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Lynch syndrome is characterized by the development of
microsatellite-instable cancers that share neoantigens, offering an
opportunity for targeted immunotherapy. NOUS-209 is a heter-
ologous prime-boost cancer vaccine in clinical development,
employing viral vectors encoding 209 shared neoantigen peptides
derived from frameshift mutations (FSM) commonly found in
microsatellite-instable tumors. In this study, we investigated the
presence and dynamics of NOUS-209 targeted FSMs in both
primary and metachronous Lynch syndrome-associated can-
cers. Whole-exome sequencing was performed for 73 tumors,
including 58 colorectal cancers and 15 urothelial cancers, from
58 individuals with confirmed Lynch syndrome. A median of
57 FSMs per colorectal cancer and 24 FSMs per urothelial
cancer were observed, with similar FSM burdens in both pri-
mary and metachronous tumors. Analysis of nine matched

Introduction

Lynch syndrome is one of the most common hereditary cancer
predisposition conditions caused by a heterozygous germline
pathogenic variant in one of the DNA mismatch repair (MMR)
genes (MLHI, MSH2, MSH6, or PMS2) or by a deletion in
EPCAM, which induces methylation of the adjacent MSH2 pro-
moter, thereby impairing MMR function (1). Lynch syndrome
confers the most pronounced risk for colorectal and endometrial
cancers but also increases the risk for other malignancies, in-
cluding urothelial cancer (2).

MMR-proficient cells become MMR deficient by acquiring a
second hit, often a loss of heterozygosity, in the previously wild-type
allele of an MMR gene already carrying a germline pathogenic
variant, in accordance with Knudson two-hit hypothesis (3). The
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primary-metachronous tumor pairs revealed evidence of im-
mune editing: FSMs predicted to encode highly immunogenic
neoepitopes were selectively lost in metachronous tumors,
whereas those with lower predicted immunogenicity were
retained. Importantly, all subsequent primary cancers acquired
novel FSMs encoding neoantigens with strong predicted HLA-
binding affinity, supporting the rationale for NOUS-209-
mediated immune interception. These findings demonstrated
that NOUS-209 FSMs are present in both colorectal cancers
and urothelial cancers in Lynch syndrome, expanding the
therapeutic potential of NOUS-209 beyond colorectal cancer.
Moreover, the emergence of novel targetable FSMs in meta-
chronous tumors suggests that NOUS-209 immunotherapy
may be effective in the prevention of both primary and
metachronous Lynch syndrome-associated cancers.

MMR system plays a crucial role in maintaining genomic integrity
by correcting single-base mismatches and small insertion-deletion
loops (indel) that arise during DNA replication. Indels frequently
occur in mononucleotide repeats, a type of microsatellite that
constitutes a small portion of the genome and is particularly vul-
nerable to replication errors. The accumulation of mutations in
these regions leads to microsatellite instability (MSI; ref. 1). Con-
sequently, indels in mononucleotide repeats are often shared among
MSI cancers. Indels occurring in coding regions can generate
frameshift peptides (FSP), presented as novel protein sequences—
neoantigens—with high immunogenic potential (4). Neoantigens
have been extensively studied to determine their ability to elicit
spontaneous immune responses and assess their potential in pre-
venting the development of metachronous or subsequent primary
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tumors. Importantly, shared neoantigens have paved the way for the
development of cancer vaccines aimed at prevention or early in-
terception of cancer (5).

Previously, we identified 204 frameshift mutations (FSM)
encoding 209 neoantigen peptides common to MSI colorectal
cancer, endometrial cancer, and gastric cancer. These FSMs were
selected through systematic analysis of MSI tumor exomes from The
Cancer Genome Atlas (TCGA), focusing on single-nucleotide de-
letions within coding mononucleotide repeats. Candidate mutations
were prioritized based on their recurrence across MSI tumors, low
frequency in normal tissues, and confirmed expression of the mu-
tated peptide (6). The developed NOUS-209 collection has been
validated in metastatic cancers predominantly of sporadic origin
and has initiated clinical evaluation of product safety and immu-
nogenicity (7, 8).

In pooled analyses of MSI cancers, only a small proportion was
attributable to Lynch syndrome, highlighting the need for studies
specifically focused on Lynch syndrome-associated cancers. More-
over, the presence of NOUS-209 FSMs in urothelial cancers has not
been examined. Here, we performed whole-exome sequencing
(WES) of Lynch syndrome-associated primary and metachronous
colorectal cancer and urothelial cancer to investigate the presence of
NOUS-209 FSMs and their association with clinicopathologic
characteristics.

Materials and Methods

General statement on scientific rigor adherence

Although this study incorporated patient-derived sequencing data,
it was preclinical and experimental in design. Accordingly, certain
clinical rigor criteria, such as reporting subject demographics and
analysis of sex as a biological variable, were addressed where appli-
cable. Other elements, such as randomization, blinding, attrition, and
power analysis, were not relevant to the experimental context.

Patient cohorts and sample collection

Colorectal cancer and urothelial cancer specimens were retro-
spectively collected from a cohort of patients diagnosed with Lynch
syndrome, identified through the Lynch Syndrome Research Registry
of Finland (LSRFi), which includes verified heterozygous pathogenic
variant carriers. Formalin-fixed, paraffin-embedded (FFPE) tissue
blocks were retrieved via the Finnish Biobank service. Clinical data
from LSRFi were cross-referenced with biobank records to select in-
dividuals with available colorectal cancer and urothelial cancer spec-
imens, ensuring an accurate linkage between clinical information and
corresponding tissue samples.

Histopathologic assessment was conducted to confirm tumor
diagnosis and determine key clinicopathologic features, including
tumor stage, lymphovascular and perineural invasion, tumor bud-
ding, histologic grade for colorectal cancer, and stage and histologic
grade for urothelial cancer. Clinical information on patient history
and Lynch syndrome gene germline variants was obtained from the
LSRFi. Among the 58 colorectal cancer tumor samples, 42%
(24 samples) had a matched normal reference sample available for
alignment. Of the 15 urothelial cancer samples, 93.3% (14 samples)
had a corresponding normal sample.

