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Two of seven PTSPs, validated using synthetic peptides, were shown to be immunogenic.
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Large-Scale Immunopeptidome Analysis
Reveals Recurrent Posttranslational Splicing of
Cancer- and Immune-Associated Genes

Ronen Levy'"*©, Tal Alter Regev''*, Wayne Paes®, Nofar Gumpert', Sapir Cohen Shvefel’,
Osnat Bartok', Maria Dayan-Rubinov', Michal Alon', Merav D. Shmueli°@, Yishai Levin',
Yifat Merbl®, Nicola Ternette®, and Yardena Samuels’

Posttranslational spliced peptides (PTSPs) are a unique
class of peptides that have been found to be presented by
HLA class-I molecules in cancer. Thus far, no consensus
has been reached on the proportion of PTSPs in the
immunopeptidome, with estimates ranging from 2% to as
high as 45% and stirring significant debate. Furthermore,
the role of the HLA class-Il pathway in PTSP presentation
has been studied only in diabetes. Here, we exploit our
large-scale cancer peptidomics database and our newly
devised pipeline for filtering spliced peptide predictions to
identify recurring spliced peptides, both for HLA class-I
and class-ll complexes. Our results indicate that HLA
class-l-spliced peptides account for a low percentage of
the immunopeptidome (less than 3.1%) yet are larger in
number relative to other types of identified aberrant pep-
tides. Therefore, spliced peptides significantly contribute
to the repertoire of presented peptides in cancer cells. In
addition, we identified HLA class-ll-bound spliced pep-
tides, but to a lower extent (less than 0.5%). The identified
spliced peptides include cancer- and immune-associated
genes, such as the MITF oncogene, DAPK1 tumor sup-
pressor, and HLA-E, which were validated using synthetic
peptides. The potential immunogenicity of the DAPK1- and
HLA-E-derived PTSPs was also confirmed. In addition, a
reanalysis of our published mouse single-cell clone
immunopeptidome dataset showed that most of the
spliced peptides were found repeatedly in a large number
of the single-cell clones. Establishing a novel search-
scheme for the discovery and evaluation of recurring
PTSPs among cancer patients may assist in identifying
potential novel targets for immunotherapy.

Analyses of the cancer immunopeptidome have predomi-
nantly focused on somatic nonsynonymous protein-altering
mutations. This is reflected in the types of approaches used,
such as whole-genome and whole-exome sequencing, which

support mutation analyses at the DNA and RNA levels (1, 2).
However, aberrant alterations can occur also posttransla-
tionally (3-6).

Posttranslational spliced peptides (PTSPs) are generated by
the ligation of two splice reactants, in a manner that either
follows the same N- to C-terminus orientation of the parental
protein (normal cis-spliced peptides) or inverts it (reverse cis-
spliced peptides) (7). They can also be formed by the ligation
of two splice reactants from different proteins (trans-spliced
peptides). So far, no consensus has been reached on the
proportion of PTSPs in the immunopeptidome, with estimates
ranging from 2% to as high as 45% and stirring significant
debate (7-13). Recently, it has been suggested that trans-
splicing occurs as frequently as cis-splicing (14). Others have
argued that for trans-splicing to happen, the two source pro-
teins need to be present in the same proteasome at the same
time, which is unlikely to happen on a large scale (8, 15). A
recently published study has gone as far as to suggest that
proteasome-mediated splicing may not occur at all, putting
into question the overall existence of proteasome-spliced
peptides (12). The authors of this study argued that as a
reactant in normal proteolytic reactions, water competes with
transpeptidation (a suggested mechanism of peptide splicing)
and that high water mobility and abundance in aqueous so-
lutions renders transpeptidation very inefficient and, therefore,
unlikely to occur (12). However, these various reasonings are
in contrast with in vitro, in-cellular, and in vivo results pub-
lished since the discovery of proteasome-catalyzed peptides
(5, 11, 16-19). They also do not consider alternative mecha-
nisms that could explain PTSPs, which would refute argu-
ments that PTSPs do not exist due to reasons associated with
the proteasome. While experimental study was beyond the
scope of the later commentary, a recent study involving
in vitro proteasomal digests of a panel of polypeptide
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substrates in combination with mass spectrometry found that
forward and reverse reactions display unique cis-splicing
signatures, providing experimental support for proteasome
involvement (20).

While a body of research exists regarding HLA class-I-
spliced peptides, the only report on an HLA class-llI-spliced
peptide comes from a study on type 1 diabetes, in which
spliced insulin sequences were identified (21). Type 1 diabetes
is caused by the T cell-mediated destruction of insulin-
producing p cells. The discovery that autoreactive T cells
target spliced peptides may explain how immune tolerance is
broken in type 1 diabetes (22, 23). The current study presents
the first search for HLA class-Il PTSPs in cancer and analysis
of their extent. As the classical HLA class-Il pathway does not
involve the proteasome (whereas HLA class-lI does), the
identification of such spliced peptides would suggest either
proteasome splicing via a nonclassical HLA class-Il pathway
and/or the involvement of proteasome-independent mecha-
nisms for the generation of HLA class-Il PTSPs.

Until recently, there was no adequate tool for the study of
PTSPs, and computational limitations precluded an accurate
assessment of their prevalence. Recent studies that neverthe-
less did address this topic were not in agreement. According to
Liepe et al. (7), the proteasome-generated cis-spliced peptide
pool accounts for one-third of the entire HLA class-l immuno-
peptidome. This estimation was based on generating an in
silico posttranslation sequence database. For each protein in
the human proteome, all the 9 to 12 N-mer cis-spliced peptides
with a maximum intervening sequence length of 25 residues
were generated, followed by a database reduction based on
finding the precursor masses in the mass spectrometry (MS)
data. However, when Mylonas et al. (8) reanalyzed the data,
they found that most of the spectra published by (7) could be
assigned to WT peptide sequences. This led them to suggest
that spliced peptides make up a much smaller portion of the
immunopeptidome (2-6%). They further proposed that the
large search space of potential PTSPs generated in (7) led to an
uncontrollable propagation of false-positives (8).

The lack of specialized tools dedicated to the prediction of
posttranslational cis- and trans-spliced peptides led to the
development of the Neo-Fusion tool. This tool does not
require an in silico posttranslational sequence database or de-
novo prediction approaches (24), both of which suffer from a
tendency to produce false-positives. Instead, two separate ion
database searches (N-terminus ion database search and C-
terminus ion database search) are implemented to identify the
two WT parents of each PTSP, and then the full spliced
sequence is inferred, following mass matching (24).

In this study, we devise a novel pipeline for the identification
and evaluation of recurrent cis-spliced peptides. In this pipe-
line, PTSPs identified by Neo-Fusion serve as a sequence
database for a MaxQuant search (in combination with the
full WT proteome). The pipeline stringently eliminates
possible false-positives based on multiple criteria. Using our

large-scale in-lab peptidomics database, we identified 143
recurrently spliced peptide bound to MHC class-I complexes
(oMHC-I; from 72 samples and replicates). Interestingly, we
also discovered ten recurrently spliced pMHC-II (from 30
samples and replicates). The recurrent PTSPs include multiple
cancer and immune-related genes. Implementing this novel
approach for searching for recurrent PTSPs shared among
patients may assist in identifying important targets for
immunotherapy.

