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Purpose: Developing T-cell or vaccine therapies for pancreatic
ductal adenocarcinoma (PDAC) has been challenging because of
a lack of knowledge regarding immunodominant, cancer-specific
antigens as PDAC are characterized by a scarcity of genomic
mutation-associated neoepitopes, and effective approaches to
discover them are limited.

Experimental Design: An advanced mass spectrometry ap-
proach was employed to compare the immunopeptidome of PDAC
tissues and matched normal tissues from the same patients.

Results: This study identified HLA class I-binding variant
peptides derived from canonical proteins, which had single amino-

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is the third leading
cause of cancer-related death in the United States with a dismal 5-
year survival rate of 12% (1, 2). With only 15% to 20% of patients
with PDAC eligible for surgery at diagnosis, the quest for novel and
effective therapies for patients with PDAC stands as a paramount
concern. Immunotherapy has recently emerged as a promising
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acid substitutions not attributed to genetic mutations or RNA
editing. These amino-acid substitutions appeared to result from
translational errors. The variant peptides were predominantly
found in tumor tissues, with certain peptides common among
multiple patients. Importantly, several of these variant peptides
were more immunogenic than their wild-type counterparts.

Conclusions: The shared noncanonical neoepitopes identified
in this study offer promising candidates for vaccine and T-cell
therapy development, potentially providing new avenues for
immunotherapy in PDAC.

See related commentary by Yuan et al., p. 1821

avenue in cancer treatment; however, its effectiveness on PDAC is
hindered by the lack of effector T cells in the tumor microenvi-
ronment (TME; ref. 3). One of the strategies for overcoming the
PDAC resistance to immunotherapy involves identifying immuno-
genic tumor-associated antigens (TAA) and tumor-specific antigens
(TSA) for the development of personalized cancer vaccines and
T cell-based therapies (4).

Numerous clinical trials have investigated the efficacy of tar-
geting TAAs through cancer vaccines and T cell-based therapies
(5, 6). Examples of PDAC TAAs currently under clinical investi-
gations of therapeutic targets include epitopes derived from
MUCI, Mesothelin, and Annexin A2 (7). However, TAAs are non-
mutated self-antigens that are also expressed in normal healthy
tissues, and therapies targeting these antigens can result in either
immune tolerance or “off-tumor toxicity” events that destroy
normal tissues, causing serious and even fatal side effects(8). In
contrast, TSAs or neoantigens are exclusively expressed in cancer
tissue, arising from genetic, epigenetic, or other noncanonical
mutations (9). Compared with TAAs, neoantigens present better
therapeutic prospects owing to their tumor-specific expression,
absence in normal tissues, and heightened immunogenicity
stemming from their lack of expression in medullary thymic epi-
thelial cells (mTEC), where central tolerance is established (9-11).
A recent study by Rojas and colleagues (12) demonstrated that
adjuvant autogene cevumeran, an individualized neoantigen vac-
cine, was able to induce safe and sustained neoantigen-specific
T-cell response in 50% of the unselected patients with resectable
PDAC when administered with atezolizumab and mFOLFIRNOX.
However, given their individualistic origins from tumor muta-
tions, neoantigen-based immunotherapy usually necessitates per-
sonalized production of vaccine for each patient and thus the delay
of adjuvant chemotherapy (13).

Currently, the prediction of neoepitopes depends on genomic
analysis, such as the whole exome sequencing (WES) data (14).
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Translational Relevance

Using advanced mass spectrometry methods, this study
identified PDAC-specific neoantigens characterized by enhanced
immunogenicity, thereby offering promising prospects for tar-
geted immunotherapy. These noncanonical neoepitopes, absent
in normal tissues, underscore the potential for personalized
treatment strategies. Despite challenges associated with off-
tumor effects in targeting tumor-associated antigens, our focus
on tumor-specific antigens or neoantigens presents a viable so-
lution. Our findings pave the way for the development of safer
and more effective neoantigen-based treatments in pancreatic
cancer, aiming to mitigate off-tumor effects. This approach not
only enhances specificity but also addresses current PDAC im-
munotherapy limitations, potentially leading to improved clini-
cal outcomes and enhanced survival rates.