IHC

THC was performed to determine the expression of MLH1, PMS2,
MSH2, MSHS6, and B2-microglobulin (B2M). Following standard
procedures, IHC staining was performed on FFPE sections using the
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Leica BOND-III automated IHC stainer (RRID: SCR_026521)
and BOND Polymer Refine Detection kit (Leica Biosystems, cat.
#DS9800, RRID: AB_2891238). Antigen retrieval was performed
with EDTA-based buffer, pH 9 (BOND Epitope retrieval solution 2,
Leica Biosystems, AR9640), at 100°C for 20 minutes (MSH2 and
B2M) or 30 minutes (MLH1, MSH6, and PMS2). The antibody
dilutions were 1:50 for MLH1 (Leica Biosystems, cat. #NCL-L-
MLH]I, RRID: AB_10555424), ready to use (RTU) for MSH2 (Leica
Biosystems, cat. #PA0989, RRID: AB_3697735), 1:150 for MSH6
(Abcam, cat. #AC-0047, RRID: AB_11001535), RTU for PMS2
(Leica Biosystems, cat. #PA0991, RRID: AB_2936884), 1:1000 for
B2M (Cell Signaling Technology, cat. #12851, RRID: AB_2716551),
and 1:200 for CD8 (Leica Biosystems, cat. #CD8-4B11-L-U, RRID:
AB_3676740). An incubation time of 60 minutes was used for all
antibodies. Normal MLH1, PMS2, MSH2, and MSH6 expression in
tumor samples was detected by nuclear staining and B2M by
cytoplasmic/membranous staining of neoplastic epithelial cells. Loss
of expression was indicated by a lack of expression in tumor cells
combined with positive staining of internal positive controls (stro-
mal cells or blood vessels). In the case of B2M, the heterogeneity of
staining was considered. CD8" cell densities were calculated by
dividing the cell counts by the tumor core area in mm?® in tumor
core and at invasive margin.

WES of colorectal cancer

A total of 50 ng of gDNA from FFPE tumor samples was pro-
cessed using Twist Library Preparation EF 2.0, with Enzymatic
Fragmentation and Twist Target Enrichment Protocols (Twist
Bioscience). Unique dual-index oligos from Integrated DNA
Technologies were used as the ligation adapters. Libraries were
pooled into nine- and 10-plex reactions and enriched using Twist
Core Exome Refseq Targets (hg38; 37 Mb). Sequencing was
performed using the Illumina NovaSeq system with paired-end
reads (101 + 8 + 8 + 101 bp) and v1.5.

Tumor samples were aligned to the hg38 reference genome, and
variant calling was performed using the Illumina DRAGEN pipeline
by the Finnish Institute of Molecular Medicine Genomics NGS Unit
at the University of Helsinki. Variant calls were annotated with
Ensembl Variant Effect Predictor (v. 110.1, RRID: SCR_007931; ref.
9) and converted to maf format using vcf2maf (v. 1.6.21, RRID:
SCR_027063). Variants were initially filtered based on the depth
of coverage, allelic fraction (AF), and population allele fre-
quencies from the gnomAD genome and exome databases
(gnomAD r3.1.1 and r2.1.1; refs. 10, 11). Variants were included
if they passed the quality control filter from the DRAGEN
pipeline and had a minimum coverage of 20 x. Both the reference
and variant alleles required at least six reads for inclusion.
Variants in genes with symbols such as orf, ENSG, ENSM, ENST,
and “Unknown” were excluded. Only the variants on chromo-
somes 1 to 22 and X were considered. For tumor-only samples,
variants with a population allelic frequency exceeding 1% in both
global and Finnish populations from the gnomAD database were
excluded. Variants were further refined by their absolute AF,
excluding those with an AF below 0.05, and by their mean-
normalized AF ratio, with variants showing a zygosity ratio
greater than five being removed. Mode-normalized AF was also
considered, which required a minimum value of 0.15, and all
noncoding variants were excluded. Only variants classified as
pathogenic or likely pathogenic in ClinVar (RRID: SCR_006169;
ref. 12) and those predicted to result in loss of function (LoF)
were included in the final analysis.
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WES of urothelial cancer

Sequencing libraries were prepared and processed using CeGaT,
and paired-end sequencing (2 x 101 bp) was performed on an
Ilumina NovaSeq 6000 platform. Demultiplexing was performed
using bcl2fastq (v2.20, RRID: SCR_015058), and adapter sequences
were trimmed using Skewer (v0.2.2, RRID: SCR_001151). FASTQ files
were analyzed using the Illumina DRAGEN Bio-IT Platform (v4.2.4).
Sequencing reads were aligned to the GRCh38/hg38 reference genome
and duplicate reads were marked. For samples with matched normal
and tumor tissues, somatic variant calling was performed using the
DRAGEN somatic pipeline. For tumor-only samples, a tumor-only
DRAGEN analysis workflow was used. The variants were annotated and
filtered using the same pipeline as that used for the colorectal cancer
cohort.

NOUS-209 FSM detection

NOUS-209 FSMs were identified from the aligned sequencing
data (BAM files) using a lookup approach. A mutation was con-
sidered present if at least three mutant-supporting reads were de-
tected and the variant allele frequency exceeded 10%, consistent
with previously established criteria (6).

MSI status assessment

The analysis pipeline included indexing of the GRCh38/hg38 reference
genome and scanning of 2,793 microsatellite loci. These loci were selected
based on their ability to effectively distinguish between microsatellite-
stable (MSS) and MSI samples as determined by the MSIsensor2 model
trained on TCGA data. MSI scores were then calculated based on the
proportion of unstable sites. Samples with MSI scores >20% were clas-
sified as MSI, whereas those with scores <20% were considered MSS. All
analyses were performed using the default parameters of MSIsensor2.

HLA typing and MHC class | and Il epitope predictions

High-resolution HLA class I typing (HLA-A, -B, and -C) was
performed by aligning raw FASTQ files to the HLA reference ge-
nome using BWA-MEM (v0.7.17, RRID: SCR_010910; ref. 13),
followed by analysis with OptiTypePipeline (v1.3.1, RRID:
SCR_022279; ref. 14). MHC class I peptide binding affinity
predictions were conducted using the Immune Epitope Data-
base and Analysis Resource MHC class I (MHC-I) prediction
tools (RRID: SCR_006604). The peptide sequences of interest
were evaluated using the consensus method (v2.18; ref. 15),
focusing on nonamer (nine-mer) peptides. Peptides with pre-
dicted IC5o below 500 nmol/L were classified as strong binders.

