1 and online supple-
mental M&M). This database comprises almost 10 million 
genes from 1267 individuals, highlighting the potential 
of the gut microbiome as a source of short peptides that 
can potentially mimic all described MHC class I tumor 
peptides.20 Peptide pairs (CDP/TAAp) were selected 
according to criteria aimed at maximizing aa changes 
that improve HLA-A2 binding affinity (anchor positions) 
while maintaining strict identity within the central aa 
sequence (core positions) crucial for TCR recognition 
when presented by MHC class I (figure 1A).21

Our screening identified 95,718 CDPs as potential 
matches, with the number of CDPs per TAAp ranging 
from 1 to 3,543 (figure  1B, online supplemental table 
2). 74.7% of the 9-mers and 61.1% of the 10-mers from 
the selected TAAps queries returned at least one strong 

https://dx.doi.org/10.1136/jitc-2024-010192
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binder (SB) HLA-A2 CDP with enhanced binding 
properties, demonstrating that the majority of the well-
documented HLA-A2 TAAps have at least one SB CDP 
equivalent (figure 1C). Among all CDPs, 9.2% of 9-mers 
and 8.0% of 10-mers were predicted to be SB (figure 1D), 
with 4.6% predicted to have higher affinities than their 
TAAp counterparts. We designated this high-affinity 
CDPs subset as OMP candidates, meeting our criteria for 
sequence homology with TAAps and exhibiting increased 
HLA-A2 affinities (figure 1E).

10 OMPs were selected to assess their biological poten-
tial. Six OMP-matched TAAps derived from overexpressed 
tumor antigens (IL-13RA2, BIRC5, FOXM1, UBE2C, 
CDC20 and KIF2C) prevalent in solid tumors such as glio-
blastoma, lung, breast and colorectal cancers have been 
identified as key tumor drivers.22–27 While these six TAAs 
are associated with a range of solid tumors, IL13RA2, 
BIRC5, and FOXM1 are ideal targets for immunotherapy 
in patients with glioblastoma. IL13RA2, BIRC5, and 
FOXM1 are overexpressed in glioblastoma tissue and play 
critical roles in tumor progression. All three proteins are 
found overexpressed in a large fraction of glioblastomas 
(60–85%) and contribute to the survival of tumor cells, 
being associated with poor prognosis. The remaining 
four OMPs matched TAAps derived from CD22, CD37, 
BAFF-R and CD20, which are B cell surface markers, used 
as targets in B cell lymphoma therapies.28 These 10 OMPs 
were selected from a comprehensive pool of candidates, 
distinguished as the most promising based on several 
parameters. This included sequence similarity to TAAps 
to retain molecular mimicry, high HLA-A2 binding 
affinity, prediction of potent immunogenicity, likelihood 
of proteasomal processing and prevalence within the 
gut microbiome to augment the probability of a respon-
sive T cell repertoire (online supplemental table 2and 
online supplemental M&M for details). The selected 
OMPs presented two or three aa mismatches and exhib-
ited significantly enhanced predictive affinities, ranging 
from 1.8-fold to 400-fold higher than those of their TAAp 
counterparts (figure 1F). This selection process aims to 
predict whether these OMPs can trigger strong immune 
responses in a wide population segment.

OMPs induce cross-reactive T-cell responses in vivo
To validate the in silico HLA-A2 affinity predictions, we 
used a TAP-deficient HLA-A*02:01-positive T2 cell line. 
These cells provided an established model to assess 
peptide-HLA-A2 binding (online supplemental figure 
1A). Our in vitro binding assays revealed that each tested 
OMP exhibited enhanced binding affinity compared with 
the corresponding TAAp (figure 2A, online supplemental 
figure 1B,C). Peptide-HLA-A2 stability assay further 
highlighted that OMP/HLA-A2 complexes were signifi-
cantly more stable than their TAAp/HLA-A2 counter-
parts, with dissociation half-life complex (DC50) values 
ranging from 2 hours to more than 24 hours (figure 2B, 
online supplemental figure 1B and D). This enhanced 
stability suggests prolonged antigen presentation, 