Although this approach allows the identification of neoepitopes that
arise from genomic variations, it would not detect neoepitopes
resulting from nongenomic variants such as post-translational
modification, defective ribosomal products (DRiP), proteasome
splicing, and other nongenomic alterations (14-19). To the best of
our knowledge, whether noncanonical neoepitopes could arise from
alterations in the translational process has never been studied.
Translation errors leading to single-amino acid substitutes can be
caused by erroneous charging of a transfer RNA (tRNA) with a
“noncognate” amino acid by its partner tRNA synthetase or failed
ribosomal recognition of codon-anticodon pairing in its A-site (20).
Such errors occur when a specific amino acid is underrepresented,
or one specific type of tRNA is overabundant. Recent work by
Pataskar and colleagues (21) shed light on one such mechanism by
showing that enriched tryptophan-to-phenylalanine (W > F)
substitutes were driven by tryptophan-depletion-induced alternative
tRNA aminoacylation in various cancers, including PDAC. Inter-
estingly, this study demonstrated that epitopes with this amino acid
substitution exhibited heightened surface antigen presentation and
could induce potent T-cell recognition and activation, underlining
the potential for discovering neoepitopes arising from erroneous
translation.

In our previous work, using advanced mass spectrometry (MS)
analysis, we successfully identified natural HLA class I- and class II-
binding epitopes in the neoplastic tissues of PDAC (22). Our prior
research further validated the in vitro and in vivo antitumor activity
of T cells expressing the T-cell receptor (TCR) specific for one of the
HLA class I epitope, LAMC2,03 511, confirming the feasibility of
using MS to identify CD8" T-cell epitopes for the development of
TCR T-cell therapies. In this present study, we employed the same
MS analytical methods to compare the immunopeptidome of PDAC
tissues and their corresponding normal tissue from the same pa-
tients. We further identified tumor-restricted epitopes with no
normal tissue expression. Furthermore, to identify neoepitopes not
present in the current proteomics databases, we adapted Novor, a de
novo peptide sequencing algorithm that derives peptide sequences
directly from the MS/MS spectrum without referencing a sequence
database (23). Through this approach, we identified HLA class I-
binding variant peptides derived from canonical proteins with single
amino-acid substitutes, which were shared by multiple patients and
may become noncanonical shared neoantigens.
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Materials and Methods

Cell culture

Authenticated W6/32 cells (RRID:CVCL_7872) and T2 cells
(RRID:CVCL_2211) were purchased from American Type Culture
Collection (ATCC) and maintained by following the protocols
suggested by ATCC. Mycoplasma testing was performed every
6 months. T2-A3 and T2-A11 cells were genetically modified from
T2 cells, a human B and T lymphoblast hybrid expressing only the
HLA-A2 allele, to express the HLA-A3 and HLA-AIl alleles,
respectively.

Human tissues and specimens

Human PDAC resection and normal pancreatic specimens were
obtained from the patients who underwent surgery at the Johns
Hopkins Hospital under the Johns Hopkins Medical Institution
(JHMI) Institutional Review Board (IRB) approved protocol
(IRB00244430), and through the Rapid Autopsy Program (RAP)
Shared Resource (SR) at The Sidney Kimmel Comprehensive Can-
cer Center. This program was approved by the Johns Hopkins IRB
and deemed in compliance with the Health Insurance Portability
and Accountability Act. Written informed consent from patients
involved in the work was obtained in accordance with U.S.
Common Rule.