High-resolution HLA class II typing was performed using
PHLAT (16). MHC class II peptide binding affinity predictions were
conducted with NetMHClIIpan (v4.2). The peptide sequences of
interest were evaluated across multiple lengths (from 12 amino acids
to 16 amino acids). Peptides with predicted ICs, below 500 nmol/L
were classified as strong binders.

Statistical analysis and data visualization

All statistical analyses and data visualizations were conducted
using R software (v. 4.4.2, RRID: SCR_001905). Group comparisons
of continuous variables were conducted using the Wilcoxon rank-
sum test, whereas categorical variables were compared using the
Fisher exact test. Correlation analyses were performed using
Pearson correlation coefficient. All tests were two-tailed, and
P-values < 0.05 were considered statistically significant. Ana-
lyses were performed using the Stats package (v. 4.6.0, RRID:
SCR_025968) in R.
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Ethical considerations

All phases of the study were conducted in accordance with the
Declaration of Helsinki and approved by the institutional review
board. The LSRFi is based on both consent-waived secondary use of
health data and consent-based protocols. Based on the biobank
legislation, all contributing patients gave their consent to the bio-
bank for their data and specimens to be used in research, which
were separately reviewed by each biobank before material transfer to
researchers. All data were pseudonymized prior to the analysis to
protect patient privacy. The following ethical and biobank approvals
were used for the sample and data acquisition: KSSHP February 15,
2013, KSSHP February 23, 2018, Ethics Committee of KSSHP Dro 466/
E6/01, Findata THL/614/14.06.00/2022, National Supervisory Authority
of Health and Welfare 10741/06.01.03.01/2015, and Finnish Biobank
BB2021-0208. Central Finland Wellbeing Services County Institutional
Review Board approved the study. Need to obtain informed consent
was waived (Valvira 10741/06.01.03.01/2015).

This study did not involve the use of animals. Accordingly, ap-
proval from an institutional animal ethics committee was not
required.

Results

Clinical characteristics of the cohorts

To evaluate the potential of NOUS-209 in intercepting Lynch
syndrome-associated cancers, 73 tumors from 58 patients enrolled
in a surveillance program were analyzed. The cohort included
58 patients with colorectal cancer and 15 with urothelial cancer.
MMR status was determined in all cases by IHC. All tumors dem-
onstrated MMR protein loss, which was consistent with the germ-
line variant previously identified in each patient, confirming MMR
deficiency.

In the colorectal cancer cohort, 38 tumors (66%) were classified
as primary and 20 (34%) as metachronous. The mean age at diag-
nosis was 46.1 years (+12.4 years) for primary colorectal cancers and
61.9 years (+13.5 years) for metachronous cases. MLHI (87.5%,
n = 51) was the predominant MMR germline variant, followed by
MSH?2 (12.5%, n = 7). The tumor location was predominantly right-
sided (60.3% from the cecal to the transverse colon), with 25.9%
located on the left side (from the splenic flexure to the sigmoid
colon) and 8.6% in the rectum. The stage distribution was compa-
rable between primary and metachronous colorectal cancers, with
stage I being the most common (57.9% in primary vs. 55.0% in
metachronous), followed by stage II (28.9% vs. 30.0%) and stage III
(13.2% vs. 15.0%; Table 1).

In the urothelial cancer cohort, MSH2 was the most frequent
MMR germline variant (46.7%, n = 7), followed by MLHI (40.0%,
n = 6) and MSH6 (13.3%, n = 2). Most urothelial cancers were
primary tumors (13 of 15 tumors, 87%), with the remaining two
classified as metachronous. Two thirds of urothelial cancers were
located in the upper urinary tract and one third in the bladder.
Among the primary urothelial cancers, 46.2% were non-muscle
invasive (Tis-T1) and 53.8% were muscle invasive (MI; T2-T4);
both metachronous tumors were non-muscle invasive. Only one
urothelial cancer, classified as primary, exhibited lymph node me-
tastasis (Table 1).

NOUS-209 FSMs are present in Lynch syndrome-associated
colorectal cancers and urothelial cancers

The presence of FSMs targeted by NOUS-209 vaccine was
assessed in all tumor samples. Raw WES data were aligned to the
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Table 1. Clinical characteristics of the colorectal cancer and
urothelial cancer cohorts.

Characteristic CRC (n = 58) UC (n =15)
Age, years (mean + SD) 51.6 + 14.8 658 + 7.2
Sex

Female 25 (43.1%) 7 (46.7%)

Male 33 (56.9%) 8 (53.3%)
MMR germline variant

MLH1 51 (87.9%) 6 (40%)

MSH2 7 (12.1%) 7 (46.7%)

MSH6 0 (0%) 2 (13.3%)
Chronicity

Primary 38 (65.5%) 13 (86.7%)

Metachronous 20 (34.5%) 2 (13.3%)
Location

Right 35 (60.3%) N/A

Left 15 (25.9%) N/A

Rectum 5 (8.6%) N/A

Upper urinary tract N/A 10 (66.7%)

Bladder N/A 5 (33.3%)

Unknown 3 (5.2%) 0 (0%)
Stage

| 33 (56.9%) N/A

Il 17 (29.3%) N/A

1] 7 (121%) N/A

I\ 0 (0%) N/A

Non-Ml N/A 8 (53.3%)

MI N/A 7 (46.7%)

Unknown 1(1.7%) 0 (0%)
Grade

Low grade 21 (36.2%) 0 (0%)

High grade 35 (60.3%) 15 (100%)

Unknown 2 (3.4%) 0 (0%)
Budding

Low 54 (93.1%) N/A

Intermediate 3 (5.2%) N/A

Unknown 1(1.7%) N/A
Lymphovascular invasion

No 34 (58.6%) N/A

Yes 21 (36.2%) N/A

Unknown 3 (5.2%) N/A
Extramural vascular invasion

No 55 (94.8%) N/A

Yes 1(1.7%) N/A

Unknown 2 (3.4%) N/A
Perineural invasion

No 56 (96.6%) N/A

Unknown 2 (3.4%) N/A
Concurrent carcinoma in situ

No N/A 8 (53.3%)

Yes N/A 7 (46.7%)

Abbreviation: CRC, colorectal cancer; UC, urothelial cancer; MI, muscle inva-
sive; N/A, not applicable.

human reference genome (GRCh38/hg38) using a multi-step map-
ping procedure. A previously validated “look-up” analysis was ap-
plied to tumor next-generation sequencing data to profile mutations
at 31,564 mononucleotide repeat loci located within the open
reading frames of coding genes (6).