potentially improving T cell recognition and response. 
The immunogenicity capacity and ability of OMPs to 
induce cross-reactive T cells were subsequently investi-
gated in vivo using humanized HLA-A2-DR1 transgenic 
mice. On OMP immunization, antigen-specific IFN-γ T 
cell responses were evaluated (figure 2C). Robust T cell 
responses, defined as exceeding 1,000 IFN-γ SFU (Spot-
Forming Unit) per 10⁶ total T cells, were observed for all 
OMPs tested, while no activation was detected in naïve 
mice. The induction of cross-reactive T-cell responses 
was further confirmed by the capacity of OMP-induced 
T cells to produce IFN-γ on ex vivo restimulation with the 
corresponding TAAps (figure  2D, online supplemental 
figure 1E). The number of T cells responding to OMPs 
and TAAps restimulation on OMPs immunization in 
individual mice strongly correlates, with a Pearson coef-
ficient ranging from 0.42 for the least correlated peptide 
pair, OMP10/UBE2C, to 0.99 for the most correlated 
pair OMP66/BAFF-R. 7 out of 10 peptide pairs showed 
strong correlations (≥0.80) (online supplemental figure 
1F). Cross-reactivity levels, defined as the percentage 
of OMP-induced T cells that recognize corresponding 
TAAps, ranged from 13.8% (OMP16/IL-13RA2) to 82.2% 
(OMP66/BAFF-R) (figure 2D). Based on OMPs capacity 
to induce TAAp-specific responses, representing the 
ratio between OMP immunogenicity and cross-reactivity 
capacity, we observed the OMP65/CD37, OMP66/
BAFF-R and OMP17/BIRC5 induce high TAAp-specific 
IFN-γ responses (>5,000 SFU) and cross-reactivity levels 
(≥75%). OMP12/KIF2C, OMP11/CDC20, OMP72/
CD20 and OMP10/UBE2C induce lower TAAp-specific 
IFN-γ responses (2,000–5,000 SFU) and cross-reactivity 
levels ranging from 30% to 80%. Lastly, OMP64/CD22, 
OMP18/FOXM1 and OMP16/IL-13RA2 induce lower 
TAAp-specific responses (<2,000 SFU) and cross-reactivity 
levels≤20% (except OMP64). Overall, these results reveal 
the capability of OMPs to induce strong IFN-γ-producing 
T cell responses, recognizing both peptides (OMPs and 
TAAps). Mice were then immunized with either OMPs or 
TAAps and T cells were restimulated ex vivo with either 
peptide (figure  2E). T cell responses against KIF2C, 
IL-13RA2, BIRC5, CD37 and BAFF-R peptides were 
weaker when mice were immunized with TAAps than with 
their mimic OMPs, demonstrating superior immunoge-
nicity for OMP12, OMP16, OMP17, OMP65 and OMP66 
over their homologous TAAps (figure 2F, top panel). For 
CDC20-specific, CD20-specific and UBE2C-specific T-cell 
responses, the magnitudes were similar, regardless of the 
initial vaccination (figure 2F, middle panel). Only CD22-
specific and FOXM1-specific T-cell responses were weaker 
after OMP immunization than after TAAp immunization 
(figure  2F, bottom panel). Additionally, OMP-specific 
responses induced by OMP immunization were consis-
tently stronger than those induced by TAAp immuniza-
tion, except for the OMP64/CD22 pair, which showed 
similar levels (figure 2F).
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Figure 2  OMPs selected in vitro for their HLA-A2 binding and stability properties and in vivo for their immunogenicity are 
capable of eliciting potent cross-reactive responses in HLA-A2/DR1 mice. (A, B) Binding and stability of TAA-derived peptides 
and their OMP counterparts. Comparison of HLA-A2 binding (A) and stability (B) of TAA-derived peptides (red), their OMP 
counterparts (blue) and the HIV reference peptide (green) in the T2-binding assay. The data represent four to seven independent 
experiments. Symbols represent the mean and error bars indicate the SEM. (C) Schematic representation of the in vivo 
experimental setup used to assess OMPs immunogenicity and CD8+ T cell-dependent cross-reactive responses against TAAps. 
(D) In vivo immunogenicity and cross-reactivity. The frequency of peptide-specific T cells that produce IFN-γ was determined 
by ELISpot analysis of splenocytes from mice vaccinated with the indicated peptides. The negative control, OMP and TAAp 
are shown in gray, blue and red, respectively. Below each graph, the percentages of cross-reactivity (XR) between OMP and its 
TAA counterpart are displayed. (E) Schematic representation of the in vivo experimental set-up used to compare the capacity 
of OMPs and TAA-derived peptides to induce a TAAp-specific response. (F) OMP-induced and TAAp-induced cross-reactive 
responses. Comparison of OMP efficacy in inducing a TAAp-specific response to that of their TAA counterparts in A2/DR1 
humanized mice assessed on splenocytes from mice immunized with the indicated peptides by IFN-γ ELISpot assay. Dark blue, 
red, light blue and orange indicate OMP vaccination and restimulation conditions, OMP vaccination and TAAp restimulation, 
TAAp vaccination and OMP restimulation conditions and TAAp vaccination and restimulation conditions, respectively. The data 
shown in (D) and (F) are from one to five independent experiments; symbols indicate individual mice (n=5–25 mice) and bars 
represent min and max values. Statistical comparisons were performed using an unpaired non-parametric test (Mann-Whitney). 
*p<0.05, **p<0.001, ****p<0.0001, ns: non-significant. ELISpot, Enzyme-Linked ImmunoSpot; HLA, human leukocyte antigen; 
OMP, OncoMimics peptide, TAA, tumor-associated antigen.
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OMPs trigger CTL responses with antitumor activity
The in vivo cytotoxicity of the OMP-triggered T cells 
was investigated using a fluorescence-based CTL assay. 
Following a prime/boost immunization of A2/DR1 mice 
with the OMP pools (OMP17, OMP18, OMP10, OMP11, 
OMP12) or (OMP64, OMP65, OMP66, OMP72), a 1:1 
ratio of syngeneic splenocytes loaded with the corre-
sponding OMPs (bright labeling) and unloaded (dim 
labeling) were injected into immunized or control 
animals (figure 3A). Flow cytometry analysis, conducted 
20 hours post-injection, demonstrated that OMP-induced 
T cells exhibited substantial cytotoxic activity towards 
OMP-loaded target cells without affecting control cell 
viability, indicating that OMPs elicit robust OMP-specific 
CTL responses (figure  3B). Individual OMP-specific 
CTL activity was observed against T2 cells loaded with 
most of the OMPs tested, although the CTL activity 
against OMP64 was lower and the one against OMP72 
was negligible (online supplemental figure 2A,B). More 
importantly, OMP-specific CTL responses induced by 
OMPs were TAAp-specific. Splenocytes loaded with 
matched TAAps pool (BIRC5, FOXM1, UBE2C, CDC20 
and KIF2C) or (CD22, CD37, BAFF-R and CD20) were 
efficiently killed, demonstrating the OMP/TAAp cross-
reactivity of the OMP induced T cells in vivo (figure 3C).

To further explore the OMP-induced TAAp-specific 
CTL activity in vivo, we established a tumor protection 
model using the syngeneic HLA-A2+ sarcoma cell line 
(SARC-A2), as it is the only compatible tumor cell line 
available for the A2/DR1 mouse model.29 Attempts to 
develop SARC-A2 constructs with ectopically expressed 
TAAs were unsuccessful due to rapid TAA expres-
sion loss or spontaneous tumor rejection, limiting our 
preclinical studies. However, SARC-A2 engineered to 
express the human CD20 antigen as well as GFP (SARC-
A2-GFP-hCD20) demonstrated sufficient stability and 
did not undergo spontaneous rejection, allowing short-
term implantation experiments. We established a tumor 
protection model using SARC-A2-GFP-hCD20 and the 
GFP-alone control cell line (SARC-A2-GFP) (figure 3D). 
This approach allowed us to assess the capacity of 
OMP72 to trigger CD20-targeted CTL-mediated tumor 
cell killing. After immunization with OMP72, half of 
the A2/DR1 mice engrafted with SARC-A2-GFP-hCD20 
tumor cells exhibited tumor protection compared with 
the control groups (figure  3E,F). Interestingly, in mice 
in which tumor control was not achieved, we observed a 
loss of CD20 surface expression in 99% of the tumor cells, 
suggesting a potential escape mechanism from OMP72-
specific T-cell surveillance (figure  3G). Supporting 
this hypothesis, comparable levels of OMP72-specific 
IFN-γ-producing cells were measured in both respon-
sive and non-responsive mice, indicating no significant 
difference in the immune response induced in either 
group (figure 3H). Altogether, these results demonstrate 
the ability of OMPs to induce OMP-/TAAp-specific CTL 
activity in vivo.