Preparation of antibody conjugated affinity purification
columns

The antibody conjugated affinity purification columns were
prepared following a modified protocol described in detail previ-
ously (24, 25). W6/32 cells were cultured to produce pan-HLA-I (A,
B, G; ref. 26). The cell culture supernatant containing the antibodies
were diluted with Pierce Protein A (for anti-HLA class I affinity
column) or protein G (for anti-HLA class II affinity column)
binding buffer (Thermo Scientific). The diluted supernatant was
then passed through columns packed with Pierce Protein A Plus
Agarose beads (Thermo Scientific). The columns were first washed
with the respective binding buffers and then with 0.2 mol/L sodium
borate buffer (pH 9), before the agarose beads were cross-linked
with dimethyl pimelimidate (DMP; Thermo Scientific) at the final
concentration of 20 mmol/L in sodium borate buffer. Unreacted
DMP was quenched by rotating the beads for 2 hours in 2.5 beads
volume of 200 mmol/L ethanolamine (pH8). The beads were then
washed with binding buffer and stored in phosphate-buffered saline
at 4°C.

Purification of HLA-bound peptides

The tissues weighing between 100 and 1,000 mg were flash frozen
in liquid nitrogen after surgical resection and stored at —80°C. The
tissue was ground using a mortar and a pestle and incubated in 1 to
2 mL Pierce IP lysis buffer (Thermo Scientific) containing a Com-
plete Protease Inhibitor Cocktail (Roche) at 4°C with constant agi-
tation for 2 hours The supernatant from the lysate was collected
after 30 minutes centrifugation at 16,000 g, followed by an incu-
bation with unconjugated protein A beads at 4°C for 1 hour to block
nonspecific binding. The collected supernatant was then incubated
with pan-HLA-I antibody conjugated protein A beads (1/10th lysate
volume) overnight at 4°C while rotating slowly.

After the incubation, the beads were then washed with Buffer A
containing 150 mmol/L NaCl, 20 mmol/L Tris-HCI at a 10X beads
volume, Buffer B containing 400 mmol/L NaCl, 20 mmol/L Tris-
HCI at a 10X beads volume, Buffer A again at a 10X beads volume,
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and finally 20 mmol/L Tris-HCI (pH 8) at a 7X beads volume twice
at 4°C. The HLA-peptide complexes were eluted at room tempera-
ture with 500 pL of 0.1 N acetic acid (pH 3) for 15 minutes, twice.
The eluent (1 mL) containing the HLA-peptide complexes were
then loaded to a Sep-Pak C18 3 cc/200 mg Vac Cartridge (Waters)
that was pre-activated with 1 mL of methanol and washed with
1 mL 0.1% Trifluoroacetic acid (TFA) three times. After passing
through the cartridge, the flow-through were repeatedly loaded to
the cartridges two more times. To obtain the purified peptide sep-
arated from the HLA molecule, the cartridges were washed twice
with 300 pL of 0.1% TFA. After washing, the peptides were then
eluted for three times with 400, 300, and 30 uL L of 80% Acetonitrile
in 0.1% TFA, respectively, into a clean 1.5 mL Eppendorf tube. The
eluted samples were dried thoroughly at 30°C using vacuum cen-
trifugation and then stored at —80°C. Samples were prepared in a
blinded randomized manner to ensure unbiased handling and
analysis during the study.

LC-MS/MS analysis of HLA peptides

LC-MS/MS analysis of eluted peptides was performed by the
Mass Spectrometry and Proteomics Core at the Johns Hopkins
University School of Medicine, and it was previously described by
Zhang and colleagues (27). Briefly, dried eluted HLA peptides
were rehydrated and loaded into an EasyLC autosampler coupled
with an Orbitrap Lumos mass spectrometer (Thermo Fisher,
RRID:SCR_020562). 10 pL of the sample was injected onto a trap
column subsequently eluted into the mass spectrometer. The
mass spectrometer operated at resolutions of 120,000 (MS) and
30,000 (MS2). Peptides were fragmented with 30% collision en-
ergy using a 1.6 Dalton isolation window. Peptides with charges
2 to 6 underwent 3-second cycle fragmentation before the next
MS precursor scan. Previously fragmented precursors were ex-
cluded dynamically for 15 seconds. The MS AGC target was
4e5 ions with a maximum injection time of 50 ms; MS2 was set to
le5 ions and 100 ms maximum. Precursor mass calibration was
performed using the Easy-IC fluoranthene lock mass system.