Colorectal tumors harbored a median of 57 FSMs per tumor,
consistent with previous findings that reported a median of 51 FSMs
in a largely sporadic cohort of metastatic colorectal cancers (6). In

OF4 Mol Cancer Ther; 2025

contrast, urothelial tumors exhibited a lower median of 24 FSMs per
tumor (Fig. 1A and B; Supplementary Fig. S1), reflecting the
comparatively lower tumor mutational burden (TMB) observed in
these samples.

Despite this difference, 157 of the 204 FSMs identified across the
cohort (77%) were shared between colorectal cancers and urothelial
cancer tumors, underscoring the substantial overlap in the under-
lying mutational landscapes (Fig. 1C). To better understand the
variability in the number of NOUS-209-targeted FSMs among pa-
tients, we assessed MSI using MSIsensor2, a tool previously vali-
dated for MSI detection (17). This analysis identified one colorectal
cancer and three urothelial cancer samples with MSI scores below
20%, which did not meet the threshold for classification as MSI and
were therefore considered MSS (Fig. 1D and E). The MSS colorectal
cancer sample had the lowest FSM count in the cohort, with only
10 FSMs. Among the MSS urothelial cancer samples, one tumor
contained a single FSM, whereas the other two harbored 19 and
20 FSMs, respectively, which was comparable with the FSM burden
observed in MSI-classified tumors.

The median number of NOUS-209 FSMs is comparable across
the first, second, and third cancers occurring in Lynch
syndrome carriers

To investigate whether the burden of NOUS-209 FSMs varies
with cancer chronology, tumor samples were stratified into three
groups based on the sequence of MSI cancer diagnoses for each
patient, as recorded in the LSRFi and electronic health records: first,
second, and third or subsequent cancer (third"). The distribution
was as follows: 35 tumors in the first group (31 colorectal cancer and
four urothelial cancer), 23 in the second group (19 colorectal cancer
and four urothelial cancer), and 15 in the third" group (eight co-
lorectal cancer and seven urothelial cancer; Fig. 2A).

A significant association was observed between cancer type and
chronologic grouping, with the third" group demonstrating a higher
proportion of urothelial cancer than the first and second groups.
This trend likely reflects the natural history of Lynch syndrome-
associated urothelial cancer, which generally develops later in life
and rarely presents as the first malignancy in patients with Lynch
syndrome (2). Consistently, patients in third" were older than those
in first and second groups, further supporting age as a contributing
factor to the increased prevalence of urothelial cancer in later tumor
presentations (Fig. 2B).

NOUS-209 FSMs were identified in tumors across all chro-
nologic groups, with a median of 57 FSMs in both the first group
and second group and a slightly lower median of 46 FSMs in the
third" group (Fig. 2C). When stratified by tumor type, no sig-
nificant differences in the FSM burden were observed between
the groups, suggesting that the order of tumor occurrence does
not explain the variability in the number of targetable mutations
(Fig. 2D).

In both the colorectal cancer and urothelial cancer cohorts, a
positive correlation was observed between tumor invasiveness
and the NOUS-209 FSM burden. Later-stage colorectal cancers
(stage II-III compared with stage I) exhibited higher numbers of
FSMs, (Fig. 2E). A similar trend was observed in MI urothelial
cancer, without statistical significance (Fig. 2F). In colorectal
cancer, lymphovascular invasion was also associated with in-
creased FSM counts (Fig. 2G). Altogether, this suggests a po-
tential link between the NOUS-209 FSM burden and disease
progression.
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Figure 1.

Overview of colorectal cancer and urothelial cancer cohorts. A and B, Bar plots showing the number of NOUS-209 FSMs detected in each sample of colorectal
cancer and urothelial cancer cohorts. The median number of mutations is indicated by the blue dashed line (colorectal cancer = 57; urothelial cancer = 24).
C, Venn diagram illustrating the overlap of NOUS-209 FSMs between colorectal cancer and urothelial cancer. D and E, Bar plots displaying the MSI scores in the
colorectal cancer and urothelial cancer cohorts, respectively. The blue dashed line represents the recommended threshold of MSI score (20%) for classifying a
sample as MSI. Lighter bars indicate samples classified as MSS. CRC, colorectal cancer; UC, urothelial cancer.

AACRJournals.org Mol Cancer Ther; 2025

OF5

920z Asenuer oz uo }senb Aq ypd'980-G2-10W/6ZZ80.LE/YI80-GZ-LOW'E9L L-GESL/SL L0 L/10p/Ipd-ajoiejow/Bio s|euinolioee//:dny wol papeojumoq


https://aacrjournals.org/

De Marco et al.

A 1st 2nd 3rd+
31 19
&)
o
o
7
o
S e N I
1st 2nd 3rd+
C1
00 1st 2nd 3rd+
o 75 . .
S Median = 57 Median = 57
p en iR e i s ththifreERYe - —— Median = 46
D so-{INRNRRRRRRRRRRRR 0. HRRRRRRRRRRMORGRS.,. MMMRRoo T
(@]
z
* 25 "
0
D CRC uc E F G CRC
0.0038
150 0.31 ,%0-7 1007 o
0.12 0.92
0.45 0.34
(2] | — | | — | [o2] (2} (2]
S 100 =] o =]
o N N o
(%) ° () (%} ()
3 3 3 3
°
g = T e e - c :
° o
0 T T T T T T
1st 2nd 3rd+ 1st 2nd 3rd+ 11111 Non-MI Ml No Yes
Stage Invasion Lymphovascular invasion
Figure 2.