EXPERIMENTAL PROCEDURES
HLA Ligandomic Data

The peptidomics samples analyzed include multiple in-lab datasets
obtained from various melanoma cell lines 108T, 12T, MDA55, 83T,
14T, 17T, 26T, 32T, 81T, 88T, 8T, A375, MD-Anderson melanoma
patients (42RF, 42RS, 27, 51AL, 51B-R, 55A3, 55A7, 55B3, 86A, 86B,
86C, 92B3, 92C3) from (25, 26) and head and neck squamous carci-
noma SCC47 cell line. Breast cancer cell line, MCF7 was obtained
from (27) and in addition, mouse melanoma B2905 data (three parental
tumor replicates and 16 single-cell clones). A data summary is avail-
able in supplemental Table S1. The HLA allotyping of the samples
used in this study is provided supplemental Table S2.

Patients and Tumor Infiltrating Lymphocytes

Patient-derived melanoma cell lines were collected with informed
patient consent under a protocol approved by the NIH Institutional
Review Board (IRB) Ethics Committee (03-C-0277A). The protocol for
MD-Anderson tumor samples (from patients 42, 51, 55, 86, and 92)
was approved by the MD-Anderson IRB (protocol numbers
2012-0846, LAB00-063, and 2004-0069; NCT00338377). Healthy
blood donor informed consent was obtained under a protocol
approved by the Weizmann IRB Ethics Committee (1218-3). The
studies in this work abide by the declaration of Helsinki principles. A
disease description, demographical, and clinical features are provided
in supplemental Table S3.

Data Processing

Data were processed with the R statistical scripting language
(version 3.6.0), Perl (version 5.24.0), and Python (version 2.7.13)

Experimental Design and Statistical Rationale

HLA class-I peptidomics group contains 72 raw files corresponding
to 19 samples. HLA class-Il group contains 30 raw files corresponding
to 11 samples. The selection of this data was based on our in-house
HLA-peptidomics dataset, after excluding samples in which no
matching RNA-seq was available for the data. As controls, 55 raw files
(31 HLA class-I and 24 class-Il) from normal skin were used (ten in-
dividuals at autopsy) to correspond to the vast majority of samples
from skin cancer. In addition, 49 raw files (24 HLA class-I and 25 class-
1) from tongue (nine individuals at autopsy) were used, 42 raw files (36
HLA class-I and six class-Il) from ovary (four individuals: two from
autopsy and two from living donors) derived from (28) and eight raw
files (four HLA class-1 and four class-Il) from our in-house IHW01070
B-cell peptidomics. Between, 3 to 5 technical replicates were available
for the normal set, and 1 to 3 replicates for cancer samples.
Furthermore, in cancer patients, 2 to 3 metastases data were available
for each patient. Large-scale MS immunopeptidomics database was
analyzed by MaxQuant (29), and the search engine used was
Andromeda, integrated within MaxQuant version 1.5.3.8. The
sequence database used was the Uniprot human proteome ID
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UP000005640 (from June 20, 2021) containing 101,014 proteins and
isoforms and mouse proteome ID UP000000589 (downloaded on July
3, 2020) containing 63,738 proteins and isoforms. In addition, in-
house source of spliced sequence databases were compiled using
Neo-Fusion software (v0.1.3; https://github.com/zrolfs/
MetaMorpheus/tree/Neo-Fusion) (24). HLA class-l and class-lI
spliced databases include 50,550 and 9909 peptide sequences,
respectively. No proteases were used to generate the peptides, and
nonspecific fragmentation was applied in both Neo-Fusion and Max-
Quant. Neo-Fusion was set to search for modifications, in order to
reduce false spliced peptide matches to spectra of modified WT
peptides. Neo-Fusion uses Global-PTM-Discovery (30) which
searched for the following variable modifications in WT peptides:
oxidation of M, deamidation on N and Q, ammonia loss, propionamide
on C and K, carboxymethylation on C, W, K, dioxidation on W, P, R, K,
M, F, Y, C, oxidationon Y, W, P, F, D, E, V, H, K, N, R, C, carbami-
domethyl on K, H, D, E, S, T, Y, carboxylation on K, D, E, phospho on
S, T, Y, acetyl on S, K, C, T, Acetald+26 on H and K, water loss, H-2
O1onlL, I, P, W, S, oxidation of W to Kynurenine, dehydroalanine from
cysteine, didehydro on Y and S, didehydrobutyrine on T and S, for-
mylation on K, S, T, carbamyl on K, R, C, M, methyl on C, H, K, N, Q,
R, I, L, D, E, S, T, Ethyl. Spliced peptides (unmodified) were then
inputted to MaxQuant, and N-terminal acetylation and methionine
oxidation were specifically set as variable modifications (to avoid
impractical run durations, of full common posttranslational modifica-
tion search by MaxQuant). No fixed modifications were set. Precursor
mass tolerance was set to the default 15 ppm, and product mass
tolerance was set to default 25 ppm in Neo-Fusion. In MaxQuant,
precursor mass tolerance was set to the default 12 ppm, and product
mass tolerance to default 20 ppm. Known contaminants were
excluded in both software runs. Spliced peptides were searched by
Neo-Fusion at length of 8 to 14 amino acids (AAs) for HLA class-I
similar to (8) and 12 to 25 for HLA class-Il, and the resulting spliced
peptides were inputted to MaxQuant using the default full range 8 to
25 AAs length. False discovery rate (FDR) 0.01 was used by Neo-
Fusion, and MaxQuant was run both with FDR 0.01 and 0.05. The
statistical method used to assess false-positives was “randomized”
sequence decoys. The detailed tandem mass spectrometry (MS/MS)
information of the peptides is made available in supplemental
Tables S4 and S5.

HLA-Peptidomics Preparation

The HLA peptides were dried by vacuum centrifugation, resolubi-
lized with 0.1% formic acid and resolved on capillary reversed-phase
chromatography on 075 x 300 mm laser-pulled capillaries, self-
packed with C18 reversed-phase 3.5 pm beads. Chromatography
was performed with the UltiMate 3000 RSLCnano-capillary UHPLC
system (Thermo Fisher Scientific), which was coupled by electrospray
to tandem mass spectrometry on Q-Exactive-Plus (Thermo Fisher
Scientific). The HLA peptides were eluted with a linear gradient over
2 h from 5 to 28% acetonitrile with 0.1% formic acid at a flow rate of
0.15 pl/min. Data was acquired using a data-dependent “top 10”
method, fragmenting the peptides by higher-energy collisional
dissociation. Full scan MS spectra was acquired at a resolution of
70,000 at 200 m/z with a target value of 3 x 108 ions. lons were
accumulated to an automatic gain control (AGC) target value of 10°
with a maximum injection time of generally 100 msec. The peptide
match option was set to Preferred. Normalized collision energy was
set to 25% and MS/MS resolution was 17,500 at 200 m/z. Fragmented
m/z values were dynamically excluded from further selection for 20 s.