OMP-specific T cells represent a prevalent pool of T cells in 
the human population
The ability of OMPs to induce efficient TAAp-specific 
cross-reactive CTL responses was evaluated in human 
PBMCs isolated from HLA-A2+ HDs and stimulated in 
vitro in the presence of OMPs (figure 4A). Flow cytom-
etry analysis using peptide-MHC tetramers revealed that 
all OMPs induced cross-reactive OMP-/TAAp-specific 
CD8+ T cells (online supplemental figure 3A–C). Within 
the same OMP/TAAp pair, the extent of cross-reactivity 
varied among different HD PBMCs, ranging from 10% 
to 100%. On average, some OMP/TAAp pairs showed 
cross-reactivity levels below 33% (OMP10, OMP11, 
OMP18, OMP64), some between 33% and 66% (OMP16, 
OMP65, OMP66, OMP72) and some above 66% (OMP12, 
OMP17), compared with the total elicited OMP-specific 
T cell responses (online supplemental figure 3D). This 
pattern emphasizes variability not only within individual 
responses to the same OMP/TAAp pair, but also across 
different OMP/TAAp pairs. OMP-amplified human T 
cells effectively recognized and destroyed OMP-loaded 
T2 target cells, whereas control T2 cells (pulsed with irrel-
evant peptides or unloaded) were untouched, confirming 
the specificity of the killing activity. More importantly, 
OMP-expanded human T cells also killed T2 cells loaded 
with matched TAAps, demonstrating the TAAp-specific 
CTL activity of these T cell clones. Reduced and vari-
able cytotoxic values were observed for IL-13RA2, likely 
because of the low affinity of the IL-13RA2 peptide and 
its poor stability when loaded onto T2 cells (figure 4B). 
In most cases, killing occurs at a low E:T ratio of 1:10, 
strengthening the efficacious functional cytotoxic activity 
of these effector cells. Moreover, OMP-specific T cells 
killed OMP-loaded and TAAp-loaded T2 cells with equal 
efficiencies (figure  4B). We further determined the 
prevalence of OMP-specific CD8+ T cells in the human 
population. Notably, all OMP-specific CD8+ T cells were 
detected in>79% of HLA-A2+ PBMCs samples, except for 
OMP64, which showed a prevalence of 67% (figure 4C). 
This high detection rate emphasizes the widespread 
potential of OMPs to engage the immune system across 
a broad segment of the population, thereby highlighting 
their relevance in immunotherapeutic strategies against 
cancer.

OMPs induce fast, strong and long-lasting polyfunctional 
T-cell responses in patients with cancer with recurrent 
glioblastoma
Immune responses induced by OMPs were evaluated 
in patients in the EOGBM1-18/ROSALIE clinical trial 
(NCT04116658). EOGBM1-18 is a first-in-human phase 
Ib/IIa trial in patients with the first recurrence of glio-
blastoma after a radiotherapy/Temozolomide (TMZ) 
regimen. The patients received immunotherapy, desig-
nated as EO2401, comprizing three OMPs (EO2316/
OMP16 mimicking the IL-13R2A(345–353) peptide, EO2317/
OMP17 mimicking the BIRC5(96–104) peptide, and 
EO2318/OMP18 mimicking the FOXM1(694–702) peptide) 
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Figure 3  OMP-based vaccines elicit functional cytotoxic T cells in mice that are cross-reactive with human TAA-derived 
peptides in vivo. (A) Schematic representation of the experimental setup employed to assess T cell cytotoxicity elicited in vivo 
by OMPs. HLA-A2-DR1 mice were vaccinated with OMPs and challenged post-vaccination with syngeneic splenocytes labeled 
with cell tracking dye. Target T cells (red) were pulsed with a pool of OMPs or TAA-derived peptides and mixed at an equal ratio 
with unpulsed control cells (black) before being adaptively transferred to immunized mice. (B, C) In vivo cytotoxic activity of 
OMP-induced T cells against OMP-pulsed or TAAp-pulsed target T cells. Percentages of in vivo specific lysis of splenocytes 
pulsed with the indicated pool of OMPs (B) or TAA-derived peptide counterparts (C) (challenging peptides) after immunization 
with the indicated peptide pool or control peptides (immunizing peptides). Data shown in (B) and (C) are from two to four 
independent experiments, symbols indicate individual mice (n=10–20 mice) and bars represent min and max values. Statistical 
comparisons were performed using an unpaired non-parametric test (Mann-Whitney). ***p<0.001, ****p<0.0001. (D) Flow 
cytometry analysis performed on SARC-A2 GFP (left panel) and on SARC-A2-GFP-CD20 (right panel) sarcoma cells showing 
post-transduction expressions of GFP and hCD20 proteins. (E) Schematic representation of the experimental setup used to 
evaluate the antitumor effect of OMPs. Mice were immunized with OMP72 using a prime-boost administration regimen. 21 days 
post-prime immunization, mice were inoculated with hCD20-GFP-expressing or GFP-expressing SARC-A2 sarcoma cells and 
tumor growth was monitored. (F) Tumor kinetics on individual mice over time for each group. Tumor size in A2/DR1 naïve or 
OMP vaccinated mice engrafted with 0.5×106 SARC-A2-hCD20-GFP or SARC-A2-GFP tumor cells (n=8 mice) was measured 
(mm2) over 30 days. (G) hCD20 expression assessment in the vaccinated group. Flow cytometry dot plots showing the 
expression of human CD20 and GFP in SARC-A2 cells extracted from whole tumors on day 30 in animals still bearing tumors 
(n=4). (H) Vaccine-specific induced T cell responses. The frequency of peptide-specific T cells producing IFN-γ per million 
splenic T cells was determined by ELISpot on day 30. ELISpot, Enzyme-Linked ImmunoSpot; HLA, human leukocyte antigen; 
OMP, OncoMimics peptide; TAAp, tumor-associated antigen-derived peptide.



11Talpin A, et al. J Immunother Cancer 2025;13:e010192. doi:10.1136/jitc-2024-010192

Open access

Figure 4  OMP-specific human T cells recognize TAAs and exert specific cytotoxic activity. (A) Schematic overview for 
determining antigen-specific CD8+ T cell response using healthy volunteer PBMCs and in vitro expansion of CD8+ T cells as 
described in Material and Methods. (B) Cytotoxic activity of the OMP-specific human CD8+ T cell. CTL killing activity was 
assessed against T2 cells loaded with OMP and the TAA-derived peptide (TAAp) counterpart after 24 hours incubation. Each 
graph displays the representative data from healthy donors. The cytotoxicity percentage (y-axis) and effector-to-target ratio (E:T 
ratio) (x-axis) are indicated on the graph. EZH2-B2 irrelevant peptide and unpulsed T2 cells were used as negative controls. 
Error bars represent the mean±SD. Solid lines depict T2 cells loaded with bacterial peptides (OMPs in blue) and tumor-
associated derived peptides (TAAp in red) and dashed lines represent controls (unloaded in black, EZH2-loaded in green). The 
cytotoxicity percentage was calculated as specified in the Materials and Methods section. (C) Prevalence of OMP-specific 
CD8+ T cells in healthy donors (HD). The prevalence of OMP-specific CD8+ T cells in HDs was determined by surface staining 
using pMHC tetramers after expansion of PBMCs using OMPs and is shown as a histogram. The left panel shows the individual 
detection of OMPs in each HD, with white, blue and black squares representing HDs in which OMPs were not detected, 
detected, or no analyses were performed, respectively. The right panel shows the general frequency of OMP detection in 
healthy donors. The number of analyzed HDs is indicated in parentheses for each OMP: OMP10 and OMP11 (n=33), OMP12 
(n=27), OMP16 (n=14), OMP17 (n=15), OMP18 (n=14), OMP64, OMP65, OMP66 (n=21) and OMP72 (n=13). CTL, cytotoxic 
T cells; OMP, OncoMimics peptide; PBMCs, peripheral blood mononuclear cells; pMHC, peptide major histocompatibility 
complex; TAA, tumor-associated antigen.
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and UCP2, administered in combination with nivolumab 
(online supplemental figure 4A). Here, we present 
data from the first three patients included in Cohort 1 
(multiple doses of EO2401 monotherapy followed by 
continued EO2401 in combination with nivolumab), 
designed to evaluate the safety and tolerability of the 
approach. Immune responses were evaluated in cryopre-
served PBMCs both ex vivo and following IVS. Peptide/
MHC tetramer staining, intracellular cytokine staining 
(ICS) and IFN-γ ELISpot assays were performed.