Association of NOUS-209 FSMs with cancer chronology, stage, and invasion. A, Mosaic plot showing the distribution of colorectal cancer and urothelial cancer
across three cancer groups: first cancer (Ist), second cancer (2nd), and third cancer or subsequent cancers (3rd+). B, Boxplot of age distribution across the three
cancer groups. C, Bar plots show the distribution of NOUS-209 FSMs across the three cancer groups. D, Boxplots depict the distribution of NOUS-209 FSMs
across the three cancer groups and by cancer type. E and F, Boxplots showing the distribution of NOUS-209 FSMs across stages in the colorectal cancer and
muscle invasiveness in urothelial cancer cohorts, respectively. G, Boxplots showing the distribution of NOUS-209 FSMs in the colorectal cancer cohort stratified
by the presence or absence of lymphovascular invasion. CRC, colorectal cancer; UC, urothelial cancer.

Somatic MMR mutations are frequently observed in Lynch
syndrome-associated cancers

To complement the analysis of NOUS-209 FSMs, we examined
additional genetic alterations that may contribute to the mutational
landscape of Lynch syndrome-associated cancers. Specifically, we
focused on pathogenic single-nucleotide variants and FSMs pre-
dicted to cause LoF in genes involved in the MMR and genomic
stability (base excision repair and nucleotide excision repair)
pathways in the Kyoto Encyclopedia of Genes and Genomes
(Supplementary Fig. S2). These included MSH3 and MSHS, core
components of the MMR pathway (18), as well as POLDI and
POLE, exonuclease domain-containing DNA polymerases es-
sential for replication proofreading, which are known to drive
hypermutated phenotypes when defective (19).

Our analysis revealed a high prevalence of pathogenic alterations
across these genes: 53% of the tumors harbored mutations in MSH3,
29% in MSH6, 22% in POLD]I, and 10% in POLE (Fig. 3A). In total,
72.6% of the analyzed tumors carried at least one pathogenic mu-
tation in this gene set. Tumors with at least one such mutation
exhibited significantly higher TMB and an increased number of
NOUS-209 FSMs compared with tumors without these alterations
(Fig. 3B and C). Despite the association between these mutations
and elevated TMB, no significant correlation was found between the
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presence of pathogenic alterations in MSH3, MSH6, POLDI, or
POLE and advanced tumor stage in colorectal cancer or muscle
invasion in urothelial cancer (Fig. 3D and E).

B2M mutations are present in tumors with somatic MMR
mutations but are not associated with complete loss of B2M
protein expression

Given the critical role of B2M in antigen presentation via the
MHC-I pathway and its established association with immune escape
in MSI tumors (20, 21), B2M mutations were specifically investi-
gated across the cohort. Mutations in B2M were identified in a
subset of tumors and, strikingly, were almost exclusively observed in
combination with pathogenic alterations in other genes involved
in MMR (MSH3 and MSH6) or genomic stability (POLE and
POLDI). Indeed, in more than 92% of B2M-mutated cases, at
least one additional mutation in these gene categories was also
present (Fig. 4A). Interestingly, B2M mutations were completely
absent in all urothelial cancer samples and were not detected in
any third or subsequent cancers (Fig. 4B).

B2M protein expression was assessed by IHC. A complete loss of
B2M staining was observed in 12 colorectal cancers and three
urothelial cancers. Surprisingly, no consistent association was found
between B2M mutation status and protein expression. A substantial
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Lynch syndrome-associated cancers frequently carry additional alterations in MMR- and genomic stability-associated genes. A, Oncoplot showing the muta-
tional landscape across tumors, classified into three groups based on cancer chronology. Genes are ordered by decreasing mutation frequency. Annotations
include TMB (Mut/Mb), the number of NOUS-209 FSMs, and tumor type. In the TMB and NOUS-209 annotation bars, lighter shades indicate samples not
confirmed as MSI. B and C, Boxplots depict the distribution of TMB and NOUS-209 FSM in samples without mutations and in those with at least one mutation in
POLDI1, POLE, MSH3, and MSH6 genes. D and E, Mosaic plot showing the distribution of tumor stage for colorectal cancer and muscle invasion for urothelial
cancer, stratified by the presence (at least one mutation) or absence of mutations of no mutation or at least one mutation in POLE, POLDI, MSH3, or MSH6 genes.

CRC, colorectal cancer; UC, urothelial cancer.

number of tumors (n = 11) harboring pathogenic or putative LoF
mutations retained detectable B2M protein expression, suggesting
that many of these variants do not result in complete protein in-
activation or may be functionally compensated.

Conversely, in some cases with a complete absence of B2M
protein expression, no underlying B2M mutation could be
identified, suggesting alternative mechanisms, such as epigenetic
silencing, posttranscriptional regulation, or other factors influ-
encing protein expression (Fig. 4C). Notably, some mutations
were present in both B2M-positive and B2M-negative tumors,
indicating that their presence alone is not predictive of the
protein expression status (Fig. 4D). Furthermore, no significant
difference was observed in the variant allele frequency of path-
ogenic B2M mutations between tumors with and without B2M

AACRJournals.org

protein expression, suggesting that clonal abundance does not
explain the discrepancies (Fig. 4E).

Interestingly, B2M-negative tumors were more frequently asso-
ciated with advanced stages (II-III) of colorectal cancer and MI in
patients with urothelial cancer (Fig. 4F). Moreover, all B2M-
negative tumors were observed in patients with germline MLHI
mutations (Fig. 4G).

Immune pressure and the potential of NOUS-209 to intercept
subsequent cancers

First, to confirm the presence of relevant neoantigens in the
NOUS-209 collection, we looked at correlation between the pres-
ence of CD8" cell infiltrate in the tumor and the number of NOUS-
209 mutations and TMB in colorectal cancer tumors proficient for

Mol Cancer Ther; 2025
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Figure 4.

