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ABSTRACT

Intron retention (IR) is an underexplored source of alternative neoantigens
in cancer. Unlike mutation-derived neoantigens, IR-derived neoantigens
can arise even in malignancies with low tumour mutational burden (TMB),
such as microsatellite-stable colorectal cancer (MSS-CRC), making them a
potentially important source of tumour antigens. Here, we provide
experimental evidence that IR-derived neoantigens are expressed in
tumours and are recognized by T cells, with approximately 30% of
predicted epitopes eliciting measurable CD8* T cell responses. We applied
a bioinformatics pipeline to RNA sequencing data from 23 CRC patients,
identifying 49 patient-specific and 24 shared IR-derived neoantigens, the
latter present in ~30% of the cohort. Notably, most shared neoantigens
exhibited high binding affinity to the predominant HLA alleles,
highlighting their potential as broadly targetable vaccine candidates.
Together, these findings establish IR-derived neoantigens as a validated
and clinically relevant class of tumour antigens, expanding opportunities
for personalized and off-the-shelf immunotherapies in CRC and other low-

TMB cancers.



INTRODUCTION

Neoantigen cancer vaccines are highly personalized as neoantigens are
predicted from patient’s tumour samples. These neoantigens are defined
as tumour specific proteins that are absent in normal tissue but exist in
tumour cells!. By vaccinating the patients against their neoantigens,
cancer vaccines aim to prime the adaptive immune system to target the
tumours and boost antitumour immunity?. Neoantigens used for cancer
vaccines generation are usually predicted from single nucleotide
polymorphisms (SNP) such as Single Nucleotide Variant (SNV) mutations,
insertions and deletions (indels). However, SNPs rarely give rise to
immunogenic neoantigens and are highly patient-specificl. Moreover, low
Tumour Mutational Burden (TMB) tumours, such as microsatellite stable
colorectal cancer (MSS CRC), harbour few SNP-derived neoantigens,

thereby limiting the effectiveness of SNP-based neoantigen vaccines3.



Multiple studies have demonstrated that neoantigens can arise from
diverse sources, including alternative splicing, human endogenous
retroviruses, and gene fusions*°. By exploring these alternative sources,
the repertoire of targetable antigens can be expanded, providing
opportunities to develop more effective cancer vaccines for tumours with
low mutational burden, such as MSS-CRC!. Importantly, many of these
alternative neoantigens can be upregulated across patients and can be
shared among different tumour types, offering a broader and more

universal set of targets than patient-specific SNP-derived neoantigens®.

Intron retention (IR) is one such alternative source of neoantigens. IR
occurs when intronic sequences are retained in mature mRNA after
splicing, and in the cytoplasm these transcripts can escape nonsense-
mediated decay (NMD). When these retained intron transcripts are
translated, they can give rise tc alternative protein isoforms not normally
produced in healthy cells, thereby serving as a potential source of
neoantigens. Under normal conditions, introns are excised from exonic
regions through cleavage at 5 splice sites’. Spliceosome complexes,
composed of small nuclear ribonucleoproteins (snRNPs), recognize the 5’
splice site and form a lariat structure with the branch point and 3’ splice
site, thereby excising introns. Pre-mRNA splicing is mediated by multiple
factors, including the activity of the six snRNP-containing spliceosome
complexes and their affinity for splice sites. Studies have shown that
mutations in these splice sites disrupt normal splicing and increase intron

retention®9.



Reports have shown that intron retention occurs at markedly higher rates
in most cancer tissues as compared to the normal tissues!®. Given the
elevated frequency of intron retention (IR) in cancer cells, we hypothesized
that this would lead to an increased repertoire of IR-derived peptides that
could serve as alternative source of neoantigens. Thus far, multiple
bioinformatic pipelines have been developed to detect retained introns and
predict corresponding neoepitopes!!12, Using one such published
pipeline, in this study, we have systematically identified and validated IR-
derived neoantigens in colorectal cancer (CRC). By integrating RNA
sequencing data from 23 CRC patients, we predicted both patient-specific
and shared IR-derived neoantigens, confirmed their expression by RT-PCR,
and evaluated their immunogenicity using in vitro immune assays. Our
findings establish IR-derived neoantigens as a promising class of targets
for cancer immunotherapy, particularly in low-tumour mutational burden

(TMB) cancers such as CRC.

RESULTS

To assess the presence of tumour-specific IR events in colorectal cancer,
we applied IRFinder to RNA-sequencing data from 23 paired tumour and
normal CRC samples, identifying tumour-specific IR events through
differential expression analysis. The binding affinity of these sequences to
the HLA alleles expressed by the patients were predicted by
netMHCpan4.1. 9-mer peptides translated from these sequences were

subsequently queried against PepQuery 2.0. Peptides that have the



potential to be translated with high confidence in CRC datasets but not
found in healthy tissue datasets were selected. These potentially
translatable peptides were further screened to ensure that they were not

part of already existing proteins, using NCBI tblastn (Fig 1A).