Peptide Filtration

The obtained peptides were stringently filtered, by multiple criteria:
peptides with MaxQuant scores less than or equal to 60 or PEP larger

than 0.1 were discarded. Any peptide not predicted by NetMHCpan
(version 4.0) (31) to bind the relevant HLA-alleles (either as strong or
weak binders) were removed. Peptides showing MS/MS %fragmen-
tation coverage lower or equal to 60% were filtered out. Alternative
ambiguous peptide matching the MS/MS was examined based on the
Delta score of MaxQuant. Peptides were discarded in cases where the
next best matching MS/MS of MaxQuant score is 20 or less relative to
the best matching score. Pseudogenes were checked versus the
output provided in (http://www.pseudogene.org/Human/Human90.
txt). Furthermore, peptides were compared against long noncoding
transcripts obtained from GeneCode v.38 (32). Peptides in which a
single AA alteration, results in a WT sequence in the genome, were
filtered out as well. Furthermore, iso-baric AA ambiguity was analyzed,
by substituting each Leu to lle (and vice versa) in all possible combi-
nations along the peptide sequence. All peptides produced by a given
peptide was then searched by BLAST (using blastp) (33) for 100%
identity matches in the WT Uniprot proteome. In case the substituted
peptide was identified, the source peptide was discarded. The Leu/lle
analysis was repeated using the RNA-seq as well (RNA-seq Filtration
Stages section). Candidate PTSPs in which a single AA exists before/
after the splicing junction were filtered out. Peptides detected by Neo-
Fusion in normal immmunopeptidomics samples (from skin, tongue,
ovary (28), and from our in-house B-cell IHWO01070 peptidomics) were
filtered out. Peptides matching bacterial WT peptides identified in our
tumor samples were filtered out. The identity of the bacteria was
determined experimentally in (34) and also the peptides. Further fil-
trations applied based on RNA-seq and retention time and recurrence
are elaborated below.

RNA-seq Filtration Stages

Four RNA-seq analyses were used for filtration: TopHat (version
2.1.1; http://ccb.jhu.edu/software/tophat/index.shtml) and Cufflinks
(version 2.2.1; http://cole-trapnell-lab.github.io/cufflinks/) software
were used to help identify peptides generated from alternative spliced
RNAs (35). TopHat is designed to align RNA-seq reads to a reference
genome. Reads that do not align to the genome are split into shorter
fragments and are then aligned independently to identify splice-
junctions between exons. After mapping the reads to Hg37 human
genome, Cufflinks was applied to the alignment file from TopHat to
assemble the overlapping “bundles” of aligned reads into transcripts
using a probabilistic approach (35). Candidate PTSPs were then
searched by BLAST against these transcripts (using tblastn) (33).
Lastly, candidate PTSPs aligning to the translated transcript with
100% identity and without any gaps were discarded from the final list.

Second, the transcripts generated by Cufflinks were used also to
search for matching peptides in which Leu/lle replacements can find
another match (using tblastn). Third, the RNA-seq was used to detect
mutations and short Indels. For that purpose, STAR version 2.5.2b (36)
was used to map the reads to the genome in a two-pass mode.
scoreDelOpen, scoreDelBase, scorelnsOpen, scorelnsBase were set
to zero to allow Indels, and sensitivity of mapping was increased.
Samtools Mpileup v.1.3.1 and BCFtools v.1.3.1 (37) were used for
variant calling and filtration was done by setting 'DP>10 &&
QUAL>30'. The VCF file was inputted to Annovar (38) in order to
introduce the mutations and short Indels into the WT proteome. Blast
was then used to search for the peptides in the modified proteome.
Fourth, RPKM (Reads Per Kilobase Million) values were calculated to
discard peptides associated with genes that show no expression.

Retention Time Filtration

For true peptides, a linear dependence of retention time on hy-
drophobicity is expected. This step serves to assess the quality of
filtered PTSPs following the filtration steps of the pipeline. Therefore,
the SpecL R package was used to calculate the hydrophobicity index
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using ssrc_2004. For each sample separately, the hydrophobicity in-
dex and retention time were modeled using a linear regression model.
Absolute-sign residual distribution was used to calculate the inter-
quartile range. Any peptide associated with a residual greater than 1.5
times the interquartile range was considered an outlier. Retention time
check serves as a very weak filter at this final stage, and all peptides
following this stage are rechecked to assure they remain recurrent.

Patient Recurrence

A PTSP was considered recurrent if it was identified in two patients
or more, after a series of filtration steps. For stringency, we excluded
from the count, PTSPs identified in different treatments of the same
sample or their replicates. Also, identifications in several metastases
were counted only once, in case they belonged to the same patient.
Furthermore, MaxQuant “match-between-runs” identifications were
not used for the recurrence count to avoid false matches between
unrelated samples. HLA-restriction (same allele binding) is not set as a
requirement in this filtration as the same peptide may bind to different
HLA-alleles with different affinities.

Estimation of %PTSPs in Immunopeptidome

The percentage of HLA class-I and class-Il PTSPs were calculated
by dividing the number of filtered PTSPs by the total number of filtered
peptides (PTSPs + WT). This filtration on WT peptides was imple-
mented to assure that the low calculated values obtained were not a
result of stringent PTSP filtration implemented in this study. The
average of the values obtained for all HLA class-I and class-Il MS files
represent the final proportion of PTSPs for HLA class-I and class-II
correspondingly. Filtration based on normal tissues and RNA-seq
was not included in this analysis, as these two filtration steps
remove a significant portion of WT peptides, which biases the
calculation. Therefore, the estimated low values obtained in this study
represent the upper bound values.

Validation Using Synthetic Peptides

Light Synthetic—Light synthetic peptides for spectra validation
were ordered from GenScript, as HPLC grade (>85% purity). These
were analyzed using the same LC-MS/MS system and acquisition
parameters as indicated above for the endogenous peptides, with the
following changes: the gradient was set from 4% to 30% acetonitrile
in 20 min, and NCE was set to 27. The data were processed with
MaxQuant using the following parameters: all FDRs were set to 1, the
individual peptide mass tolerance was set to false. OrgMassSpecR
(https://rdrr.io/rforge/OrgMassSpecR/man/SpectrumSimilarity.html) R
software package was used for endogenous peptide validation with
light synthetic peptides. The synthetic spectra with the best MaxQuant
score was selected for each peptide. All endogenous spectra with
MaxQuant score greater than 60 were used for head-to-tail compari-
sons. Default software parameters were used. Normalized dot product
and Pearson correlation were correlated. p-value below 0.05 was
regarded as significant.

Heavy Synthetic—Ordered from PEPotec as synthetic with one
stable isotope-labeled amino acid, at >95% purity. The mass
spectrometer was operated at a resolution of 70,000 (at m/z = 200)
for the MS1 full scan, scanning a mass range from 300 to 1650 m/z
with an ion-injection time of 120 ms and an AGC of 3 x 108. Then,
each peptide was isolated with an isolation window of 1.7 m/z
before ion activation by high-energy collision dissociation (NCE =
27). Targeted PRM MS/MS spectra were acquired at a resolution of
35,000 (at m/z = 200) with an ion-injection time of 100 ms and an
AGC of 2 x 10°.