B2M-mutated tumors frequently harbor somatic MMR or genomic stability mutations. A, Pie chart showing the distribution of B2M mutations occurring alone or
in combination with MMR (MSH3 and MSH6) or genomic stability (POLE and POLDT) mutations. B, Sunburst charts illustrating the hierarchical distribution of
tumors within each group, stratified by B2M mutation status (mutant or wild-type) and the presence or absence of at least one MMR or genomic stability
mutation. C, Mosaic plot showing the distribution of IHC results (Het, heterogeneous) stratified by B2M mutation status. D, Lollipop plot of B2M mutations in
samples stratified by IHC status. The plot highlights the distribution and types of somatic mutations along the B2M protein in B2M-negative and B2M-positive
cases. E, Box plot showing the allele frequency of B2M mutations grouped by B2M IHC. F, Pie chart showing the distribution of tumor stages in B2M-negative
colorectal cancer and urothelial cancer. Early stage was defined as stage | for colorectal cancer and non-Ml for urothelial cancer, whereas advanced stage was
defined as stage II-Ill for colorectal cancer and Ml for urothelial cancer. G, Pie donut chart illustrating the distribution of B2M IHC status (inner ring) and
corresponding germline mutations (outer ring). CRC, colorectal cancer; UC, urothelial cancer; WT, wild type.

antigen presentation (B2M positive by THC; ref. 22). Interestingly,
the presence of the infiltrates in tumor core correlated with the
number of NOUS-209 but not with TMB. Although considering
CD8" T-cell infiltrates at the invasive margin, no statistically sig-
nificant association was observed with either NOUS-209 mutations
or TMB (Supplementary Fig. S3).

To specifically investigate neoantigen evolution under immune
pressure, we analyzed patients with at least two available MSI tu-
mors. Nine patients with sequential colorectal cancer or urothelial
cancer were included in this study. The interval between diagnoses
ranged from 2 to 29 years (median: 8.5 years; Fig. 5A). In five cases,
additional tumors occurred but were unavailable for sequencing.
One patient had three tumors available for sequencing. To assess
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changes in NOUS-209 FSMs over time, tumor pairs were compared,
and FSMs were classified as (i) kept (present in both tumors), (ii)
lost (present only in the first tumor), or (iii) gained (present only in
the second tumor).

More FSMs were lost than kept in nearly all patients. These lost
FSMs tended to encode longer peptides and generated a greater number
of predicted CD8" T-cell epitopes with a high binding affinity for HLA
class I alleles (IC5q < 500 nmol/L; Fig. 5B-E; Supplementary Fig. S4). In
contrast, the “kept” FSMs were associated with fewer strong-binding
epitopes. These findings suggest that highly immunogenic neoantigens,
particularly those producing longer peptides and strong MHC-I
binders, are more likely to be absent in subsequent tumors, which is
consistent with immune selection pressure and immunoediting.

MOLECULAR CANCER THERAPEUTICS

920z Asenuer oz uo }senb Aq ypd'980-G2-10W/6ZZ80.LE/YI80-GZ-LOW'E9L L-GESL/SL L0 L/10p/Ipd-ajoiejow/Bio s|euinolioee//:dny wol papeojumoq



NOUS-209 Immunotherapy in Lynch Syndrome-Associated Cancers

A B c
[ ———ve—
1{ o—o—o— O CRC no available 80 30 ,M‘
— Follow-up £ 0.042
24 G—————— " — Time between tumors D .
34 ——o—— Metachronous o 60 S 25 -
o 4 . Primary 8 -
€ e UTUC/bladder & 5
g 59 —ve— 35 50 I 20
S 64— —o——— o c
o 7 o zZ ©
8 #* 20 3 15
.
=
9 —
T T T T 0 T T T 0 T A\ T
0 20 40 60 Lost Kept Gained Lost Kept Gained
Years of follow-up
E 0.29
m150 @ Lost w200 —
3 Kept 3 —0.086
=3 Gained Q
2 9150
‘s 100 S
) 5
° °
2 3 100
o °
5 50 =1
< o 50
o o
* *
.0 0 T T T
PatientiD1 2 3 4 5 6 7 8 9 Lost Kept Gained
SiNeg ® a ae | er
a@Pes @ @ ae a awm
F @ Lost [ Kept
EEEEEEE N 2
-
43
9=
@
72
55
8
NN YA MO NN SN A VA D D A M SN MOV MOV A A N DY M A N O DOV AR SN S NOU IV D M R DOV D NN VN
LN R R R e A - S e o R P R e B SR R =R o SRS WO L R k-4 R G SR I S
HFEI N OIorE N TSRS AR BT A E P S Ol R0XOI0R8TI 520852020 nI00r0REE2200 - CcOWAEEEaoRs
S ¥STI¥00LNaTa B0S SN0 A LUl SILSEnE ST 6R000TILaL Y PnC=rpular OSFEX9S T80 >22900E6X0w=20a
l\%<lx%58§wlmu.llal<88‘l\03ln_13|ﬁx,l—‘<|m§&‘1|n_li_—.,‘3mn.&\gl-ln_lgn_lﬁg<‘<l<u_'n.wn__l‘ 10 WEGZ3UOHEECES 1155308569 285205C K
i PN e PO F PO L T P N S G N P e St L L P e P PO R LT PO T
o | 15 & 7] ] &
RO apalilopng pr Rt hiRp LTl TpLTpteplias £ EETEL, LR Ppt RRrRET s letsRhppfelply
[ vis o e w e @ L Lo
13 @ Lost Kept Gained
Primary  (106%) Urothelial 80 20 125
%’ §-100
2 60 S 15 9
10 2 a
p q o g 75
(8.1%) > o
15 = 10 5 40 v 10 3
(12.2%) (17.9%) (8.1%) 2 % § 50
K} o
* 20 35 © 25
Metachronous s e
0 0 0
Figure 5.

NOUS-209 FSMs lost, gained, and kept between paired tumors. A, Timeline plot illustrating the follow-up of patients. Filled dots indicate primary and
metachronous colorectal cancer and urothelial cancer. Empty circles denote colorectal cancer for which a tumor sample is not available. Light blue lines indicate
the time interval between two tumor occurrences. B, Box plot showing, for each patient, the number of NOUS-209 FSMs lost between the first and second
tumor, those kept across both tumors, and those gained in the second tumor. C, Box plot showing, for each patient, the median length of NOUS-209 FSMs lost,
kept, and gained. D, Bar plot showing for each patient the number of MHC-I-predicted binders (ICso < 500 nmol/L) for lost, kept, and gained FSMs, with
annotations for B2M IHC results below for primary (P) and metachronous (M) samples. E, Box plots showing, for each patient, the number of predicted epitopes
of NOUS-209 FSM lost, kept, and gained. F, Heatmap showing the FSMs lost for each patient, for whom immune editing is hypothesized. FSMs present in the
patient’s sample are colored if lost or kept. G, Venn diagram showing the overlap of mutations across the three tumors from patient Pt8. H=J, Line plots for
patient Pt8 showing the number of NOUS-209 FSM (H), their median length (I), and the number of predicted good binders (J) across the lost, kept, and gained

categories. CRC, colorectal cancer; UC, urothelial cancer.