MS data analysis of HLA peptides

MaxQuant software (https://www.maxquant.org/, RRID:SCR_014485)
was used to search the mass spectrum peak lists against the UniProt
databases (Human 93,609 entries, February 2018, RRID:SCR_002380)
following previously described settings (26, 28). Novor, a real-time peptide
de novo sequencing software (https://novor.cloud/, RRID:SCR_014507)
was used to sequence new peptides from the tandem MS data (23).
Enzyme specificity was set as unspecific. A false discovery rate of
0.01 was minimally required. The initially allowed mass deviation of the
precursor ion was set to 6 p.p.m. The maximum fragment mass devi-
ation was set to 20 p.p.m. Carbamidomethyl (C) was set as a fixed post-
translational modification (PTM), and Oxidation (W3), Phospho (ST),
Acetyl (N-term), Phospho (Y) were set as variable PTM. Fragmentation
was set to HCD. Results obtained from Novor were searched against
Swiss-Prot database in MS-Homology (University of California, San
Francisco, San Francisco, Ca, RRID:SCR_014558) to identify peptides
with single amino acid substitutions. Enzyme specificity was set as
unspecific.

Sequence-based HLA-A typing

Extracted genomic DNA from patient tissues were amplified
using a GeneQuery HLA-A PCR+Sanger SBT Typing Kit (Scien-
Cell). The kit creates three amplicons of the HLA-A gene: Exon 2,
Exon 3, and Exon 4. Subsequent Sanger Sequencing was performed
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with an Applied Biosystems 3730x] DNA Analyzer (Thermo Sci-
entific) by the Genetic Resources Core Facility at the Johns Hopkins
University of Medicine (RRID:SCR_010581). The acquired se-
quences are aligned to an HLA allele database using the SOAP-
Typing software (BGI Genomics, RRID:SCR_024848) to obtain the
four-digit genotypes of the samples.

T2 peptide binding assay

T2 cells expressing the HLA molecule of interest were resus-
pended in an equal mix of serum-free AimV (Fisher Scientific) and
culture media [Gibco RPMI 1640 (Invitrogen) with 10% heat
inactivated FCS (Geminibio), 1% L-glutamine (Geminibio) and 1%
penicillin/streptomycin (Geminibio)] to a concentration of 1 x 10°
cells/mL and pulsed with -2 microglobulin (final concentration at
1.5 ug/mL, Sigma-Aldrich) and peptide (final concentration at
50 ug/mL) at room temperature with gentle shaking overnight. Cell
surface MHC molecules stabilized by the peptide binding were
quantified by a CytoFLEX flow cytometer (Beckman Coulter, Brea,
CA, RRID:SCR_019627) with anti-HLA-A11 or A3 mouse mono-
clonal antibodies (One Lambda) as primary antibodies, respectively,
and a rabbit anti-mouse FITC-conjugated IgG secondary antibody
(Dako, RRID:AB_2532147). Dead cells were stained with the Live
Dead Aqua Dead Cell Kit (Invitrogen) and excluded during analysis.
Flow cytometry results were analyzed using the CytExpert software
(Beckman Coulter, RRID:SCR_017217) and were presented as an
increase in mean fluorescence intensity (MFI) of cells that were
cultured with peptides.

FloroSpot assay

The peptides were stocked in 100% DMSO and diluted in the cell
culture medium to yield a final peptide concentration at 10 ng/mL.
Archived, cryopreserved PBMCs were recovered and immediately
subjected to the FloroSpot assay. The FloroSpot assays were per-
formed using the Human IFNg/ TNFa/IL-2 FSP-0110 kits (Mab-
tech) by the Immune Monitoring Core at the Johns Hopkins University
School of Medicine. Plates were read by an AID iSpot Spectrum reader
(Autoimmun Diagnostika GmbH, RRID:SCR_025287), and the results
were processed by the software provided by the manufacturer.