PTSP Reactivity Assay in Tumor Infiltrating Lymphocytes

To assess tumor infiltrating lymphocytes (TILs) reactivity towards
the spliced peptides, TILs (10° cells) were stimulated for 24 h with
1 pg/ml LLLDKLLSV (DAPK1), WSDSSGGKGGSY (HLA-E), ILDTAG-
KEEY (NRASQ61K) (>85% purity, GenScript) dissolved in dimethyl
sulfoxide or negative control (no peptide). Next, cells were stained with
LIVE/DEAD Fixable Blue Dead Cell Stain Kit (Invitrogen) to evaluate
their viability and labeled with anti-CD8 (clone RPA-T8, Biolegend) and
anti-4-1BB (clone 4B4-1, Biolegend). A CytoFLEX LX flow cytometer
(Beckman Coulter) was used and the data was analyzed using Kaluza
software (https://www.beckman.com/flow-cytometry/software/kaluza;
OVO group).

Induction of Healthy Donor’s Reactive T Cells Towards PTSPs

Priming of healthy donors’ T cells with PTSPs was performed as
previously described (39) with several modifications. Briefly, periph-
eral blood mononuclear cells (PBMCs) were isolated from healthy
donor’s blood using Ficoll gradient separation (Cytiva). On day 4,
monocytes were isolated from PBMCs using CD14-reactive
microbeads (Miltenyi Biotec) and cultured for 3 days in CellGro
GMP DC medium (CellGenix) supplemented with 1% human serum
(Valley Biomedical) and 1% penicillin-streptomycin (DC-T medium)
containing 10 ng/ml interleukin (IL)-4 (PeproTec) and 800 IU/m| GM-
CSF (PeproTec). On day 1, monocyte-derived—dendritic cells were
matured for 16 h with 800 IU/ml GM-CSF, 10 ng/ml IL-4, 10 ng/ml
lipopolysaccharide (Sigma-Aldrich), and 5 ng/ml IFNy (PeproTech)
supplemented into the cultures. Autologous T cells were isolated
using Pan T Cell MicroBead (Miltenyi Biotec) and cultured overnight
in DC-T medium 5 ng/ml IL-7 (PeproTech). On day 0, monocyte-
derived-dendritic cells were pulsed for 2 h with one of the following:
10 pg/ml LLLDKLLSV (DAPK1), 10 pg/ml WSDSSGGKGGSY (HLA-E),
10 pg/ml of viral peptides mixture control (Influenza GILGFVFTL,
CMV NLVPMVATV, EBV GLCTLVAML), or incubated with ‘no peptide
control’. Subsequently, monocyte-derived—-dendritic cells were
cocultured with isolated T cells in DC-T medium supplemented with
30 ng/ml IL-21 (PeproTech) at a DC:T cell ratio of 1:2. On days 3, 5,
and 7, half of the medium was removed and replenished with fresh
medium supplemented with 10 ng/ml of both IL-7 and IL-15
(PeproTech). On day 10, 25 IU/ml IL-2 (PeproTech) was also added
to the supplemented cytokine cocktail. On day 12, T cells were
restimulated with irradiated (35 Gy) human B-LCL 721.221
expressing HLA-A*01:01 or HLA-A*02:01 alleles, served as feeder
cells. Human B-LCL 721.221 cells were pulsed for 2 h with 10 pg/ml
of the abovementioned peptides and cocultured with T cells in DC-T
medium at a DC:T cell ratio of 1:2. On days 14 and 17, half of the
medium was removed and replenished with fresh medium supple-
mented with 10 ng/ml of both IL-7 and IL-15 and 25 1U/ml IL-2 or 50
IU/ml IL-2 (PeproTech), respectively. On day 19, T cells were
collected and cocultured with pulsed B-LCL 721.221 cells express-
ing the matching HLA-A allele. For secreted IFN-y and TNF-«
readout, following 2 h of stimulation, Monensin and Brefeldin A were
added to the cocultures (1:1000, Biolegend). Upon 6 h of coincu-
bation, cells were stained with Live-dead Fixable Blue Dead Cell
Stain Kit (Invitrogen), anti-CD3 (clone HIT3a, Biolegend), anti-CD8
(clone HIT8a, Biolegend), anti-IFN-y (Clone 4S.B3, Biolegend), and
anti-TNF-a (clone MAB11, Biolegend). Following 24 h stimulation,
surface expression of 4-1BB was examined. Cells were stained with
Live-dead Fixable Blue Dead Cell Stain Kit, CD3 antibodies, CD8
antibodies, and 4-1BB antibodies (Clone 4B4-1, Biolegend). All ex-
periments were evaluated using a CytoFLEX LX flow cytometer
(Beckman Coulter) and the data was analyzed using Kaluza software
(OVO group).
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Defining Peptide-Specific CD8 T Cell Subpopulation via
Dextramer Staining

Following the stimulation and expansion of T cells derived from healthy
donor PBMCs as mentioned above, 2 x 10° T cells were collected and
stained with DAPK1-dextramer, according to the manufacture's protocol
(Immudex). Briefly, T cells that were previously exposed to DAPK1-
derived peptide or to viral peptide control were stained with Live-dead
Fixable Blue Dead Cell Stain Kit (Invitrogen). T cells were next labeled
with DAPK1-dextramer followed by staining with anti-CD3 (clone HIT3a,
Biolegend) and anti-CD8 (clone HIT8a, Biolegend) and analyzed by flow
cytometry (CytoFLEX LX, Beckman Coulter).

RNA-seq and Library Preparation

Total RNA was extracted from melanoma cell lines with Trizol re-
agent according to the manufacturer’s protocol (Invitrogen). Libraries
were prepared with CORALL Total RNA-Seq Library Prep Kit (Lex-
ogen) and sequenced with 200 cycles on the NovaSeq lllumina plat-
form. Samples were next analyzed using an in-house pipeline.

Mouse Single-Cell Clone Immunopeptidomics

The B2905 mouse melanoma data derived from (40) has been run in
the same manner as elaborated for the human data. MaxQuant was
run against mouse Uniprot data UP000000589. The same filtration
process was applied besides filtration based on normal samples, as
this data was not available. Second, since the clones belong to the
same mouse tumor, both recurrence by MS/MS and by MaxQuant’s
“match-between-runs” property were allowed.