We observed that for each patient sample, there were more intron
retention events in the tumour as compared to their matched normal (Fig
1B). On average, each tumour sample has 146 unique IR events that were
not found in the matched-normal sample while the normal samples have
102 unique intron retention events (Fig 1C). Previous published studies
also reported the identification of unique IR events in tumour samples. A
significant number of IR events were upregulated in tumours, although
also detectable in normal samples, and were classified as tumour-
associated IR events (Supplementary Fig 1A). On average, there were a
total of 5405 increased differential and 5059 decreased differential

retention events in the tumour and normal, respectively.

Further analysis of these tumour-associated IR events showed that there
are 2637 upregulated introns and 4395 downregulated introns among the
patient population (n = 23, p < 0.01) (Fig 1D). This shows that
differentially expressed IR events are common throughout the patient
population. Analysis of the top 50 differentially expressed introns revealed
distinct expression clustering between tumour and normal samples (Fig

1E).

To determine the functions of genes affected by IR, we performed gene

ontology analysis on 695 genes containing 2,637 upregulated introns and



1,014 genes containing 4,395 downregulated introns. Gene ontology
analysis revealed that genes affected by upregulated introns were
predominantly involved in extracellular matrix organization, cell division,
cell cycle checkpoints, and DNA replication (Fig 2A) (p < 0.05). The
increase in intron retention within these processes suggests reduced levels
of functional mRNA and, consequently, fewer proteins necessary for their
execution, indicating that these pathways are impaired in tumour cells!3.
Such disruption may represent one mechanism enabling uncontrolled
tumour proliferation. To assess disease associations of the upregulated
introns, we repeated the analysis using disease ontology and found that
colon adenocarcinoma was among the eleven ideritified diseases (Fig 2B),
indicating that a substantial proportion of upregulated introns are
correlated with CRC. On the other hand, the gene ontology for the
downregulated introns has an overrepresentation of processes involved
with the skeletal muscle (Fig 2C). Consistently, most of the genes with the
downregulated introns seem to be involved in diseased such as muscular
dystrophy (Fig 2D). Thus, while downregulated introns appear less
directly relevant to tumour progression, the upregulation of introns shows

a clear association with CRC.

Multiple studies have hypothesized that the splice site strength of an

intron might be the cause of differential expression in different genes!4.

To test this, the splice strength of all introns was calculated using
MaxEntScan!® and plotted accordingly (Supplementary Fig 1B). Mann-

Whitney U test was done to determine if there were any significant



differences between the two populations of upregulated and
downregulated intron retention events. Interestingly, there appears to be
no difference between the population of upregulated and downregulated
intron retention events (p < 0.05, p = 0.2). This similarity indicates that
splice site strength alone does not account for the observed differential

expression of intron retention events.

From the unique peptides identified across all colorectal cancer patients
using NCBI tblastn, we selected peptides from seven patients for
subsequent expression validation and immunogenicity testing (Table 1).
We shortlisted peptides from patients for whom tumour organoids were
successfully derived. RT-PCR primers were desigiied with one primer in
the exon and the other in the retained intron at both the 5’ and 3’ ends to
selectively detect intron expression (Supplementary Fig 1C). Of the four
tumour samples analysed, iwo (CV25 and CV20) exhibited significantly
higher intron expression (encoding IR1 and IR8, respectively) in tumour
tissue compared with matched normal samples (Fig 2E). To verify that the
correct intron-exon regions were amplified, agarose gel electrophoresis
was performed on CV25-derived PCR products, followed by gel extraction,
purification, and Sanger sequencing. The resulting DNA bands
corresponded to the expected amplicon sizes (Supplementary Fig 1D).
Importantly, Sanger sequencing confirmed that the intron-exon junctions
were specifically amplified during qPCR, indicating that the signal was not
due to off-target amplification (Supplementary Fig 1E). Taken together,

the qPCR data demonstrates that the predicted peptides are expressed in



over half of the patients tested, validating that we can identify IR events

that are truly expressed in patients.

Table 1: Selected 9-mer peptides for in vitro validation

Patient Peptide Gene HLA HLA- Rank (%)
Sequence binding
CV25 LSCSPMMRK | LRRCS8B A*11:01 0.641 0.201
(IR1)
QLLGPWVFK OPLAH 0.817 0.081
(IR2)
CV30 ILAFIAPLK CHD7 A*11:01 0.526 0.343
(IR3)
NLFQVMHIK FANCB 0.404 0.533
(IR4)
CV31 AVVAMVTLM | PLEKHG5 A*34:01 0.214 0.873
(IR5)
Cv23 MWSFIHNNL WDR19 A*24:07 0.334 0.382
(IR6) S
RQDPAPQQV = FERMT3 | A*02:01, 0.0645 1.60
(IR7)
A*X24:07
CV20 SLPPGLRGT RNF123 A*02:07 0.165 0.820
(IR8) .|
CV21 AVLHGRLFL TPCN2 A*02:06 0.259 0.898
(IR9) 7‘
CV26 TGRGVLCLR ITGAM A*31:01 0.483 0.497
(IR16)
SLLASSPAR CDH24 A*11:01, 0.490 0.486
(IR11)
A*31:01