This immunoediting pattern was observed in nearly all patients,
except for three cases (Ptl, Pt3, and Pt6). Notably, in two of these
exceptions, the second tumor showed a loss of B2M expression,
supporting the hypothesis that when MHC-I-mediated antigen
presentation is impaired, previously eliminated neoantigens may
reemerge in the tumor.

Interestingly, a very similar pattern to that observed for class-I
was also detected when analyzing class-II-predicted epitopes
according to class-II typing of each patient with consecutive
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tumors (Supplementary Fig. S5). These data suggest immunoe-
diting occurring consistently across both class-I and class-II
epitopes.

To further explore the role of HLA class I specificity in immune-
driven neoantigen loss, we analyzed patients showing clear signs of
immunoediting. For each patient, we identified FSMs lost in the
second tumor and then focused on those that were recurrently lost
across multiple patients (Fig. 5F). We investigated whether patients
who lost the same FSMs shared specific HLA class I alleles. In

Mol Cancer Ther; 2025
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particular, we focused on the two most common alleles, HLA-
A02:01 and HLA-A03:01, which were found in three patients. This
integrative analysis identified a subset of NOUS-209 FSMs that was
recurrently lost in at least two of the three HLA-sharing patients and
demonstrated strong in silico HLA-binding predictions (Supple-
mentary Table S1).

In all cases, newly arising tumors consistently acquired novel
mutations included in the NOUS-209 peptide collection. The me-
dian number of gained mutations was 32 (range, 20-59), with a
median of 75.5 predicted high-affinity CD8" binders (range,
44-108) and a median peptide length of 18 amino acids (range,
8-170). Importantly, the immunologic features of the gained mu-
tations were comparable with those of lost mutations in terms of
peptide length and the number of predicted CD8" epitopes
(Fig. 5B-E). These data suggest that despite immunoediting, vac-
cine efficacy may be preserved owing to the continuous emergence
of new, targetable FSMs.

Finally, in one patient (Pt8) with three sequenced tumors, FSMs
from the first two tumors were considered lost if they were present
in either the first or second tumor but absent in the third. Mutations
present in the first and/or second tumor and detected in the third
tumor were considered kept, whereas mutations unique to the third
tumor were classified as gained (Fig. 5G). Again, lost FSMs were
more numerous than kept, with longer peptide lengths and more
predicted epitopes (Fig. 5H and I). Gained mutations showed a
higher number of predicted CD8" binders than the kept mutations
(Fig. 5J). These findings further support the concept that although
immunoediting shapes the neoantigen landscape of successive tu-
mors, the ongoing appearance of novel immunogenic FSMs sustains
the potential of the NOUS-209 vaccine for immune-mediated tumor
interception in Lynch syndrome.

Discussion

In this study, we investigated the potential of a novel immunother-
apy, NOUS-209, currently in clinical development (NCT04041310 and
NCT05078866), to intercept cancer in Lynch syndrome carriers. We
demonstrated that NOUS-209 FSMs provide broad neoantigen cover-
age not only in primary colorectal cancers and urothelial cancers but
also in metachronous tumors, highlighting its potential as an immune
interception strategy for Lynch syndrome-associated cancers. Previous
studies have predicted neoantigens using large datasets, including
TCGA, focusing mainly on sporadic cancers (4, 23) and Lynch syn-
drome cohorts (17). Our study stands out in its inclusion of a sub-
stantial proportion of metachronous colorectal cancers, enabling—for
the first time—the assessment of neoantigen-based strategies aimed at
preventing subsequent cancers. Additionally, the potential of cancer
vaccines for Lynch syndrome-associated urothelial cancer has not been
explored previously.

Colorectal cancers harbored a median of 57 FSMs of 209 FSM-
derived FSPs encoded by the vaccine, which is consistent with our
earlier findings of a median of 51 FSM-derived FSPs in metastatic
colorectal cancers (6). Urothelial cancers exhibited a lower median
of 24 FSMs per tumor, reflecting their generally lower TMB com-
pared with colorectal cancer samples. This difference likely reflects
intrinsic biological distinctions between tissue types, including
variations in the histologic architecture and proliferative dynamics.
The colorectal epithelium undergoes rapid turnover, increasing
opportunities for replication-associated errors and the resultant
FSMs. Conversely, the urothelial epithelium has a lower proliferative
index, which potentially limits the accumulation of mutations over
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time (24, 25). Nevertheless, the presence of a substantial number of
NOUS-209 FSMs in urothelial cancers supports the potential of this
vaccine to prevent this type of cancer. Importantly, although uro-
thelial cancer is less common than colorectal cancer in Lynch syn-
drome, it is associated with worse prognosis (26), partly because of
disparities in surveillance strategies. Colonoscopy surveillance is
universally recommended for Lynch syndrome carriers and might
improve survival after colorectal cancer despite its inability to re-
duce incidence (27). In contrast, there is insufficient evidence to
support routine urothelial cancer surveillance in Lynch syndrome,
possibly resulting in more advanced-stage diagnoses (28).

Among urothelial cancer cases, 20% of the tumors were classified
as MSS by MSIsensor2, whereas only one colorectal cancer (~2%)
was classified as MSS. Interestingly, two of the three MSS urothelial
cancers showed a reasonable number of NOUS-209 FSMs. If vali-
dated in larger cohorts, this observation supports the potential
utility of NOUS-209 even in the early stages of tumorigenesis prior
to the full molecular manifestation of the MSI phenotype.