RESULTS
Pipeline Design for Robust Prediction of PTSPs

An essential part of any search for PTSPs is the careful
filtration of all candidates and the consideration of alternative
explanations for their presence in the sample (8). Therefore, our
pipeline has been designed to search for as many alternative
explanations as possible (both MS-related and biological ex-
planations). The input to the pipeline is MS peptidomics data
from human melanoma, breast cancer, and head and neck
cancer. This data, together with that of the WT human proteome,
served as an input to Neo-Fusion (Fig. 1). As a second prediction
check, the candidate PTSPs are then inputted into MaxQuant
(29) together with the human proteome. Only PTSPs predicted
by both MaxQuant and Neo-Fusion are kept (after checking the
associated peptide score and PEP (posterior error probability)).
Subsequently, the pipeline determines whether these PTSPs are
predicted to bind one of the HLA-alleles associated specifically
to their sample (using NetMHCpan). As it is possible that insuf-
ficient MS2 peptide fragmentation will result in incorrect
peptide-spectra matching, the pipeline selects only peptides
with sufficient MS2 %Fragmentation coverage. Furthermore,
spectra can be ambiguously associated to more than one
peptide sequence with different MaxQuant scores. To avoid this
type of peptide ambiguity, the difference between the associ-
ated scores (termed Delta score) of the predicted sequence and
the top alternative sequence is checked. If the associated scores
are close enough, then ambiguity exists, and such PTSPs are
removed. Importantly, examining aspects related to peptide MS
characteristics alone is insufficient. Therefore, alternative

biological explanations are investigated (such as pseudogenes,
noncoding, and sequences identified from the microbiome in the
tumors (34)). As cancer samples contain both somatic and
germline mutations, it is possible that a putative PTSP sequence
that originates from a mutation rather than splicing would result
with the same sequence. These cases are excluded by
substituting all AAs along the PTSP sequence with any alter-
native possible AA. Similarly, leucine and isoleucine have the
same mass and are, therefore, indistinguishable in MS. To
address this issue, all sequence permutations are generated for
each PTSP by replacing leucine to isoleucine (or vice versa).
When a certain permutation matches the WT proteome (or
translated transcriptome), the original PTSP is removed.
Furthermore, RNA-seq data associated to the patients is utilized
by the pipeline to eliminate the possibility of peptides sourced
from RNA alternative splicing, mutations, short indels, and
nonexpressed genes. To focus only on potential cancer-specific
PTSPs, the pipeline further compares the PTSPs to those ob-
tained in normal tissues. An important feature of the pipeline is
that it takes all passing PTSPs and checks for recurrence in more
than one cancer patient. Peptides passing upstream filtration
steps in independent samples are more reliable. Lastly, PTSPs
are checked for retention time versus hydrophobicity in order to
assure the above filtration steps are sufficient. The number of
peptides retained after each filtration step are provided in
supplemental Fig. S1.

Evaluation of Spliced versus Unspliced WT Peptides

To assess the importance of each filtration step of the pipe-
line, PTSP filtration was compared to that of WT. Steep drops in
the filtration process are observed in the NetMHCpan, Delta
score, and RNA-seq stages (Fig. 2). The NetMHCpan filtration
stage leads to a reduction of 27.1% and 30.8% of peptide
spectrum matches (PSMs) for HLA class-I and class-Il PTSPs,
respectively (in contrast to only 14.1% and 14.6%, respectively,
in WT that are filtered out). The Delta score stage leads to a
reduction of 31.1% and 25.4% of PSMs for HLA class-l and
class-1l PTSPs, respectively (in contrast to only 3.6% and 0.4 %,
respectively, for WT). The RNA-seq stage filters out mostly WT
PSMs, as the associated peptides are frequently identified
within the transcript sequences generated from the RNA-seq
data. However, only a limited fraction of PTSPs is identified in
these transcripts (a reduction of 5.1% and 0.7 % of HLA class-I
and class-Il PTSPs versus 43.9% and 37.6% of the corre-
sponding WT PSMs). This indicates that in most cases, the
PTSPs identified do not originate from RNA splicing or muta-
tions observed in the RNA-seq data. Importantly, when each
filtration step is examined individually (rather than cumulatively
in the pipeline), the Leu/lle replacement filtration yield the
greatest fold difference between PTSPs and WT peptides
(Table 1). A 31.9-fold and 44.3-fold difference was observed for
HLA class-l and class-Il, respectively. Therefore, identifying
Leu/lle ambiguity plays an important role in eliminating falsely
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Fic. 1. Pipeline design. The full list of peptidomic samples derived from cell lines and patients are inputted to Neo-Fusion (separately for HLA
class-l and HLA class-Il). Uniprot’s WT proteome-containing proteins and isoforms are used as a sequence database. PTSPs identified by Neo-
Fusion are subsequently inputted as a sequence database, together with the Uniprot WT proteome, for a MaxQuant search against the same
peptidomics samples. The pipeline stringently eliminates possible false-positives based on multiple criteria. A large-scale in-lab peptidomics
database is exploited to identify recurrent PTSPs. PTSP, posttranslational spliced peptide.

discovered PTSPs. Altogether, these stark differences
emphasize the great importance of checking alternative ex-
planations when attempting to predict PTSPs. Another inter-
esting thing to note is that filtration based on normal samples
discards peptides in a biased manner (6.72-fold and 11.13-fold
difference between WT and PTSPs, for HLA class-l and class-ll,
respectively). This may imply that PTSPs identified in cancer
cells have a tendency to be cancer-specific. The cumulative
pipeline filtration of PSMs associated with PTSPs versus WT
peptides indicates that HLA class-l and class-ll PSMs stop
declining significantly following the Delta score filtration step

(Fig. 2). This demonstrates that the final filtration steps mainly
remove PSMs that have already been discarded in the previous
steps. In addition, the retention time versus hydrophobicity plot
does not show greater peptide-dispersal of PTSPs relative to
WT peptides (supplemental Fig. S2 is shown prior to the final
filtration based on the retention time). Retention time steps
serves as a very weak filter at this final stage, and all peptides
following this stage remain recurrent. The full lists of HLA class-I
and class-Il PTSPs prior to the filtration are available in
supplemental Tables S6 and S7 and in supplemental Tables S8
and S9 for the WT peptides.
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Fic. 2. Comparison of PTSP versus WT cumulative filtration of PSMs in the pipeline. Both HLA class-I and class-Il show a significant

decrease in the NetMHCpan and Delta score filtration steps for PTSPs

(dark-blue and light-blue lines, respectively). By contrast, WT peptides

decrease only mildly (dashed lines). This is due to the significant peptide ambiguity observed only in PTSPs. Furthermore, filtration based on
RNA-seq results in a large reduction mainly in WT peptides (consistently in class-l and class-ll). This demonstrates that most of the peptides
identified in the RNA-seq transcripts are WT (and not, e.g., PTSPs as a result of splice-junctions). HLA class-I and class-Il stop declining
significantly following the Delta score filtration step. This demonstrates that the final filtration steps remove mainly peptides already removed in
previous steps. PSM, peptide spectrum match; PTSP, posttranslational spliced peptide.

Spliced Peptides Capture Less Than 3% of the
Immunopeptidome Repertoire

To estimate the proportion of PTSPs in the immunopepti-
dome, we started by applying our pipeline to the HLA class-I
and class-Il groups separately. We found that, on average,
PTSPs account for less than 3.1% and 0.5% of the peptides in
HLA class-I and class-Il samples, respectively (supplemental
Fig. S3). As the proportion of HLA class-Il PTSPs has not
been published before, the later value cannot be compared.
However, the estimated proportion for HLA class-l is in
contradiction with the results published in (7), where one-third

of the peptides were identified as spliced. They are, however,
similar to those of Mylonas et al. (8), who estimated the HLA
class-1 PTSP proportion to be between 2 and 6%. In addition,
our results are consistent with those obtained by a deep
learning approach that predicted that PTSPs represent 3%
41).