To determine the immunogenicity of these peptides, we stimulated naive
CD8* T cells from healthy donor peripheral blood mononuclear cells
(PBMCs) using autologous monocyte-derived dendritic cells (moDCs)
pulsed with the predicted IR neoantigen peptides. Of the peptides that
were tested, three of the peptides were determined to be immunogenic;

IR3, IR7 and IR9 and these peptides had high binding affinity to HLA-



A*11:01, HLA-A*02:01 and HLA-A*02:06 respectively. As such K562 aAPCs
and GZMB reporter cell lines were engineered to express the specific HLA
haplotypes before proceeding with the immunogenicity validation for each
of the peptides. Antigen recognition was quantified by measuring
interferon-y (IFNy) secretion from stimulated T cells using an ELISPOT
assay. T cells trained against moDCs pulsed with IR peptides were
subsequently restimulated with K562 cells expressing HLA-A*11:01, HLA-
A*02:01 and HLA-A*02:06 and loaded individually with IR3, IR7 and IR9
peptides respectively. Compared to unpulsed and irrelevant peptide
pulsed aAPCs, aAPCs pulsed with IR9 peptides readily stimulated the IFNy
secretion of trained T cells. When IR9 peptide pulsed aAPCs were
cocultured with control T cells not trained against these peptides, IFNy
secretion remained minimal (Fig 3A & 3D). Next, we quantified the GZMB
release from IR7-specific T celis and IR9-specific T cells in response to IR7
and IR9 peptides preserited by HLA-A*02:01 and HLA-A*02:06 expressing
GZMB reporter celi lines. Co-culture of reporter cells pulsed with IR
peptides and their trained T cells showed a significant increase in IFP*
population indicating the functional recognition of the neoepitopes by the
expanded T cells. As controls, reporter cells either not pulsed with
peptides or pulsed with irrelevant EBV peptide showed significantly lower
IFP positive population. Similarly, when the GZMB reporters were
cocultured with the control T cells, there was a significantly lower
population of IFP positive population. (Top-panel:IR9, Bottom-panel:IR7)
This suggests that the IR T cells specifically recognized the IR neoepitopes

(Fig 3B & 3D). Trained T cells were also restimulated with IR peptides to



assess CD137 expression, a marker of T cell activation. As expected, the
IR peptides resulted in significantly higher CD137 expression relative to
the unpulsed and irrelevant controls as well as when cocultured with
control T cells (Top-panel:IR9, Bottom-panel:IR7) (Fig 3C & 3D). Tetramer
staining revealed that approximately 2.56 % of the IR7 specific T cells
exhibited specificity towards IR7 neoepitopes, which was absent in the
untrained control T cells (Fig 3E). The same trend was observed when
tetramer staining was performed with IR3 specific T cells across two
different healthy donors (Supplementary Fig 1D) and for IR9 specific T
cells (Fig 3F). To assess translational evidence for the predicted IR
peptides, we analyzed IR7 and IR9 using PepQuerv and identified one
spectrum for each peptide that passed all guality filters (Fig 3G & 3H).
This suggests that IR7 and IR9 peptides can be translated. Taken together,
we have demonstrated that necantigens produced from intron retention,
namely IR3, IR7, and IR9, can elicit CD8+ T cell responses and stimulate

expansion, hence, are potential candidates for cancer vaccines.

In addition to patient-specific IR events, we investigated whether shared
IR events could be identified among CRC patients. We detected 24
neoantigens present in at least six patients, accounting for ~30% of the 23
patients analyzed (Table 2). Among these patients, the most prevalent
HLA alleles were HLA-A11:01, HLA-A02:07, and HLA-A*33:03
(Supplementary Fig 1D). Notably, the majority of predicted neoantigens
showed predicted binding affinity to these three dominant alleles in the
cohort. These findings demonstrate that IR-derived neoantigens can be

shared across patients. Importantly, many exhibited high binding affinity



to the most prevalent HLA alleles, suggesting their potential utility in

developing vaccines applicable to multiple patients.