We initially evaluated the functional capacity and cross-
reactivity of OMP-induced T cells following EO2401 
treatment using short-term IVS with OMPs followed by 
tetramer staining. This experimental setup mainly recalls 
antigen-specific memory and effector T cells, enabling 
detailed functional analysis.30 Tetramer staining revealed 
the presence of OMP-specific T cells for the three OMPs 
at various frequencies among the patients. EO2317 and 
EO2318 were the most immunogenic peptides, with 
significant amplified T cell levels in all three patients. 
We observed at the plateau of the response (6 weeks) a 
marked proliferative capacity of OMP-specific T cells at 
approximately 80%, 35% and 28% of the total CD8+ T 
cells in Patients #1, #2 and #3, respectively (figure  5A, 
gating strategy and representative staining in online 
supplemental figure 4B,C). Long-term follow-up of 
Patients #1 and #2 revealed a sustained strong immune 
response until week 44 (figure 5A). Interestingly, we iden-
tified in Patients #2 and #3, a pre-existing OMP-specific 
CD8+T cell population detected on IVS with OMPs 
before treatment. This population rapidly and strongly 
increased on EO2401 treatment (figure  5B, online 
supplemental figure 4C). In the three patients, BIRC5-
specific and FOXM1-specific CD8+T cells were observed 
quickly on EO2401 treatment when T cells were ampli-
fied with OMP peptides. In contrast, IL-13RA2-specific T 
cells were detected at low frequencies in Patient #1 and 
were below the detection limit in the others (figure 5C 
and representative staining in online supplemental figure 
4D). At the plateau, we observed 40% and 14% BIRC5-
specific CD8+ T cells and approximately 1% FOXM1-
specific CD8+T cells in patients #1 and #2, respectively. 
Long-lasting and robust immune responses against 
BIRC5 and FOXM1 followed the same kinetics as the 
EO2317-specific and EO2318-specific responses, respec-
tively (figure 5A and C). Only Patient #2 presented a pre-
existing BIRC5-specific CD8+T cell population detected 
on IVS with OMPs, which rapidly and strongly increased 
on EO2401 treatment (figure  5D, online supplemental 
figure 4D). We then assessed OMP-specific/TAAp-specific 
T-cell cross-reactivity by performing tetramer staining on 
post-IVS PBMCs using the tetramer pairs EO2317/BIRC5 
and EO2318/FOXM1 simultaneously. Remarkably, all 
TAAp-specific CD8+ T cells in the tested patients (Patients 
#1 and #3) were also labeled to the corresponding 
OMP tetramer (online supplemental figure 4E). Taken 
together, we conclude that peptide vaccination with OMPs 
(EO23016, EO2317 and EO2318) can efficiently mount a 

rapid and strong OMP-specific T cell response, with high 
proliferative capacity when re-exposed to OMPs in vitro 
and cross-reactive capacity to the targeted TAAps (BIRC5, 
FOXM1 and to a lesser extent, IL-13RA2). Interestingly, 
in Patient #1, only IVS using OMPs led to the detection 
of TAAp-specific T cells. When TAAps were used instead 
of OMPs, we could not detect TAAp-specific T cells inde-
pendently of peptide concentrations or cytokine condi-
tions. (online supplemental figure 4F,G). TAAp-specific 
T-cell responses observed after EO2401 treatment can 
recognize both OMPs and TAAps, but cannot be ampli-
fied in vitro with TAAps, suggesting the superior stimula-
tory capacity of OMPs.

Next, we functionally characterized these OMP/
TAAp-specific cross-reactive CD8+ T cells. We used two 
functional assays (IFN-γ ELISpot and ICS) following IVS 
with OMPs. High levels of IFN-γ T cell responses against 
the three OMPs and the TAAp pool were detected in 
Patients #1 and #2 and, to a lesser extent, in Patient #3. 
(figure  5E,F). The functionality of these OMP-specific/
TAAp-specific CD8+ T cells was confirmed by evaluating 
the production of Tc1 cytokines (IFN-γ and TNF-α), a 
Lamp1/CD107a CTL marker and cell activation/prolif-
eration markers (IL-2 and CD154). OMP-polyfunctional 
and TAA-polyfunctional IFN-γ+, TNF-α+, IL-2+, CD154+ 
and CD107a+ specific CD8+ T cell responses were 
observed. Consistent with our previous observations, 
stronger cytokine levels were observed after restimulation 
with EO2316, EO2317, EO2318, BIRC5 and to a lesser 
extent, FOXM1 (figure 5G and representative staining in 
online supplemental figure 4H).