The FSM burden was positively associated with advanced cancer
stages, including stage II to III colorectal cancers and MI urothelial
cancers, and with high-risk features such as lymphovascular inva-
sion in colorectal cancer, suggesting an accumulation of immuno-
genic mutations during carcinogenesis. Furthermore, NOUS-209
FSMs also co-occurred with somatic mutations in MMR genes
(MSH3 and MSH6) and genomic stability regulators (POLDI and
POLE), likely reflecting an overall increase in TMB driven by these
alterations (18, 19). These mutations were frequent, with 72.6%
harboring at least one pathogenic alteration in the set of four genes.
Interestingly, B2M mutations, present in 17.8% of cases, were almost
exclusively (92% of cases) found in tumors that also carried muta-
tions in one or more of these MMR or stability genes, suggesting a
relationship with the overall mutational load. However, most tu-
mors (84.6%) with pathogenic or putative B2M LoF retained B2M
protein expression, suggesting that these variants do not necessarily
lead to complete functional inactivation. As IHC reflects post-
translational status, we prioritized it in our analysis. Thus, B2M
mutations alone may not be sufficient to trigger immune evasion
and T cell-mediated responses may still be viable. In this context,
we analyzed B2M-positive colorectal cancer for correlation of the
number of mutations and T-cell infiltrates. Interestingly, the intra-
tumoral CD8" cell infiltrate was correlated with the number of
NOUS-209 mutation, but not with the overall TMB, supporting the
selection of the mutations for the vaccine.

A distinctive feature of Lynch syndrome is the predisposition of
carriers to develop multiple cancers over their lifetime (29). Strat-
egies to prevent Lynch syndrome-associated cancers are limited.
Extended colon resection reduces the risk of metachronous colo-
rectal cancer in MLHI, MSH2, and probably even MSH6 carriers (30).
Prophylactic hysterectomy and bilateral salpingo-oophorectomy should
be considered in female Lynch syndrome carriers (31). Aspirin,
the only established chemopreventive agent, reduces the risk of
colorectal cancer by approximately half (32). To evaluate the
potential of NOUS-209 to target subsequent cancers, we divided
the entire cohort into the first, second, and third malignancies.
Notably, the median number of FSMs remained largely consis-
tent regardless of chronologic order, with only a slight reduction
observed in third-order tumors. This is likely to reflect the higher
proportion of urothelial cancers known to carry fewer FSMs in
the latter group. Additionally, cancers might be detected at
earlier stages since patients are under surveillance following
prior cancer diagnoses, which could influence the TMB. These
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findings support the potential of NOUS-209 in targeting both
primary and subsequent Lynch syndrome-associated cancers.

Moreover, we were able to analyze the evolution of FSMs in a
subset of nine patients with at least two consecutive tumors, an
additional feature that distinguishes our study from previous stud-
ies. This longitudinal analysis allowed us to assess mutation dy-
namics within the context of the HLA genotype in each patient. The
FSMs lost between the first and second tumors in each patient were
significantly longer overall and had a higher proportion of predicted
CD8" T-cell strong binders compared with those kept in the second
tumor. This pattern suggests a possible immune-driven selection
against highly immunogenic neoantigens. Indeed, among mutations
lost in patients sharing a common HLA, we identified MSH3 in the
context of HLA-A*02:01, and TTK and FAHD2B in the context of
HLA-A*03:01, previously described to induce an immune response
in MSI cancers (4, 17). There were three outliers in which this
phenomenon did not occur. Interestingly, in two of these three
outliers, a concomitant complete loss of B2M staining was observed
by IHC, which likely impaired antigen presentation and could ex-
plain the simultaneous absence of selective pressure against im-
munogenic mutations. The ability of the immune system to shape
the next tumor has already been suggested by a previous study (23),
and this is further reinforced by our data.

We analyzed the repertoire of new FSMs gained in subsequent
tumors to assess whether immunoediting could compromise the
long-term efficacy of the NOUS-209 vaccine. The median number
of gained FSMs was 34 per tumor. Importantly, the immunologic
properties of the gained FSMs, specifically their cumulative peptide
length and number of predicted CD8" T-cell epitopes, were com-
parable with those of the FSMs lost after the previous tumor.
Overall, these data suggest that despite immunoediting, tumors
continue to acquire novel immunogenic mutations that fall within a
sufficiently broad set of neoantigens encoded by NOUS-209, with
the expectation that the vaccine will induce more than one speci-
ficity against the tumor of the 209 encoded acting cooperatively to
fight the tumor.

Finally, we contextualized the efficacy of NOUS-209 with respect
to the complete loss of B2M, which is a critical component of MHC-
I antigen presentation. Complete B2M loss, which impairs the
ability of neoplastic cells to present antigens and enables them to
evade CD8" T cell-mediated immunity, was more frequently ob-
served in advanced-stage tumors (64.3%) than in early-stage tumors
(35.7%). This finding supports the notion that delivering vaccina-
tion at an early stage before immune escape mechanisms are
established is essential to maximize its clinical benefit. Overall, these
findings underscore the importance of early immunologic inter-
vention in Lynch syndrome carriers and provide a compelling ra-
tionale for the integration of broad neoantigen-targeted vaccines
into interception strategies aimed at preventing cancer occurrence.

Our study has several limitations. The number of patients and
tumors analyzed, particularly in the urothelial cancer subset, was
small, and additional validation in larger cohorts is warranted. A
second limitation is that all our findings were derived from in silico
analyses, including mutation profiling, HLA-binding predictions,
and potential neoantigen immunogenicity. Although computational
approaches provide a powerful framework for evaluating neoantigen
landscapes and predicting vaccine relevance, they do not account for
complex in vivo biological variables, such as antigen processing,
T-cell repertoire diversity, tumor microenvironment, and immune
cell infiltration. Longitudinal immunologic data capturing T-cell
responses after vaccination in patients with Lynch syndrome are
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needed to directly correlate antigen presence with vaccine efficacy.
Third, a substantial proportion of samples lacked normal tissue
reference, leading to a potential misclassification of germline mu-
tations as somatic. We utilized population-based filters to minimize
the risk, but rare germline variants might still be misclassified.
However, in the context of our study, misclassification of selected
common FSMs is unlikely. Fourth, although we used B2M IHC as a
marker for antigen presentation, additional markers such as PD-L1
could provide a more nuanced view of immune evasion. Finally,
although this study supports the rationale for immunoprevention,
the clinical efficacy in reducing tumor incidence or delaying re-
currence must be confirmed in prospective interventional trials.

Although our findings require validation through functional
immunologic assays and future clinical studies, they strongly sup-
port the further clinical development of NOUS-209 as a promising
new frontier in cancer interception in Lynch syndrome.
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