Table 2: Predicted shared IR neoantigens and their HLA binding

motifs
HLA binding motifs Sequence
HILA-A11:01 QVALLGLGR
HLA-A11:01 FTQRVSAKR
HILA-A11:01 RARPLGHLR
HLA-A02:07 SAPDLISPF
HILA-A02:01, HILA-A02:06, LLPTSFPHL
HILA-A02:07
HLA-A02:07 VTGRLFIHL
HLA-A02:01, HLA-A02:06, LQTPVSQTV
HILA-A02:07 A N
HLA-A11:01 ( RALFHDIGR
HILA-A11:01 AN HTHSCRAPR
HLA-A02:01, HILA-A02:06, SQSPHLPSA
HILA-A02:07
HILA-A02:01, HILA-A02:06, RVITGATPNL
HILA-A02:07
HLA-A11:01 VTGATPNLR
HILA-A11:01 GTLASPPSR
HLA-A02:06 RTMSVKVGA
HILA-A02:01, HIA-A02:06, RLAHGPSSL
HILA-A02:07
HLA-A11:01 QTRRGLAAR
HILA-A11:01 WSAANQTGK
HLA-A02:06 AVAFWKTPV
HILA-A02:01, HILA-A02:06, VLWSVATPI
HLA-A02:07
HLA-A02:01 FLLSYVQDS
HILA-A02:01, HILA-A02:06, VLFHSLSLL
HLA-A02:07
HILA-A11:01 TESGVMVNK
HILA-A11:01 LSLSVPALK




HILA-A11:01  VSLAGGPPR

DISCUSSION

In this study, we demonstrated that intron retention (IR) generates
alternative immunogenic neoantigens that can be identified from RNA
sequencing data of CRC patients. At least half of the predicted neoantigens
were confirmed to be expressed in patient samples, and approximately
30% elicited in vitro T cell responses based on our prediction and
validation pipeline. Our work delivers both computational and
experimental evidence that IR gives rise to bona fide immunogenic
neoantigens. We utilised the public CRC MS/MS dataset to approximate
the translation potential of neoantigens. However, additional evidence is
required to confirm their translation and validate their suitability as
therapeutic targets. Ultimately, patient-specific protein MS/MS analyses
may be necessary to determine whether the predicted 9-mer peptides are

indeed translated.

An additional consideration for improving the accuracy of intron retention-

derived neoantigen identification is the choice of RNA-seq library



preparation. For the detection of IR and other alternative splicing events,
poly(A)-selected RNA sequencing may be advantageous, as it reduces the
contribution of unspliced pre-mRNA transcripts that still contain introns.
This approach could help minimize potential false-positive IR calls and
increase confidence that predicted peptides originate from mature
transcripts expressed in tumour cells. Future studies systematically
comparing ribosomal depletion-based and poly(A)-selected RNA-seq
strategies will be valuable for optimizing the precision of IR-based

neoantigen discovery.

Another critical consideration for the clinical translation of IR-derived
neoantigens is the possibility that predicted epitopes may also be
expressed in non-malignant tissues. Comprehensive assessment of this
risk would require systematic evaluation across large cohorts of healthy
donors and reference datasets, including specialized cell types such as
medullary thymic epithelial cells (mTECs), which play a key role in central
tolerance. While such analyses were beyond the scope of the present study
due to data availability constraints, incorporating healthy tissue and
mTEC-derived proteomic and transcriptomic datasets, as described in
previous work,16 will be an important direction for future refinement of IR

neoantigen prioritization pipelines.

Importantly, we found that IR events can generate not only patient-specific
but also shared neoantigens across multiple CRC samples. For instance,
the predicted peptides (Table 2) were consistently retained in several

patients, demonstrating that recurrent IR events can serve as a foundation



for shared antigen discovery. Refining prediction pipelines to better
capture such recurrent events will be crucial for identifying neoantigens
with broader clinical applicability. The identification of shared IR-derived
neoantigens is particularly significant for microsatellite-stable CRC, where
mutation-derived epitopes are scarce, as it highlights the potential for
developing vaccines that extend beyond personalized approaches to off-
the-shelf immunotherapies capable of benefiting larger patient

populations.

In conclusion, this study provides the experimental validation that IR-
derived peptides can drive CD8* T cell recognition and expansion,
establishing IR-derived neoantigens as a novel and clinically relevant
repertoire of tumour antigens. Our results are also consistent with recently
published studies which suggest that IR-derived peptides have a great
potential in serving as alternative sources of neoantigens!’.18, These
findings open new opportunities to expand the range of targetable
antigens for cancer vaccine development, especially in low-TMB tumours

where conventional strategies are limited.

METHODS

DNA and RNA extraction



DNA and RNA from colorectal cancer (CRC) patient samples were isolated
using the AllPrep DNA/RNA Mini Kit (Qiagen, #80204) as previously
described!®. Genomic DNA from human peripheral blood mononuclear
cells (PBMCs) was purified with the Wizard Genomic DNA Purification Kit
(Promega, #A1125). Total RNA from cultured cell lines was extracted
using the E.Z.N.A. Total RNA Kit I (Omega Bio-Tek, #R6834). Cell-free
RNA from plasma samples was isolated using the QIAamp Circulating

Nucleic Acid Kit (Qiagen, #55114).