Based on the high levels of T cells observed after IVS, 
which suggest either a high proliferative capacity and/or 
elevated circulating levels of antigen-specific T cells, we 
investigated these responses directly ex vivo. A significant 
number of EO2317-specific and EO2318-specific CD8+ 
T cells were detected ex vivo using MHC tetramers in 
three patients, with Patient #1 showing 4.7% and 2.7% 
of EO2317-specific and EO2318-specific CD8+ T cells, 
respectively. EO2316-specific CD8+ T cells were detected 
only in Patients #1 and #3 (figure 5H, gating strategy and 
representative staining: online supplemental figure 4I,J). 
TAAp-specific T cells were also investigated in Patients #1 
and #2. BIRC5-specific CD8+ T cells were detected in both 
patients, reaching 3.3% in Patient #1. FOXM1-specific 
CD8+ T cells were detected only in Patient #1, whereas 
IL-13RA2-specific CD8+ T cells were not detectable ex 
vivo (figure 5I). The potent proliferative capacity of these 
OMP-specific/TAAp-specific T cells was underscored 
when we plotted the number of specific cells obtained ex 
vivo and the corresponding level after IVS for Patient #1 
(figure 5J). These findings indicate both the high circu-
lating levels and high proliferative capacity of antigen-
specific T cells induced by EO2401 treatment. We further 
evaluated the phenotypes of these OMP-specific/TAAp-
specific CD8+ T cells in Patients #1 and #2. We demon-
strated that the majority (>90%) of these cells exhibited a 
memory phenotype (TEM and TEMRA) and were functional, 
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Figure 5  Induction of OMP-specific and TAA-cross-reactive T cell responses in patients with glioblastoma post-vaccination 
Post-IVS T cell responses to OMPs or TAAps from patients are shown in A–D. (A, C) OMP-specific (A) and TAA-specific (C) CD8+ 
cells detected using EO2316, EO2317, EO2318, IL-13RA2, BIRC5 and FOXM1 tetramers on PBMC samples subjected to 12 
days in vitro stimulation (IVS) with the OMP peptide pool. Data were obtained from all available samples of patients in Cohort 
1 (n=3). Each dot represents the percentage of tetramer-positive CD8+ cells in each patient during the defined week. Negative 
values are plotted at 0.001. (B, D) Immune responses of patients before and after treatment. Total OMP-specific (B) and TAAp-
specific (D) CD8+ T cells were detected in patient PBMC samples before and after treatment at the indicated time points. Data 
represent the added percentages (%) of all OMP (B) or TAAp (D), determined by multimer staining, as shown in (A) and (C). A 
fold increase was calculated and is shown in the graph when OMPs-specific or TAAp-specific T-cells were detected before 
treatment. (E–F) Generation of functional antigen-specific cells after vaccination. The immune responses of the patients before 
and after treatment were analyzed using IFN-γ ELISpot post-IVS. IFN-γ ELISpot wells are shown for all three patients before and 
after vaccination, with positive wells highlighted with colored squares (E) Quantification of the number of spots after vaccination 
for each patient, as well as the mean±SEM, are shown in (F). The IFN-γ spots were normalized to 106 cells after background 
subtraction (negative control, DMSO). (G) Polyfunctional T cells are generated by OMP vaccination. ICS quantification of the 
% of activation marker (IFN-γ, TNF, CD107a, IL-2 and CD154)-positive T-cells on stimulation with the indicated peptides (top 
of each bar graph). For (F) and (G), Patients #1, #2 and #3 are shown as circles, squares and hexagons, respectively. The 
symbols filled in green and white represent positive and negative responses, respectively (see Materials and Methods for the 
positivity criteria). (H–I) (H) OMP-specific CD8+ cells detected using EO2316, EO2317 and EO2318 specific tetramers and (I) 
TAAp-specific CD8+ cells detected using IL-13RA2, BIRC5 and FOXM1 tetramers in PBMC samples ex vivo. No TAAp-specific 
data were available for Patient #3. Each dot represents the percentage of tetramer+ CD8+ cells in each patient at the indicated 
week. Negative values are plotted at 0.001. For Patients #1 and #2, only data from the monitoring of the later time points (12–24 
weeks) were available. (J) OMP-specific (top) and TAAp-specific (bottom) CD8+ cells in PBMC ex vivo or after IVS. DMSO, 
Dimethyl Sulfoxide; ICS, intracellular cytokine staining; OMP, OncoMimics peptide; PBMCs, peripheral blood mononuclear cells; 
TAA, tumor-associated antigen; TAAp, TAA-derived peptide.
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producing IFN-γ on restimulation with individual OMPs 
or TAAps tested as a pool (figure  6A,B, online supple-
mental figure 4K,L).

Our clinical protocol included monthly recall injec-
tions, which could potentially lead to alterations in T-cell 
functionality. To evaluate whether our approach can 
sustain a robust T-cell response over an extended period, 
we followed the circulating levels of EO2317-specific/
BIRC5-specific T cells in Patient #1 at weeks 88 and 100 ex 
vivo. At week 44, EO2317 Tetramer+ T cells accounted for 
3.27% of the total circulating CD8+ T cells, while BIRC5 
Tetramer+ T cells for 1.99% (figure 5H,I). By week 88, the 
percentage continued to increase to 17.4% for EO2317 

Tetramer+ T cells and 13.3% for BIRC5 Tetramer+ T 
cells. By week 100, these values reached 32% for EO2317 
Tetramer+ T cells and 26.8% for BIRC5 Tetramer+ T 
cells (figure  6C). Interestingly, these long-term cross-
reactive EO2317-specific/BIRC5-specific CD8+T cells 
also maintained a memory phenotype and polyfunction-
ality (figure  6C,D). These cells were able to produce, 
for a large majority of them, IFN-γ, TNF-α and CD107a 
simultaneously on restimulation ex vivo with EO2317 or 
BIRC5 peptides. This indicates a sustained specific T cell 
response over time, with these T cells maintaining a poly-
functional and memory phenotype, critical parameters 
for effective antitumor activity and long-term immune 

Figure 6  Long-term memory and polyfunctional T cell responses in patients with post-vaccination glioblastoma. (A–B) 
Vaccine-specific CD8+ T cells are effector memory cells. Representative dot plots (A) for Patient #2 of EO2317-specific 
and BIRC5-specific CD8+ T cells over time (weeks (W) 0, (W24, W32 and W44) based on tetramer staining (left). The 
memory phenotype (right) was evaluated based on the expression of the CCR7 and CD45RA markers. CCR7 and CD45RA 
expression profiles of tetramer+ cells (orange dots) overlaid on CD14/CD19—cells (gray dots). (B) Differentiation of subsets 
of tetramers+CD8+ T cells. Quantification of the memory phenotype of tetramer+ CD8+ T cells (central memory (CM), naïve, 
effector memory (EM) and terminally differentiated effector memory (EMRA)) for Patients #1 and #2 is shown as percentages 
(%). Only the time points with more than 20 tetramer+CD8+ T cells were used for the analysis. (C–D) Durable and long-term 
responses of Patient #1 to vaccination. T cells from Patient #1 were analyzed at weeks 88 and 100 after administration of 
the first vaccine dose. Flow cytometry analysis (C) showing EO2317-specific and BIRC5-specific T cells (left) and the CCR7/
CD45RA expression profile (middle) for EO2317-specific and BIRC5-specific T cells (orange) overlaid with the overall CD8+ T 
cell population (gray population). Central memory, effector memory, naïve and terminally differentiated effector memory CD8+ 
subsets were quantified for each indicated tetramer+ population (right). T cell polyfunctionality is shown in the pie chart (D). T 
cells were expanded in culture with the OMP pool and IL-2 for 12 days and restimulated with either EO2317 or BIRC5 peptide 
for 6 hour before being intracellularly stained for IFN-γ, CD107a and TNF-α. The pie arcs depict the proportion of cells that 
produce a specific cytokine and the pie slices the proportion of cells co-producing one to three different cytokines. Pie arc 
overlap represents polyfunctional cells.
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surveillance. Finally, we evaluated on these patients the 
ability of the TAAp-specific T cells induced by OMP vacci-
nation to recognize and kill glioblastoma cells in an HLA-
A2-restricted context. TAAp-specific T cells were isolated 
after IVS with the OMPs (EO2316, EO2317 and EO2318) 
and TAAp-tetramers sorting (figure  7A). FACS analysis 
confirmed the presence of TAAp-specific T cells in the cell 
cultures after IVS (figure 7B, left panel). IL13RA2-specific 
clones were only detected and isolated in patient#1. 
Following cell sorting and αCD3/CD28 amplification, 
FACS analysis showed the frequencies of TAAp-specific 
T cell populations in each individual sorted culture 
before the cytotoxicity assay (figure  7B, right panel). 
Individual sorted TAAp-specific T cells from each patient 
were then tested for their cytotoxic activity against two 
glioblastoma cell lines (U87 and U118), both naturally 
expressing IL13RA2, BIRC5 and FOXM1. These TAAp-
specific T cells exhibited specific cytotoxic activity against 
U87 which expresses HLA-A2 but not against U118, an 
HLA-A2 negative cell line (figure  7C). To confirm the 
OMP specificity of the sorted TAAp-specific T cells, we 
performed a cytotoxic assay using T2 cells loaded with the 
corresponding OMPs. As expected, IL13RA2-Tetramer+T 
cells specifically killed EO2316-loaded T2 cells, BIRC5-
Tetramer+T cells specifically killed EO2317-loaded T2 
cells and FOXM1-Tetramer+T cells specifically killed 
EO2318-loaded T2 cells (online supplemental figure 
4M). These findings provide robust evidence that OMP 
vaccine-induced TAAp-specific CD8+ T cells can effec-
tively recognize and kill tumor cells presenting naturally 
processed TAAs in an HLA-A2-restricted manner.