Splicing Occurs in Different Cancer Types

To check the extent to which splicing is unique to specific
cancer types, we compared the filtered peptides, after clas-
sifying them by cancer type (breast cancer, head and neck

TaBLE 1
The impact of each filtration feature separately (PSM-filtration for PTSP versus WT)

Foat HLA class-I HLA class-II
eature %PTSP/%WT  %PTSP filtered  %WT filtered %PTSP/%WT  %PTSP filtered  %WT filtered
Score (MaxQuant) 0.50 1.77 3.54 1.13 30.86 27.42
PEP (MaxQuant) 0.80 13.73 17.13 1.24 20.41 16.49
NetMHCpan 1.86 32.09 17.22 2.08 50.38 24.22
MS2 %Fragmentation coverage 0.63 1.41 2.25 1.01 14.09 13.90
Delta score 7.45 55.64 7.46 18.10 76.85 4.25
Pseudogene 0.01 0.07 10.99 0.00 0.00 8.89
Noncoding 0.03 0.13 3.71 0.00 0.00 2.26
SNP/Mutation 1.21 12.73 10.53 1.18 11.69 9.88
Leu/lle permutations 31.88 14.99 0.47 44.26 14.05 0.32
1-amino acid splicing - 12.49 0.00 - 17.39 0.00
RNA-seq 0.20 15.63 77.09 0.33 27.67 84.58
Normal tissue 0.15 6.45 43.34 0.09 2.03 22.59
Microbiome - 0.00 0.00 - 0.01 0.00
Patient recurrence 0.74 19.47 26.44 0.41 21.52 52.87
Retention Time outliers 1.13 2.21 1.95 1.65 3.97 2.40
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squamous carcinoma, and melanoma). PTSPs were identified
in all these cancer types (supplemental Fig. S4).

Splicing Recurs Across Different Patients and Across
Metastases of the Same Patient

Recurrent PTSPs, i.e., those identified in mora than one
patient, enhance the reliability of the prediction and can serve
as important clinical targets. Interestingly, our search led to
the identification of 143 and 10 HLA class-lI and class-II
recurrent PTSPs, respectively (supplemental Tables S6 and
S7). Some peptides have been found to recurrently bind to
different HLA-alleles. For example, peptide YIAELTQQL is
identified recurrently in samples from breast and skin cancer
(MCF7 and 92C3, respectively). The peptide is predicted to
strongly bind two different HLA-alleles (HLA-A*02:01 and
HLA-C*05:01) associated with both samples. Notably, HLA-
restriction (same HLA allele binding) was not set as a
requirement in this study as peptide binding to HLA is pro-
miscuous and does not always follow a one-to-one relation.
Nevertheless, we found that 82.8% and 40.0% of HLA class-I
and class-ll PTSPs, respectively, are recurrent in two or more
samples, when considering HLA-restriction, out of the total
number of recurrent HLA class-I and class-Il PTSPs. It should
be noted that HLA class-Il PTSPs may show lower recurrence
based on allele-restriction due the smaller number of samples
available, the lower prediction accuracy for HLA class-lI
binding, and the larger repertoire of HLA-alleles available.

Splicing Shows Recurrence Across Tumor Single-Cell
Clones

To evaluate the clinical value of spliced peptides, it is
important to assess the repeated presence of the same
spliced peptides not only in different patients but also in
different single-cell clones derived from a tumor. We, there-
fore, reanalyzed our recently published mouse single-cell
clone immunopeptidome dataset (40), obtained from the
same parental mouse tumor. Eight spliced peptides were
identified following peptide filtration in the parental tumor.
These spliced peptides were examined in 16 single-cell
clones, for which immunopeptidome data was available. As
the single-cell clones originate from the same tumor, Max-
Quant’s “match-between-runs” property was enabled (allow-
ing MS1-peak identifications based on mass matching in the
same retention time window). Spliced peptides were found
repeatedly in a large number of single-cell clones (between 5
and 15 single-cell clones when including mass matching and
between 4 and 14 clones based on MS/MS hits; supplemental
Table S10). For comparison, the search in the peptidomics
dataset for somatic point-mutation—-derived neoantigens
identified in the parental tumor led to the identification of only
two peptides. One of these two peptides was identified only
once and the other six times in the single-cell clones. More-
over, these somatic point-mutation-derived peptides are not
detected in the parental peptidomics itself, possibly due to the

dilution (and, consequently, low abundance) of neoantigens
associated with private/subclonal somatic mutations in a
heterogeneous tumor.

HLA Class-I-Spliced Peptides Are Identified in Cancer and
Immune-Associated Genes

Cancer and immune-associated genes were identified in our
list of predictions. Interestingly, one of these recurrent PTSPs
belongs to IL17RE, a gene encoding for an Interleukin-17 re-
ceptor E found to be differentially expressed between re-
sponders and nonresponders to anti-PD1 treatment in
pretherapy samples (Table 2) (42). Another recurrent PTSP
identified is associated to MITF, encoding for the master
regulator of melanocyte development and melanoma onco-
gene (43). In addition, we identified a recurrent PTSP derived
from DAPK1, a tumor suppressor gene encoding for the
death-associated protein kinase 1 (44, 45). A recurrent PTSP
from HLA-E, encoding for the Class-I, E major histocompati-
bility complex, was identified as well (46, 47). These recurrent
peptides were further validated using synthetic peptides.

Validation of Spliced Peptides Using Synthetic Peptides

To validate PTSPs, 30 pMHC-I and pMHC-Il from human
and mouse samples were synthesized as light peptides. Most
of the peptides (24 out of 30) yielded significant head-to-tail
Pearson correlations of the spectra (p < 0.05; supplemental
Table S11). Further manual inspection of the comparisons
led to the removal of two additional peptides. Furthermore,
WSDSSGGKGGSY PTSP from the HLA-E gene was subjected
to isotopically labeled heavy peptide validation (supplemental
Fig. S5) and validated in 83T cell line. The head-to-tail plots of
all validated peptides are provided in supplemental Fig. S6.

Spliced Peptides can Potentially Elicit an Immune
Response

To evaluate the relevance of spliced peptides to the tumor
immune response, we examined the immunogenicity of half (7
out of 14) of the HLA class-I-validated PTSPs. We started by
assessing 4-1BB expression following peptide stimulation of
TILs, as the PTSPs were identified in patient-derived cell lines
for which we have autologous TILs. A low though significant
increase in 4-1BB expression was detected in TILs stimulated
with the LLLDKLLSV peptide derived from the DAPK1 gene
and the WSDSSGGKGGSY peptide derived from the HLA-E
gene (p = 0.001 and p = 5.7e-5 respectively, x>-test;
supplemental Figs. S7 and S8). A slightly higher 4-1BB
upregulation was observed for the positive control peptide,
NRAS Q61K, which was identified as a reactive peptide that
was recognized by TILs derived from several patients (3.08%
of CD8+ T cells versus 2.46% and 2.83% for DAPK1 and HLA-
E, respectively) (48). The low signal obtained in 2 of 7 PTSPs
may reflect lack of cancer-specificity of PTSPs. In such cases,
immunogenicity is expected to be weaker than neoantigens
(similar to TAAs) or not exist at all for other PTSPs. It should be
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TABLE 2
Human HLA class-I-spliced peptides associated with cancer and immune-related genes that were validated with synthetic peptides