Plasmid

Lentiviral packaging plasmids pMDLg/pRRE (Addgene #12251), pMD2.G
(Addgene #12259), and pRSV-Rev (Addgene #12253) were obtained from
Didier Trono. The lentiviral backbone pLV-EF1a-IRES-Neo was provided
by Tobias Meyer (Addgene #85139), and pcDNA3.1 iCasper T2A HO1 was
obtained from Xiaokun Shu (Addgene #64278). The AAVS1-CAG-hrGFP
construct was acquired from Su-Chun Zhang (Addgene #52344), while
AAVS1-TALEN-L and AAVS1-TALEN-R were gifts from Danwei Huangfu
(Addgene #59025 and #59026). The gBlock encoding HLA-A*11:01, HLA-
A*02:01 and HLA-A*02:06 coding sequences was cloned using EcoRI (New
England Biolabs #R3101L) and BamHI (New England Biolabs #R3136L)

into pLV-EF1a-IRES-Neo to generate lentivirus.

The GZMB reporter and cr-ICAD (caspase-resistant inhibitor of caspase-
activated DNase) sequences, synthesized by IDT, were cloned as follows:

the GZMB reporter!® was inserted into pcDNA3.1 iCasper T2A HOI1,



replacing the caspase cleavage site with a GZMB-specific site via BamHI
and EcoRI digestion. The resulting GZMB sequence was amplified,
digested with Sall and EcoRV, and inserted into AAVS1-CAG-hrGFP to
generate AAVS1-CAG-GZMB Reporter!d. The cr-ICAD gBlock was directly
cloned into AAVS1-CAG-hrGFP using Sall and EcoRV to produce AAVSI1-

CAG-cr-ICAD.

RT-qPCR and Sanger Sequencing

Complementary DNA (cDNA) was generated using the GoScript Reverse
Transcription System Kit (Promega, #A5000) fromi 3pg of total RNA
extracted from tumour and adjacent normal tissue samples. RT-qPCR was
carried out with SYBR Select Master Mix (Thermo Fisher Scientific,
#4472919), using 50 ng of cDNA in a 10 uL reaction. The PCR products
were separated via agarose gel electrophoresis, then excised and purified
with the E.Z.N.A. Gel Extraction Kit (Omega Bio-Tek, #D2500). The
purified DNA was subsequently sent for Sanger sequencing with the same
RT-qPCR primers to verify intron-exon junctions. RT-qPCR reactions were
performed in triplicate for each intron-exon primer set, with threshold
cycle (Ct) values calculated using the Design and Analysis Software
(Thermo Fisher Scientific, V.2.6). The mean Ct values were analyzed using
the comparative Ct method and normalized to the housekeeping gene beta

actin.

HLA haplotyping



To obtain high resolution (4-digits) haplotype for the HLA-A, exons 2 and
3 were amplified using GoTaq G2 Green Master Mix (Promega, #M7822)
from healthy donor PBMC DNA that was extracted using the Wizard
Genomic DNA Purification Kit (Promega, #A1120). Primers used were
forward primer HLA-A-F: GAAACSGCCTCTGYGGGGAGAAGCAA and
reverse primer HLA-A-R: TGTTGGTCCCAATTGTCTCCCCTC. A 985-bp
PCR product was confirmed by agarose gel electrophoresis and purified
using the E.Z.N.A Cycle Pure Kit (Omega Bio-Tek, #D6492-02). The
purified PCR product was sequenced by Bio Basic Asia (Singapore) using
the abovementioned primers. The sequencing data were analyzed using
SOAPTyping?! and filtered based on the most common haplotypes in

Singapore.

Generation of lentivirus

HEK?293T cells were seeded in a T175 flask a few days before transfection
to allow them to grow to 70% confluency. 40ug of an appropriate transfer
plasmid (HLA-A*02:06, HLA-A*02:01 and HLA-A*11:01), pMDLg/pRRE,
pMD2.G, and pRSV-Rev (mass ratio 4:2:1:1) were transfected using
Lipofectamine 3000 Transfection Reagent (Thermo Fisher Scientific #
L3000015) into HEK293T cells. Media were changed 6 hrs after
transfection. The media containing virus was collected at 72 hrs after
transfection, and the virus was pelleted down using an ultracentrifuge
(100,000 g, 2 hrs at 4 °C). HLA-A*02:06, HLA-A*02:01 and HLA-A*11:01

virus pellets were resuspended in PBS and kept in -80 °C29,



Generation of aAPC

The HLA-null K562 cells were used to generate aAPC as previously
described!?. Cells were transduced with CD80 (Origene, #RC206540L1V),
CD86 (Origene, #RC217341L1V). Then HLA-A*11:01, HLA-A*02:06 and
HLA-A*02:01 viruses were used to transduce the K562 aAPCs to generate
three separate aAPCs with different HLA alleles. Briefly, cells were mixed
with appropriate amounts of virus and 8 pg/mL polybrene (Merck #TR-
1003-G), centrifuged at 800 G for 1 hr at 32 °C and cultured for 1 day.
Media containing virus were replaced the next day to expand cells. CD80,
CD86 and HLA triple positive cells were sorted using BD FACSAria Fusion

Cell Sorter.