DISCUSSION
In this study, we demonstrated that OMPs with a certain 
degree of sequence homology to TAAps can generate 
strong and durable cross-reactive T-cell responses against 
tumor cells. The efficacy of peptide-based immuno-
therapies relies, in large part, on the properties of the 
peptides used to activate the immune response against 
tumor cells. Ideally, these peptides should be highly 
immunogenic, tumor-specific and activate a T cell popu-
lation that is prevalent in all patients with cancer. Recent 
studies have indicated that among patients who undergo 
ICI administration or neoantigen vaccination, long-term 
survivors harbor tumor-specific T cells with predicted 
cross-reactivity to pathogenic bacteria or viral antigens, 
suggesting that molecular mimicry, T cell cross-reactivity 
and pre-existing immunity could be key factors for the 
success of such immunotherapies and, by extension, 
could be used to improve peptide-based immunothera-
pies. Extending these findings, it has also been suggested 
that the composition of the gut microbiome can affect 
the outcomes of checkpoint blockade therapy.8 31 32 The 
human microbiome encodes billions of potential anti-
gens, which is significantly higher than the entire reper-
toire of known pathogen-derived antigens. Thus, the 

probability of identifying human mimics of TAAps with 
the properties set here (figure 1) is certainly high.

For many years, cancer immunotherapies have 
attempted to leverage TCR cross-reactivity to improve 
antitumor CTL responses. Altered peptide ligands 
(APLs), described in the 1990s, were developed to modu-
late T cell responses through precise modification of 
peptide sequences.33 34 Pioneering studies demonstrated 
that single aa substitutions could modulate T cell activa-
tion with effects ranging from superagonism to partial 
agonism or even antagonism of native peptides.35–37 These 
diverse impacts on T cell function have been explored 
extensively in CD4+T cells, particularly in the context of 
autoimmune disorders, and several reports suggest that 
similar mechanisms may apply to CD8+T cells as well.38–40 
Heteroclitic peptides, a subset of APLs, were selected 
to achieve enhanced immunogenicity and antigenicity 
through aa substitutions that improve peptide-MHC 
binding affinity and/or optimize TCR recognition.41 42 
However, despite the strong preclinical efficacy observed 
with heteroclitic peptides and other APLs, they have not 
consistently translated into effective cancer vaccines.43–45 
This gap highlights the complexity of immune modula-
tion and the need to refine strategies to fully leverage 
the potential of T cell cross-reactivity. Given that CDPs 
naturally shape the T cell repertoire, leveraging their 
inherent immunogenicity offers a more direct and prom-
ising strategy. Our strategy selectively targets OMPs that 
exhibit improved MHC binding, due to aa mismatches, 
while preserving the integrity of central TCR contact 
points to ensure that the TCR can recognize both the 
OMP and the corresponding TAAp. This finding aligns 
with recent findings indicating that microbiota-derived 
peptides with altered TCR contacts may be less effec-
tive in triggering cross-reactive CD8 T cells and gener-
ating impactful cross-reactive neoantigen CD8 T cells 
in patients with glioblastoma.46 47 The T cell repertoire 
of each individual is shaped by the HLA haplotype and 
autoantigens encountered during thymic selection. This 
repertoire is also influenced by various environmental 
factors, including gut microbiota, which might prime 
naive T cells and generate a pool of memory T cells.48 49 
The OncoMimics approach was designed to engage this 
pre-existing T-cell pool. Essentially, if tumor cells present 
TAAps that sufficiently resemble CDPs, such peptides can 
be used to reactivate a T-cell pool that cross-reacts with 
TAAps, potentially leading to tumor control.

OMPs were selected using a bioinformatics pipeline 
based on the identification of CDPs that share sequence 
similarities with known TAAps. The selection process 
involved a Basic Local Alignment Search Tool (BLAST) 
search that tolerated mismatches at anchor positions 
and then selected predicted peptides with high HLA-A2 
affinity, efficient predicted cleavage and high prevalence 
of these OMPs within the human microbiome. This 
approach yielded a list of 4403 OMPs with anticipated 
high-affinity and cross-reactivity potential. Among the 
OMP candidates homologous to the analyzed TAAps, 
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Figure 7  Glioblastoma cell killing by OMP-Induced TAAp-specific T cells in an HLA-restricted manner. (A) Experimental 
workflow for assessing OMP-Induced TAAp-specific T cell cytotoxicity. PBMCs from vaccinated patients (Patient #1 and #2 
V15/week28 and Patient #3 V6/week10) were subjected to IVS with OMPs (EO2316, EO2317 and EO2318) followed by FACS 
analysis to evaluate the presence of TAAp-specific T cells post-IVS. Subsequently, IL13RA2-specific, BIRC5-specific, and 
FOXM1-specific T cells were isolated using TAAp-tetramers, expanded for several days with αCD3/CD28 stimulation and 
analyzed again by FACS to determine the frequencies of TAAp-specific T cells in the culture before proceeding to the cytotoxic 
assay. (B) FACS analysis of TAAp-specific T cells post-IVS using OMPs and post-sorting and αCD3/CD28 amplification. Left 
panel: TAAp-Tetramer staining showing the percentage of IL13RA2-specific, BIRC5-specific and FOXM1-specific T cells 
after IVS using OMPs. Right panel: TAAp-Tetramer staining showing the percentage of IL13RA2-specific, BIRC5-specific and 
FOXM1-specific T cells after tetramer sorting and αCD3/CD28 amplified in the individual cell cultures from the three patients. 
(C) Cytotoxic activity of sorted TAA-specific T cells against glioblastoma cells. IL13RA2-specific, BIRC5-specific and FOXM-
specific T cells were tested for their killing activity against U87 (HLA-A2+, IL13RA2+, BIRC5+ and FOXM1+) and U118 (HLA-A2−, 
IL13RA2+, BIRC5+ and FOXM1+) glioblastoma cell lines using various E:T ratios. Cytotoxicity percentages (y-axis) and E:T 
ratios (x-axis) are shown. The plain lines and closed dark circles indicate U87 cells, while the dotted lines and gray close circles 
indicate U118 cells. Each point represents the mean of biological duplicates. Cytotoxicity was calculated as specified in the 
Materials and Methods section. IL13RA2-specific clones were only detected and isolated in patient#1. FACS, Fluorescence-
Activated Cell Sorting; HLA, human leukocyte antigen; IVS, in vitro stimulation; OMP, OncoMimics peptide; PBMCs, peripheral 
blood mononuclear cells; TAAp, tumor-associated antigen -derived peptide.
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those with the best scores for binding, cleavage and prev-
alence were selected. The database we used was derived 
from the Integrated Gene Catalog, which includes data 
from 1,267 individuals across Europe, Asia, and North 
America. However, it under-represents populations from 
Africa, South America, and other regions, potentially 
limiting the applicability of OMP panels in these popu-
lations. Interestingly, all these OMPs possessed higher 
HLA-A2-binding affinities and better peptide-MHC 
stability than their TAAp counterparts, positioning them 
as suitable candidates to drive strong CTL responses.