Three-dimensional structural prediction

Alphafold (https://alphafold.ebi.ac.uk/, RRID:SCR_025454; refs.
29, 30) was used to predict the peptide-MHC structures, which were
then visualized using ChimeraX 1.6.1 (RRID:SCR_015872). HLA
molecule sequence was obtained from IPD-IMGT/HLA (https://
www.ebi.ac.uk/ipd/imgt/hla/, RRID:SCR_002971): HLA-A*03:01
(HLA00038) and HLA-A*33:01 (HLA00105). Wild-type and var-
iant peptide sequences were identified using MS-Homology
(https://msviewer.ucsf.edu/mshome.htm, RRID:SCR_014558) fol-
lowing LC-MS/MS analysis of eluted peptides from patient samples.

Statistical analyses

All statistical analyses and graphs were made using GraphPad
Prism 9.5.1 software (GraphPad Software, RRID:SCR_002798).
Unpaired t test was used for comparing the MFI of different pep-
tides in the T2 peptide binding assay. For the florospot assay, the
mean values of spot forming units (SFU) were compared using
Welch’s ¢ test for two-group comparisons and by one-way analysis
of variance for multiple group comparisons. If the SFU value of a
peptide in a sample was lower than that of the negative control
peptide, it was assigned a value of zero. Such an outcome was
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categorized as “unstimulated.” A P value of <0.05 was considered
statistically significant for all tests.

Ethics approval and consent to participate

Human PDAC resection specimens were obtained from the pa-
tients who underwent surgery at the Johns Hopkins Hospital under
the Johns Hopkins Medical Institution (JHMI) Institutional Review
Board (IRB) approved protocol (IRB00244430) and RAP SR at The
Sidney Kimmel Comprehensive Cancer Center. This program was
approved by the Johns Hopkins IRB and deemed in compliance
with the Health Insurance Portability and Accountability Act.

Data availability

The dataset(s) supporting the conclusions of this article are in-
cluded in the article and its additional files. Raw data is available
upon request to corresponding author.

Results

Identification of variant peptides of the HLA class I-binding
natural neoepitopes in the neoplastic tissues of PDAC

To understand whether natural HLA class I restricted T-cell
epitopes could carry amino acid mutations, we established the de
novo HLA class I immunopeptidome from four human PDAC tissue
specimens using a previously developed mass spectrometry-based
technique (31). In brief, we utilized the W6/32 monoclonal antibody
affinity column to purify HLA class I complexes from PDAC tissues
(32). Following the LC-MS/MS analysis of the recovered HLA class
I-bound peptides, the peptide sequences were analyzed using the
Novor algorithm, a de novo peptide sequencing algorithm. After
narrowing the peptide lengths to 8 to 11 mers, we identified 2,358,
1,015, 1,040, and 1,067 unique peptides from PDAC #1, 2, 3, and 4,
respectively (Fig. 1A). Among these, 631 (25.68%), 283 (27.88%),
311 (29.90%), and 278 (25.65%) peptides, respectively, carried a
single amino acid substitution (Fig. 1A). By comparing these pep-
tide sequence variants with somatic missense mutations according
to WES, it was found that none of the peptide sequence variants
were caused by the somatic mutations, which suggested that alter-
native mechanisms are involved in generating these peptide se-
quence variants (Supplementary Table S1).

We also examined the immunogenicity of the variant peptides.
Using NetMHCPan4.0 (33), we predicted the binding affinity of the
variant peptides to their respective patient’s HLA-A alleles and se-
lected 31, 3, 18, and 8 peptides, respectively, which exhibited a high
binding affinity (<500 nm, a threshold routinely associated with
potential immunogenicity for HLA class I restricted T cells) and at
least two-fold higher affinity than their wild-type counterparts
(Fig. 1B; Supplementary Dataset S1). We further narrowed down to
11 candidate peptides whose corresponding proteins are overex-
pressed in PDACs according to the Human Protein Atlas (https://
www.proteinatlas.org/) and the literature (Supplementary Table S2).