Generation of GZMDB reporter cells

HEK293T HLA KO cells were transfected with AAVS1-TALEN-L, AAVS1-
TALEN-R plasmid and AAVS1-CAG-cr-ICAD (mass ratio 1:1:1) using the
Lipofectamine 3000. The transfected cells were then selected with
puromycin (Thermo Fisher Scientific #A1113803) at 1ug/ml to get stable
cells expressing cr-ICAD. The HEK293T-HLA KO-cr-ICAD cells were then
transfected with AAVS1-TALEN-L, AAVS1-TALEN-R plasmid and AAVS1-
CAG-GZMB Reporter (mass ratio 1:1:1).18 Stable cells expressing the
GZMB Reporter were selected by sorting for GFP positive cells. Lastly,

HEK293T-HLA KO-cr-ICAD-GZMB reporter cells were transduced with the



HLA-A*11:01, HLA-A*02:01 or HLA-A*02:06 virus to generate three
separate GZMB reporter cells lines with different HLA. Stable cells

expressing HLA-A*11:01 were selected by staining for HLA and sorted20°.

Monocyte-derived dendritic cell (imoDCs)-naive CD8* T cells co-
culture

The EasySep Human Monocyte Isolation Kit (STEMCELL, #19359) was
used to isolate monocytes from healthy donor PBMCs. ImmunoCult™
Dendritic Cell Culture Kit (STEMCELL, #10985) was used to differentiate
and mature these monocytes in Dendritic Cells (DCs) as previously
described?’. During this maturation step, nine-mer neoantigen peptides,
that were ordered from Genescript, were added to the DCs at 100 pg/ml
during maturation. These DCs were gently lifted from the wells using PBS
containing 2% Human Serum (HS, Sigma #H3667) and 1% P/S by
pipetting up and down, after 22 hours of maturation. EasySepTM Human
Naive CD8+ T cell Isclation Kit (STEMCELL #19258) was used to isolate
naive CD8+ T cells from matched PBMCs. The mature DCs from the
previous step were then co-cultured with these naive CD8+ T cellsata 1:4
ratio (DC: T cells) in the coculture medium. (RPMI 1640 with 10% HS, 1%
P/S, 30 ng/ml IL-21 (Miltenyi #130-095-768), 40 ng/ml IL-7 (Miltenyi #130-
095-361), and 40 ng/ml IL-15 (Miltenyi #130-095-762)) in a 48-well plate.
After three days of coculture, on day four, the expansion media (RPMI
1640 with 10% HS, 2% P/S, 200 IU/ml IL-2 (Miltenyi #130-097-744), plus

40 ng/ml IL-7 and IL-15) was added to the co-cultured cells. Expansion



medium was replenished every 2 to 3 days to promote neoantigen-specific

CD8+ T cell expansion, for 14 days20.

GZMB reporter assay

One day before GZMB coculture assay, GZMB reporter cells were seeded
in a 24-well plate in an appropriate cell density and neoantigen peptides
of interest were added to the reporter cells at a final concentration of 100
pg/ml. On the day of coculture, neoantigen-specific T cells were added to
the corresponding wells at a ratio of 1:4 (reporter to T cell) and incubated
at 37°C for 6 hours. Then the co-cultured cells were collected, centrifuged,
and the cell pellet was resuspended in flow buffer (1% BSA in PBS) for flow

cytometry analysis?29.

ELISPOT assay

ELISPOT was performed following manufacturer’s protocol and as
previously described?0. Briefly, the strip plate from the Human IFNYy
ELISPOT PLUS kit (Mabtech, #3420-4APT-10) was washed with PBS and
blocked with PBS containing 10% FBS for 30 minutes at 37°C. During the
coculture, ten thousand neoantigen-expanded T cells were stimulated with
2,000 K562 aAPCs in either the absence (control) or presence of
neoantigen or EBV peptides in the wells of the strip plate for 24 hours.
Afterwhich, the cocultured cells were discarded, and the wells washed
with PBS for a minimum of five times. Then biotin-conjugated anti-IFNy

primary antibody diluted in PBS with 0.5% FBS, was added to the wells



and incubated for 2 hours at room temperature. After incubation, the wells
were washed with PBS and incubated with Streptavidin-ALP secondary
antibody diluted in PBS with 0.5% FBS for 1 hour. Subsequently,
BCIP/NBT-plus substrate was added and allowed to incubate at room
temperature for 15 minutes. After drying overnight, the spots were

scanned and analyzed using the CTL ImmunoSpot S6 Entry M2 Analyzer20.