Previous research has shown that commensal peptides 
homologous to tumor antigens can induce cross-reactive 
T-cell responses critical for tumor control, supporting the 
hypothesis that microbiota-derived mimic peptides play a 
significant role in antitumor immunity. For instance, it 
has been demonstrated that peptides derived from the 
tail length tape measure protein from Enterococcus hirae 
can elicit CD8+T cell responses targeting homologous 
TAAp from the PSMB4 tumor antigen. This cross-
reactivity not only enhanced tumor control during immu-
notherapy in mouse models but also correlated with 
favorable outcomes in patients with cancer undergoing 
PD-1 blockade.48 Similarly, Bifidobacterium breve was 
shown to express the SVYRYYGL peptide, which mimics 
the neoantigen SIYRYYGL found in the B16 tumor model. 
Mice lacking B. breve exhibited reduced neoantigen-
reactive T cells and accelerated tumor growth, under-
scoring that microbial mimicry can stimulate 
tumor-reactive T-cell responses.50 More recently, Tripodi 
et al reported that molecular mimicry between 
Bifidobacterium-derived peptides and melanoma-
associated antigens can enhance the efficacy of oncolytic 
virotherapy by activating cross-reactive T cells. This led to 
improved tumor control in a syngeneic mouse model of 
melanoma.51 While these prior studies underscore the 
importance of microbiota interactions in cancer therapy, 
they did not investigate the direct use of microbiota-
derived peptides as immunogenic agents to induce cross-
reactive T cells. Our study directly addresses this gap. 
OMPs immune potential was assessed using an A2-DR1 
humanized animal model. In this setting, although most 
OMPs induced stronger TAAp-specific T-cell responses 
than the TAAps themselves, a few exceptions were noted. 
For instance, immunogenic responses to CD22 and 
FOXM1 were lower when OMPs were administered. This 
can be attributed to the inherent limitations of this 
model. Specifically, the potential perception of these 
human TAAps as foreign peptides, due to aa variations 
with the endogenous mouse equivalent (online supple-
mental table 3) and the absence of these human OMPs in 
mouse gut microbiota, could skew a biased T cell reper-
toire. Such factors potentially limit our model from fully 
recapitulating human immune responses. The A2/DR1 
murine model provided a valuable model system for eval-
uating the potential of OMPs to induce cross-reactive 
T-cell responses. However, differences in microbiota 
composition and immune repertoire between mice and 

humans highlight the need for a cautious interpretation 
of our comparative immunogenicity results between the 
OMPs and TAAPs. Importantly, we explored the capacity 
of OMPs to trigger a functional CTL response to TAAps 
in vivo. We observed that OMPs were able to induce cross-
reactive OMP-/TAAp-specific T cells that could recognize 
and kill TAAp-loaded target cells. Additionally, we also 
confirmed that OMP72-specific/CD20-specific T-cell 
responses triggered by OMP72 could induce protection 
against CD20-expressing tumor cells in a tumor protec-
tion model. While these findings highlight the potential 
of OMPs to elicit functional antitumor immune responses, 
a therapeutic model would have been an ideal extension 
to evaluate their therapeutic potential. Unfortunately, the 
inherent limitations of the available syngeneic tumor 
models in HLA-A2/DR1 mice precluded such studies. 
The development of additional tumor models with stable 
TAA expression and lower immunogenicity will be critical 
for future preclinical studies. Our findings align with 
previous reports in wild-type (WT) mouse models, where 
viral-derived peptides similar to tumor peptides to 
provoke cross-reactive T-cell responses. For example, 
viral-derived peptides homologous to tumor antigens 
have demonstrated the ability to prime pre-existing cross-
reactive T cells through direct peptide vaccination, effec-
tively targeting tumors presenting the corresponding 
TAAp.52 53 These approaches address the low immunoge-
nicity of natural tumor antigens and leverage pre-existing 
memory T cell priming by past infections. The success of 
pathogen-mimicking strategies is inherently limited by 
the individual pathogen exposure histories of each 
patient, complicating the development of universally 
effective treatments. In contrast, our investigation of the 
widespread presence of OMP-specific T cells in the 
human population revealed that more than 80% of the 
tested HD PBMCs (8 of 10 OMPs) contained such T cell 
pools. Furthermore, PBMCs expanded with OMPs in vitro 
demonstrated cross-reactivity and specific CTL activity 
against tumor cells presenting both peptides, even at low 
E:T ratios. This finding supports the potential of OMPs 
for developing broadly applicable peptide-based immu-
notherapeutic strategies in humans. Based on these find-
ings, specific OMPs have been used to develop off-the-shelf 
peptide-based immunotherapy that is currently under-
going clinical evaluation. EO2401 peptide-based immu-
notherapy includes three OMPs (EO2316/OMP16, 
EO2317/OMP17 and EO2318/OMP18) that mimic 
TAAps (IL-13RA2, BIRC5 and FOXM1) and is currently 
being evaluated in a multicenter phase Ib/IIa clinical 
trial (EOGBM1-18, NCT04116658) in patients with recur-
rent glioblastoma. The selection of IL-13RA2, BIRC5 and 
FOXM1 as targets for patients with Glioblastoma (GBM) 
using our approach is supported by scientific and clinical 
data validating their expression in GBM tumors, as well as 
the presentation of the targeted TAAps by tumor cells.54–56 
Initial immunomonitoring data obtained from blood 
samples of three patients included in the first cohort 
demonstrated that this approach is unique among other 
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peptide-based therapies in its ability to generate robust 
CD8+T cell responses. Specifically, a strong immune 
response against OMPs and targeted TAAps was induced 
in all three patients, with ex vivo frequencies of TAAp-
specific circulating T cells exceeding 1% of total CD8+T 
cells. In these patients, we observed distinct patterns of 
immune responses among the OMP/TAAp pairs: EO2317 
and EO2318 elicited higher levels of cross-reactive BIRC5-
specific and FOXM1-specific T-cell responses, respectively 
80% of EO2317-specific T cells also recognized BIRC5-
specific and around 20% of EO2318-specific T cells were 
also FOXM1-specific. In contrast, EO2316 demonstrated 
a lower capacity to trigger cross-reactive EO2316-/
IL-13RA2-specific T cells with just 1% of EO2316-specific 
T cells cross-reacting with IL13RA2. Therefore, the effec-
tiveness of each OMP/TAAp pair is determined by factors 
beyond peptide-MHC binding affinity. Notably, intrinsic 
TCR cross-reactivity rules for each peptide pair and varia-
tions in individual gut microbiota compositions could 
significantly influence their effectiveness. Ongoing anal-
ysis of the stool samples collected from patients before 
and after vaccination will definitively assess the precise 
relationship between the gut microbiota and the OMPs 
bacteria of origin. This analysis will assess key parameters, 
including the specific taxa expressing the OMPs, their 
expression levels, gut localization, and protein of origin 
(eg, secreted, cytosolic, membrane-bound) and examine 
the impact of these microbial factors on the strength and 
persistence of OMP-induced T-cell responses and their 
correlation with clinical outcomes, interestingly, for 
Patient #1, the administration of EO2317 led to an 
impressive expansion of BIRC5-specific CD8+T cells, with 
more than 20% of the total circulating CD8+ T cells. This 
remarkable expansion surpasses the typical outcomes 
observed with classical vaccination approaches (0.1–1%), 
for which the frequency of circulating tumor antigen-
specific CD8+T cells is rarely detectable ex vivo by MHC-
tetramer.57 These findings demonstrated robust and 
sustained responses, with ex vivo T-cell percentages in the 
single-digit or double-digit range. Importantly, for thera-
peutic considerations, OMPs elicited persistent tumor 
antigen-specific T-cell responses in Patient #1, extending 
for almost 2 years (week 100) of treatment while main-
taining their cross-reactivity and polyfunctional proper-
ties. Notably, these levels exceed in the long term those 
reported for Chimeric Antigen Receptor T-cell (CAR-T) 
or T-Cell Receptor T-cell (TCR-T) therapies, for which 
the number of cells initially injected rapidly declines over 
time.58 59 It remains uncertain whether continued OMP 
vaccination is necessary to sustain the cross-reactive T cell 
population or not. In addition, our analysis does not 
guarantee the complete absence of exhaustion, as some 
functional properties can persist even in T cells displaying 
exhaustion markers.60 Additional investigations using 
exhaustion markers such as LAG3, TIM3, TIGIT, CD38, 
CD57 and transcriptional regulators like TOX are neces-
sary to provide a more comprehensive understanding of 
the functional state of these T cells.