Next, we performed T2-binding assays to validate the binding
affinity of the synthesized peptides to their respective HLA-A alleles.
This assay made use of T2 cells, which are deficient in the trans-
porter associated with antigen processing and therefore lack the
ability to transport peptide fragments into the endoplasmic reticu-
lum to form stable peptide-HLA complexes (34). Incubation of
T2 cells with exogenous peptides that binds to the HLA molecule
stabilizes the molecule so that surface pMHC expression levels can
be quantitatively assessed using flow cytometry. The results show
that all the above-selected mutant peptides (except the
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PCDC4 peptide) demonstrated positive binding to the T2 cells
expressing the peptide’s corresponding origin HLA-A molecule
(Supplementary Fig. S1A and S1B). It was found found that three
variant peptides (PTPRZISHOZK, CHD9”2'74R  and PSMB5X6V)
displayed a significantly higher binding affinity compared with their
wild-type counterpart (Fig. 1C and D), whereas negative peptide
control was comparable to no peptide. Among these, the
CHD9 variant peptide that had a binding affinity similar to the
negative peptide control were excluded from the downstream
analysis.

Next, we compared the immunogenicity between matched wild-
type and variant peptides by performing a florospot assay to mea-
sure their ability to stimulate IFN-y production from T cells in
HLA-type-matched PBMC (HLA-A3 patient sample ID P-43 and P-
20; HLA-A11 patient sample ID P-6 and P-40). PBMCs were ob-
tained from patients from whom the variant peptides originated,
which were archived before and after these patients participated in
the clinical trial (NCT02451982) and received GVAX treatment
(35). We anticipated that PBMC following the GVAX treatment
would exhibit a higher T cell-activation signature as a result of the
general stimulation of T-cell infiltration and activation by the
GVAX treatment (36).

Upon stimulation with PTPRZ1 peptide, we detected a
significantly elevated production of IFN-y in HLA type-matched
post-GVAX treatment PBMC; but this was not observed in the same
PBMC stimulated with PTPRZ1 wild-type peptide (P-43: P < 0.05;
P-20: P < 0.05; Fig. 1E). However, we did not observe any IFN-y
response following stimulation with either the PSMB5°Y-mutated
or PSMB5 wild-type peptide (Fig. 1F). Because we did not detect the
PTRPZ1 epitopes in the allogenic tumor cell lines, of which the
GVAX vaccine was made, it is possible that GVAX treatment in-
duced an immune response at the tumor site, resulting in epitope
spreading to the PTRPZ1 variant peptide. It is certainly also possible
that the PTRPZ1 variant peptide was presented by the PDAC tumor
tissues, but not presented by the tumor cell lines in the in vitro
culture. These results suggest that variants of the HLA class I-
binding natural neoepitopes are potentially immunogenic and could
derive from mechanisms other than DNA mutation.

S1102K

Identification of variant peptides of the HLA class I-binding
natural neoepitopes in the paired neoplastic and normal
tissues from the same patients with PDAC

Next, we compared the HLA class I peptides derived from tumor
tissues to those from matched normal tissues from the same patients
to understand the cancer specificity of the above-identified wild-
type and variant peptides. We extracted and compared the immu-
nopeptidome of 16 paired PDAC-normal tissue specimens from
15 patients (Supplementary Table S3). These 16 paired fully dei-
dentified specimens were archived either through the RAP SR at the
Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins
(SKCCQC) or from patients who underwent surgery at the Johns
Hopkins Hospital. Among them, nine were primary tumors and
paired with normal pancreas; seven pairs were tumors from me-
tastases (two from the lung, five from the liver) and their respective
normal tissues.

Using the MaxQuant algorithm, which matches the MS/MS
spectrum of the purified peptides to the existing reference normal
protein library (UniProtKB Proteome UP000005640), a total of
8,094 unique HLA class I-binding peptides were identified from the
tumor tissues and 11,250 unique peptides from normal tissues. The
length histogram shows a wide distribution of peptide length, but
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Figure 1.