Tetramer staining

Tetramer staining was performed following the manufacturer’s protocol
and as previously described?0. Flex-T HLA-A*11:01 monomers UVX
(BioLegend, #280007) were assembled into peptide-loaded tetramers
according to the manufacturer’s instructions. T cells were stained with
these peptide-loaded tetramers ana an anti-CD8 antibody (BioLegend,
#344718). After staining, the cells were pelleted by centrifugation. The
cell pellets were then resuspended in flow buffer containing propidium
iodide (PI, Sigma-Aidrich, #P4170, diluted 1:1000), a live/dead marker,

and analyzed using a flow cytometer20,

CD137 expression

Peptide-pulsed aAPCs were co-cultured with their corresponding
neoantigen-expanded T cells at a 1:4 ratio (aAPC:T cell) for 24 hours as
previously described?’. Following incubation, cells were stained on ice for

30 minutes with LIVE/DEAD Fixable Near-IR dye, anti-CD8, and anti-



CD137 antibodies (BioLegend, #309810; 1:200 dilution). After three

washes, samples were analyzed by flow cytometry.

Tumour-Matched Sample Analysis

Tumour-matched samples were obtained from National University of
Singapore (NUS) and Genome Institute of Singapore (GIS)?2, comprising
23 patient samples in total. For each patient, IRFinder (v1.3.1) was used
to identify intron retention in tumour and normal samples. Differential
intron retention (IR) analysis was performed without replicates using
IRFinder, based on Audic-Claverie test. Retained introns were considered

for downstream analysis if:

1. IRratio in normal = 0
2. 0.05 < IRratio in tumour < 0.7

3. No warnings for the intron in either sample

Translation and Immunogenicity Analysis

Pileup was performed on the reads to determine the sequences covering
retained introns, focusing on regions flanking the 5’ and 3’ splice junctions.
For introns retained from the 5’ splice site, the reading frame was derived
from the preceding exon, and the sequence was translated until a stop
codon was encountered. For introns retained from the 3’ splice site,
translation began at the first start codon derived from the pileup sequence

and continued until the 3’ splice site or a stop codon was reached.



If HLA typing was not provided, arcasHLA (v0.6.0) was used to determine

the patient’s HLA.

Immunogenicity of translated sequences was assessed using netMHCpan
(v4.1) with a k-mer length of 9. Peptides with a threshold = 2% were

retained.

PepQuery

Filtered immunogenic peptides were queried against two sets of MS/MS

datasets using PepQuery(v2.0):
CRC-related datasets:

CPTAC Prospective Colon PNNL Phosphoproteome PDC000117
CPTAC Prospective Colon PNNL Proteome PDC000116

CPTAC Prospective Colon VU Proteome PDC000109

s S |

CPTAC TCGA Colon Cancer Proteome PDC000111

Healthy tissue datasets:

0 Deep 29 healthy human tissues PXD010154

0 GTEx 32 Tissues Proteome PXD016999

Only neoantigens that are classified as confident or C7, per PepQuery
algorithm, is retained. Peptides that were confidently identified in CRC
datasets but not found in healthy tissue datasets were validated using

tblastn to confirm unique genomic origins.



Bioinformatics Analysis

IRFinder’s output was used to calculate the intron depths for the first and
last 50 bp of each intron, averaged per tumour-matched sample.
Differential expression analysis was performed using DESeq2 (v1.46.0) in
R (v4.4.2) with p = 0.05. NA results were excluded, and significantly
differentially expressed introns were identified with:

0 |log2 fold change| > 2

0 padj<0.05

Visualization included a volcano plot in R and a heatmap of differentially
expressed introns using ComplexHeatmap (v2.22.0). Genes were grouped
into upregulated and downregulated categories based on log2 fold change
value. Gene enrichment analysis was conducted using clusterProfiler
(v4.14.0) with Org.Hs.eg.db (v3.20.0). Disease enrichment analysis was

performed with DOSE (v4.0.0)

Statistics

Statistical significance was assessed with paired or unpaired two-tailed
Student’s t-tests using Prism V.8 (GraphPad) or R. For all

figures: 9<0.05; *9<0.01; **9<0.001; ***<0.001 .

Data Availability

The RNA sequencing data generated in this study have been deposited in

the NCBI Gene Expression Omnibus (GEO) under accession number



GSE292858. The data are publicly available at

Code Availability

The bioinformatics pipeline code can be found in a GitHub Repository

(https://github.com/kingofburg/IRANP).
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Figure Legends

Figure 1: Identification of Intron Retention (I?} neoantigens from
CRC clinical samples

(A) Flow of computational prediction pipeline. (B) Percentage of intron
reads to the total mapped reads in individual patients. (C) Spread of
tumour-unique and normal-unique Intron Retention (IR) events. (D)
Volcano plot showing differentially expressed IR events between tumour
and paired normal samples. The x-axis represents the log2 fold change,
and the y-axis represents the —[JJJ10 adjusted p-value. Statistical
significance was determined using the DESeq2 package, p-values were
adjusted for  muiltiple testing using the Benjamini-Hochberg
(BH) procedure, with significant introns (adj. p-value < 0.05,
|log2FoldChange| > 2) highlighted. (E) Heatmap showing the expression
of the top 50 differentially expressed IR events (Adj. p-value < 0.05).