The rapid and sustained immune responses observed 
in the three patients as early as 4 weeks after the first 
administration suggest that our approach targets a highly 
proliferative T-cell population, which we hypothesized to 
be a pre-existing memory cell population. This observa-
tion is reinforced by the level of immune response and 
the large number of circulating memory T cells (based 
on CD45RA/CCR7 markers) observed early after vaccina-
tion, which demonstrates the robust in vivo expansion of 
effector memory CD8+ T cells. These observations strongly 
support the hypothesis that memory T cells activated by 
OMP vaccination are initially generated through the 
exposure of gut T cells to commensal peptides. However, 
it remains to be determined whether these OMP-specific 
T cells originate from a preprimed gut-derived memory 
T-cell pool. Interestingly, IVS experiments also demon-
strated that OMP-specific/TAAp-specific T cells were 
expandable when stimulated with OMPs but not with 
TAAps underscoring their superior ability to stimulate T 
cell proliferation. This observation aligns with findings 
using a superagonist MART-1 peptide, which also showed 
enhanced T cell activation compared with the native 
peptide in patients with cancer.61 Functional analysis of 
these post-IVS T cells showed that they were not only 
highly proliferative on OMP stimulation but also demon-
strated a polyfunctional phenotype on OMP and TAAp 
restimulation. This indicates that OMPs effectively trigger 
OMP-specific/TAAp-specific T cells, which can expand 
on OMP stimulation and remain responsive to both OMP 
and TAAp activation, highlighting the superior priming 
activity of OMPs. Our study primarily investigated the 
efficacy of OMPs in eliciting OMP-specific/TAAp-specific 
cross-reactive T cells in the peripheral blood. More impor-
tantly, we demonstrate that OMP-specific/TAAp-specific 
T cells obtained from vaccinated patients are cytotoxic 
against glioblastoma cells presenting naturally processed 
TAAs. This provides proof of the principle that the Onco-
Mimics vaccine approach can stimulate antitumor T cells 
in patients with glioblastoma. Consistent with studies 
showing that tumor-specific T cells can migrate from the 
peripheral blood and infiltrate brain tumors after peptide-
based immunotherapy,62 63 preliminary data from patient-
derived relapsed tissues showed CD8+T cell recruitment 
within tumors following EO2401 treatment.64 To conclu-
sively establish the specificity and migration patterns of 
OMP-/TAAp-induced T cells, further in-depth analyses 
involving tumour-infiltrating lymphocyte (TIL) isolation 
and subsequent tetramer staining or single-cell TCR 
profiling are required. Notably, supporting our approach, 
a recent study demonstrated that glioblastoma CD4+ 
TILs can recognize a diverse array of peptides, including 
peptides derived from the commensal gut microbiota.65

In summary, we have shown that commensal bacteria-
derived peptides, with homology to naturally occurring 
TAAps, when carefully chosen through a combined bioin-
formatic and lab-assay pipeline, can be used to generate 
rapid and long-lasting immune CD8+ T cell responses 
at high frequencies. We applied this approach for the 
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first time to vaccinate patients with glioblastoma, a low 
mutation-burden tumor for which ICI trials have not 
shown any clinical benefit. Extremely potent and long-
lasting immune responses were observed in the first three 
patients. Although follow-up is required to confirm these 
conclusions, we observed that two of the three patients 
survived beyond 1 year. Although preliminary, this 
outcome offers a cautiously optimistic perspective in the 
context of challenging clinical conditions and provides 
some guidelines for further clinical trials.66 Our approach 
focuses on the direct administration of OMPs in combi-
nation with a Montanide adjuvant and PD-1 checkpoint 
blockade. Nevertheless, the incorporation of alternative 
or complementary strategies may significantly enhance 
the therapeutic potential of OMP-based immunother-
apies.67 For instance, using OMPs within dendritic cell-
based vaccines could amplify antigen presentation and 
boost immune recognition.68 Advanced delivery plat-
forms such as nanoparticles, virus-like particles or outer 
membrane vesicles could on the other hand improve 
OMP delivery, targeting and immune activation.69 Addi-
tionally, integrating OncoMimics into a messenger RNA-
based platform offers a solution to encode multiple OMPs 
within a single construct addressing a key challenge of 
peptide solubility, stability and manufacturing costs, while 
enabling flexible and scalable production. These comple-
mentary strategies offer a promising framework for 
expanding the effectiveness of OMPs, especially when it 
comes to treating a variety of tumor types and improving 
patient outcomes.
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