Spllggd peptl'de (spliced o Recurr?nce NetMHCpan top HLA
position designated by Gene Description (samples; HLA- .
: (strong/weak binder, rank, score)
a hyphen) restricted)

WSDS-SGGKGGSY HLA-E HLA class-I histocompatibility 4; 4 HLA-A*01:01 (SB 0.055, 0.9481)
antigen, alpha chain E

LLLD-KLLSV DAPKA1 Death-associated protein kinase 1 4;2 HLA-A*02:01 (SB 0.009, 0.9887)
(DAP kinase 1)

VA-DSSSPEV PCBP1 Poly(rC)-binding protein 1 12;5 HLA-A*01:01 (WB 1.2066, 0.2203)

LASDHHL-YL TRAPPC10 Trafficking protein particle complex 8, 4 HLA-C*03:04 (SB 0.020, 0.9274)
subunit 10

ATEKEASA-NLY MCLA1 Induced myeloid leukemia cell 4; 4 HLA-A*01:01 (SB 0.034, 0.9698)
differentiation protein

DLSDSA-TEV IL17RE Interleukin-17 receptor E 3;2 HLA-C*05:01 (WB 1.742, 0.1255)

SFE-GFSPEL GTF3C3 General transcription factor 3C 5;3 HLA-C*07:01 (WB 0.980, 0.1435)
polypeptide 3

ES-LPVSGNLIDLY MITF Melanoma oncogene; Microphthalmia- 2;2 HLA-A*01:01 (SB 0.445, 0.5375)
associated transcription factor

ALWDIETGQQ-SL GNB2 Guanine nucleotide-binding protein 4; 4 HLA-A*02:01 (SB 0.179, 0.7633)
G(l)/G(S)/G(T) subunit beta-2

LIK-EPVLLL RPS16 40S ribosomal protein S16 13; 12 HLA-A*02:01 (WB 1.713, 0.1698)

VA-FPNEDGSLQK HEBP1 Heme-binding protein 1 6; 3 HLA-A*03:01 (WB 0.985, 0.2563)

SSF-QGGGSVTK LMNA Prelamin-A/C 2;2 HLA-A*11:01 (SB 0.104, 0.7651)

VSAP-ASGAF HERPUD1  Homocysteine-responsive endoplasmic 2;2 HLA-B*15:01 (SB 0.137, 0.7273)
reticulum-resident ubiquitin-like
domain member 1 protein

EENA-SRNLEY SHMTA Serine hydroxymethyltransferase, 2; 1 HLA-B*44:03 (SB 0.082, 0.8619)

cytosolic

noted however that TILs’ reactivity may be restricted to a
limited number of tumor peptides due to immune-editing,
ineffective priming, or tolerization of these T cells (49).
Conversely, T cells derived from healthy donors’ PBMCs
represent a diverse repertoire that can recognize a wider range
of peptides presented on human tumors (49). Therefore, to
further examine the immunogenicity of DAPK1 and HLA-E
peptides, we tested their ability to activate CD8 T cells
derived from healthy donors. Autologous monocyte-derived
dendritic cells isolated from healthy donor PBMCs were
pulsed with either DAPK1 or HLA-E peptides or a mixture of
viral peptides as a positive control and cocultured with
cognate T cells. A flow cytometry analysis of stimulated T cells
revealed the presence of reactive T cells against DAPK1- and
HLA-E-derived peptides (Fig. 3, supplemental Figs. S9 and
S10). An increase was detected in three different activation
markers: 4-1BB expression IFN-y and TNF-a secretion for
CD8 T cells stimulated with either the LLLDKLLSV peptide
(DAPK1) or the WSDSSGGKGGSY peptide (HLA-E), com-
pared to the control. Moreover, PBMCs educated toward
DAPK1 demonstrated peptide-specific CD8 T cells expansion
in dextramer staining assay, with 2.57% of the CD8 T cells
stained positive for DAPK1 dextramer. CD8 T cells exposed to
a control peptide did not exhibit any such positive staining for
the DAPK1 dextramer, as expected (Fig. 4). It should be noted
that both the LLLDKLLSV and the WSDSSGGKGGSY pep-
tides were found recurrently across four cancer patients. They

were further identified in 6 and 16 replicates/treatments for
LLLDKLLSV and WSDSSGGKGGSY, respectively. When
focusing on the specific ‘DAPK1/HLA-A*02:01’ and ‘HLA-E/
HLA-A*01:01" combinations, they recurred in 11.8% and
23.5%, respectively of the melanoma samples analyzed in this
study.

DISCUSSION

Splicing can occur on both the transcriptional and post-
translational level. Posttranslational peptide splicing is a novel
peptide-producing mechanism, one that has been suggested
to rely on the proteasome and involve the linkage of fragments
originally distant in the parental protein (50), although other
mechanisms may derive these spliced products (51). Until
recently, the lack of dedicated tools suited for peptidomics
splicing predictions made it difficult to accurately assess the
true prevalence of PTSPs. In this study, we integrated Neo-
Fusion with MaxQuant to establish a novel pipeline suited
for the stringent filtration of PTSP candidates. This pipeline is
based on multiple criteria and considers alternative explana-
tions for the MS/MS matches. This is the first study to rely on a
large-scale immunopeptidomic database and search for
recurrence in patient-derived cell lines, metastases, and
mouse tumor single-cell clones. An identified recurrent PTSP
has a greater chance of being a true-positive and would have
greater clinical relevance for a wider number of patients and
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Fic. 3. DAPK1- and HLA-E-derived peptides show potential immunogenicity. T cells derived from healthy donor PBMCs were stimulated
and expanded for 24 days. Following coculturing with human B-LCL 721.221 expressing HLA-A*02:01/HLA-A*01:01 alleles that were pulsed
with 10 pl/ml peptide (right) or no peptide (control; left), T cells were evaluated for activation markers by flow cytometry analysis. IFN-y, TNF-a
secretion, and 4-1BB expression by T cells stimulated with (4) DAPK1 (LLLDKLLSV) or (B) HLA-E (WSDSSGGKGGSY). The images are
representative of >2 replicates. PBMC, peripheral blood mononuclear cell.

cancer types in case of cancer-specific PTSPs. It should be
noted, however, that our study does not attempt to suggest
cancer-specificity for our list of predicted PTSPs. This study is
the first to validate a PTSP (i.e., a PTSP from HLA-E) not only
with a light peptide but also with a heavy peptide, an approach
proposed by (12) to be a convincing validation. In addition, this
study identifies the immunereactivity of two recurrent PTSPs,
one from DAPK1, a tumor suppressor gene, and one from
HLA-E, a nonclassical HLA class-| gene.

Although the first spliced peptides were discovered already
in 2004, the extent to which they contribute to the immuno-
peptidome repertoire is still heavily debated (9). At first, they
were thought to be very rare curious oddities (encompassing
only 0.0002-0.01% of the immunopeptidome) (22). Later, it
was suggested that they account for a substantial fraction—
30% (7), but a subsequent study estimated that they comprise
only 2 to 6% (8). Out of the broad range of reported PTSP
frequencies, our calculated percentage is in consensus with

the one published by (8), although we utilized an independent
computational tool for the detection of PTSPs. Despite the low
percentage, the absolute number of spliced peptides is large
relative to the very low proportions of neoantigens discovered
based on several thousand somatic mutations (1). Therefore,
PTSPs widen the pool of presented peptides that can be used
to search for immune-reactive targets.