Figure 2: Gene ontology and expression levels of predicted IR
neoantigens

(A) Top 15 enriched gene ontology (GO) of cellular processes for genes
which contains upregulated introns (n = 695). (B) Top 10 enriched disease
ontology (DO) for genes which contains upregulated introns (n = 695). (C)
Top 15 enriched gene ontology (GO) of cellular processes for genes which
contains downregulated introns (n = 1094). (D) Top 10 enriched disease
ontology (DO) for genes which contains downregulated introns (n = 1094).
GO panels are generated by GSEA package, significance is reported
as nominal p-values (see colour scale, adj. p-value < 0.05). Disease
enrichment significance was assessed using DOSE package, using



a hypergeometric test with Benjamini-Hochberg FDR correction. In the
dot plot, point size is proportional to the gene count per DO term, and
point colour indicates the adjusted p-value (BH) (see color scale, adj. p-
value< 0.05) (E) Expression (relative fold change) of retained introns in
CRC patient samples encoding the IR peptides (CV25: IR1, CV20: IRS,
CV31: IR5 and CV26: IR11) by RT-gPCR. S2F1R1: Intronic sequence 2
amplified by forward primer 1 & reverse primer 1. S2F2R2: Intronic
sequence 2 amplified by forward primer 2 & reverse primer 2. Unpaired
Student’s t test was used to determine significance (n = 3, * p < 0.05, **p
< 0.01).

Figure 3: Immunogenicity and translational validation of the
predicted IR neoantigens from CRC patients

(A) ELISPOT quantification of IFNy secretion by IR9 specific T cells after
stimulation with HLA-A*02:06 expressing aAPCs, in the presence (leftmost
panel) or absence of IR9 peptide or in the presence of irrelevant EBV
peptide as well as when cocultured with control T cells. (B)
Representative FACS plots of GZMB reporter validation in IR9 specific T
cells (Top row) and in IR7 specific T cells (bottom row) in the presence
(leftmost panel) or absence of peptides or in the presence of irrelevant
EBV peptide as well as when cocultured with control T cells. IR9 specific
T cells were cocultured with peptide-pulsed HLA-A*02:06 aAPCs while IR7
specific T cells were cocultured with peptide-pulsed HLA-A*02:01 aAPCs.
(C) Representative FACS plots of CD137 expression in IR9 specific T cells
(Top row) and in IR7 specific T cells (bottom row) in the presence (leftmost
panel) or absence of peptides or in the presence of irrelevant EBV peptide
as well as when cocultured with control T cells. IR9 specific T cells were
cocultured with peptide-pulsed HLA-A*02:06 aAPCs while IR7 specific T
cells were cocultured with peptide-pulsed HLA-A*02:01 aAPCs (D)
Quantification of the plots in Fig A-C. (E) IR7 tetramer and CD8 staining
of the IR7 specific T cells. (F) IFNy release assay of IR9 specific T cells
when stimulated with HLA-A*02:06 expressing aAPCs in the presence (15t
panel) or absence (224 panel) of IR9 peptides as well as when cocultured
with control T cells (3@ panel). T cell training was performed with one
healthy donor. The subsequent validation assays ELISpot, GZMB killing
assay, CD137 activation assay and tetramer assay were performed with
two technical replicates and Student’s t-test was used to determine
significance (n=2, * p < 0.05, * p < 0.01). (G) Mass spectrum of IR9
peptide from PepQuery 2.0. (H) Mass spectrum of IR7 peptide from
PepQuery 2.0.

Supplementary Figure 1: Splice site strength and transcriptional
evidence of introns



(A) Pie-chart showing the tumour-unique and normal-unique IR events.
(B) Scatter plot of all intron splices strength, with upregulated and
downregulated intron retention events differently coloured. (C) Design of
RT-qPCR primers for detection of transcripts with retained introns. (D)
Agarose Gel Electrophoresis of qPCR analysis for patient CV25 intron
sequence 1 (seq 1) and sequence 2 (seq 2), as well as the housekeeping
gene B-Actin with the respective DNA bands. (E) PCR product 3’ intron-
exon junction sequence of CV25 intronic sequence 1 with the
corresponding Sanger sequencing result for the forward primer (F1) and
reverse primer (F2) at the 3’ intron-exon junction as well as the 5’ intron-
exon junction.

Supplementary Figure 2: Tetramer staining

(A) Tetramer staining showing the percentage of the control T cells
specific to IR3 peptides (first column) or the percentage of IR3 specific T
cells to the irrelevant EBV peptide (second column) or the percentage of
IR9 specific T cells to IR9 peptides (third column) using T cells from two
different healthy donors (n=2). (E) Bar plots showing the HLA allele
distribution across all the tested patients.
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