The approach implemented in this study was to filter out the
PTSPs in as many ways as possible, so that downstream
analyses and conclusions will be based on the most reliable
PTSPs. In doing so, we did not only minimize the chances of
false-positives but also discarded, to some extent, possible
true spliced peptides (e.g., true PTSPs that are not recurrent).
However, it is important to note that the low proportion of
spliced peptides identified is obtained following attempts to
filter out also the WT peptides in a similar degree of strin-
gency. Therefore, the low estimated percentage of PTSPs out
of the total filtered peptides is not due to the rigorous
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Fic. 4. HLA-I dextramer staining of DAPK1-specific CD8 T cells. T cells derived from healthy donor PBMCs were stimulated with 721.221
B-LCLs expressing the HLA-A*02:01 allele pulsed with 10 pg/ml DAPK1 or 10 pg/ml viral peptide (control). Following expansion, T cells were
stained with DAPK1 dextramers to evaluate the percentage of DAPK1-specific subpopulations. CD8 T cells were gated as single, live, CD3
positive and CD8 positive cells. The images are representative of two replicates. PBMC, peripheral blood mononuclear cell.

approach taken in this study. It should be acknowledged that
these values serve as estimations, as omics-data tend to be
incomplete and PTSPs may be missed. In addition, the pro-
portion of PTSPs show variability between the different sam-
ples analyzed, which can lead to different estimations.
Interestingly, the filtrations applied in this study stop declining
significantly in the final steps for PTSPs, indicating that most
of the peptides were already removed by the previous filtration
criteria. By contrast, WT peptides are being filtered almost
entirely.

Among many filtering steps applied using our pipeline, the
Leu/lle replacement filtration feature shows the greatest fold
difference between PTSPs and WT peptides (14.99% of
PTSPs versus only 0.47% of WT peptides; a 31.9-fold differ-
ence). This emphasizes the high importance of checking
alternative explanations when attempting to predict PTSPs.
The importance of this study goes beyond the question what
is the true proportion of PTSPs. It suggests to the scientific
community key strategies for analyzing and filtering MS data
for noncanonical peptides in general. First, we avoid gener-
ating a large artificial sequence database for processing MS
data, as this naive approach significantly propagates false
peptide identifications. Second, we propose a series of filters
and identify the most valuable filtration steps, by performing
an in-depth comparison to WT peptide filtration. Third, we
argue that filtering based on MS characteristics alone followed
by validation of the correct sequence using synthetic peptides
cannot serve as a proof that a noncanonical peptide is indeed
generated by the suggested biological mechanism. Instead,
we search for alternative biological explanations such as
peptides originating from pseudogenes, noncoding regions,
and the microbiome.

Our finding that the normal samples used in this study filter
out peptides in a biased manner (6.45% of PTSPSs versus

43.34% of WT peptides in HLA class-I, and 2.03% of PTSPs
versus 22.59% of WT peptides in HLA class-ll) raises the
question whether posttranslational splicing occurs more
frequently in cancer cells. Importantly, due to the lack of
matching normal samples for our patient data, this type of
analysis cannot determine the cancer-specificity (or the lack
thereof) of any given peptide in our list.

The vast majority of identified neoantigens based on so-
matic mutations in immunopeptidomics are derived from
patient-specific mutations, deeming such cases of limited
clinical importance. Yet, the identification of neoantigens from
cancer-associated targets with a recurrent driver mutation,
such as the one recently published for NRAS (48) (presented
also in our reactivity experiments), would be of importance to
the 3% of melanoma patients, having a Q61K clonal mutation
and HLA-A*01:01 allele. However, such neoantigens are rarely
identified in immunopeptidomics data and are limited in
number. The search for recurrent PTSPs in cancer-associated
genes may reveal additional important candidates, whose
short sequence could later be incorporated into mRNA vac-
cines or other treatment strategies. Our finding that splicing
occurs repeatedly in single-cell mouse clones derived from
the same tumor, combined with the discovery that PTSPs
often recur in different tumors/cell lines, suggest that the
PTSPs form a valuable pool of potential targets for immuno-
therapy. It should be noted, however, that a larger number of
PTSPs relative to neoantigens does not imply that they are
more important immunologically, as some of them may show
weaker immunereactivity than neoantigens (or may not be
cancer-specific at all). Nevertheless, a larger pool of recurrent
PTSPs can enrich the repertoire of presented peptides avail-
able for the search for recurrent immune-reactive peptides.

Notably, although the same PTSP may bind more than one
specific HLA-allele with different affinities, HLA-restriction can

SASBMB

Mol Cell Proteomics (2023) 22(4) 100519 11



HLA-Class-I and -ll Presentation of Spliced Peptides

be used to rank top PTSP-candidates. Indeed, we find that
most recurrent HLA class-I PTSPs are recurrent also when
adding HLA-restriction. Strikingly, our search for HLA-
restriction for DAPK1 revealed that the associated PTSP in
combination with HLA-A*02:01 allele recurs in 11.8% of mel-
anoma patients. A similar analysis of the PTSP from HLA-E in
combination with the HLA-A*01:01 allele found it to be rele-
vant for 23.5% of the patients.

Until now, the only examples of spliced CD4" T-cell epi-
topes come from the study of the immunology of type 1 dia-
betes (21-23). Our study identifies, for the first time, 10
recurrent HLA class-Il PTSPs in cancer cells. The identification
of a smaller number of HLA class-Il PTSPs than HLA class-I
PTSPs raises questions concerning the source of the differ-
ence between these two types. Future experimental studies
are also needed to elucidate the mechanism by which spliced
peptides presented to CD4* T cells by HLA class-Il complexes
are formed in cancer. There are several described pathways
by which endogenous proteins are degraded and gain access
to HLA class-Il molecules. These include both nonautophagic
and autophagic pathways; the first category includes also
HLA class-I-like pathways that hijack the HLA class-I ma-
chinery (52). In addition, the proteasome may be involved in
the autophagic pathway, as proteasomes have been identified
as autophagic degradation targets via proteaphagy (53). Other
pathways include cancer-induced proteases involved in pro-
tein splicing, lysosomal proteases (51), and autophagy (54).
The notably lower percentage of PTSPs from HLA class-II
compared to HLA class-I may also be explained by a limited
number of peptides passing all the pipeline’s filtration steps.
Though the sequences of these peptides have been validated,
it is possible that true sequences can originate from other
mechanisms not considered in this study.

The question whether trans-spliced peptides exist (which is
beyond the scope of this study) challenges current bioinfor-
matics tools. Posttranslational sequence databases cannot
take into account all the combinatorial possibilities of splices
between all the pairs of proteins in the full proteome. It should
be noted, however, that Neo-Fusion does not require a
posttranslational sequence database. It is, therefore, capable
of predicting trans-splicing, similarly to cis-splicing, but with a
lower prediction accuracy. Future experimental work is
essential in such cases to support the existence of trans-
spliced peptides and to determine whether other biological
mechanisms can explain trans-splicing.
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