Identification of immunogenic HLA class I-bound variant peptides with single amino acid substitution from patient PDAC tumor specimen. Novor de novo
sequencing software was used to sequence the tandem MS data of HLA class | peptide from the patient’s PDAC tumor. MS-Homology was used to identify
peptides carrying a single amino acid substitution. NetMHCpan4.0 was used to predict peptide binding affinity to their respective HLA molecule. (A) Variant
peptides identified in four patient PDAC samples and (B) selected strong binding variant peptides. (C) T2 cell binding assays of selected HLA-A3 and (D)
ATl peptides binding to HLA-A3 or HLA-AT1 expressing T2 cells. T2 cells expressing HLA-A3 or HLA-A11 molecules were incubated with B2 M (1.5 pg/mL) and their
respective peptides (50 ug/mL) in an equal mix of serum-free AimV medium and RPMI1640-based culture media at room temperature with gentle shaking overnight.
Negative peptide and positive peptide control for HLA-A3 and HLA-ATl is CEFI(GILGFVFTL) and CEF3(SIIPSGPLK), respectively. An unpaired t test was used for
comparing the MFI of different peptides. (E) and (F) Florospot assay measuring the number of T cells producing IFNy in GVAX-treated (HLA-A3 patient sample ID
P-43 and P-20; HLA-A1 patient sample ID P-6 and P-40) PBMC following stimulation with PTPRZ1 or PSMB5 peptides, respectively. CIDO samples are pre-GVAX-
treated PBMC, and C1D14 samples are PBMC collected 14 days post-GVAX treatment. SFU is the number of spots per 10° PBMCs. Unpaired t test and one-way
analysis of variance were used for comparing stimulated and unstimulated peptide/samples. *, P < 0.05; ***, P < 0.001; ****, P < 0.0001.

the peak length for almost all specimens is nine amino acids, which  de novo sequencing software, a total of 250,751 unique peptides
is the expected length of HLA class I epitopes (Fig. 2A; Supple-  from the tumor tissues and 241,212 peptides from normal tissues
mentary Fig. S2; Supplementary Table S4; ref. 37). Using the Novor ~ were identified. The length histogram again peaked at nine amino
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Figure 2.

Identification of HLA class I-bound peptides from patient PDAC tumor specimen and matched normal tissue specimen. Histograms show representative length
distribution of (A) MaxQuant database searched peptides and (B) Novor de novo sequencing searched peptides from PA_1 and PA_9. The numbers of peptides
and proteins identified in both tumor and paired normal specimens (n = 16) using (C) MaxQuant database search and (D) Novor de novo sequencing search are
shown. Each line matching a set of peptide and protein counts symbolizes one patient. The total number of 8-11 mer peptides and total protein content were
calculated by summing the individual amounts of each peptide and protein from all 16 normal or tumor specimens. Proteins from which the peptides are derived

were identified using MS-Homology (http://prospector.ucsf.edu).

acids for essentially all the specimens (Fig. 2B; Supplementary
Fig. S3).

Because the canonical HLA class I epitope is 8 to 11 amino acids
long (37-39), our peptidome pool was narrowed to include only
peptides within this length range. Within the MaxQuant-identified
peptide pool, we identified a total of 10,822 unique 8 to 11 mer
peptides from 7,885 unique source proteins in the normal tissues
and a total of 8,094 unique 8 to 11 mer peptides from 5,930 unique
source proteins in the tumor tissues (Fig. 2C). We then filtered the
Novor de novo identified peptides within this length range for a
single amino acid substitute. From the pool of peptides analyzed de
novo, we identified 4,151 unique 8 to 11 mer variant peptides from

AACRJournals.org

3,881 unique source proteins in normal tissues and 3,669 unique
8 to 11 mer variant peptides from 3,473 unique source proteins in
tumor tissues (Fig. 2D).

Tumor-specific variant peptides are shared among multiple
patients

Next, we compared the immunopeptidome of each pair of tumor
and normal tissues to identify tumor-specific 8 to 11 mer peptides.
Across all 16 pairs of specimens, we found that an average of 65.3%
(SD = 15.6%) of wild-type peptides and 92.5% (SD = 4.2%) of
variant peptides extracted from the tumor tissues were unique to
tumor tissues (Fig. 3A; Supplementary Tables S4 and S5) even

Clin Cancer Res; 31(10) May 15, 2025 1961


http://prospector.ucsf.edu/
https://aacrjournals.org/

Zhang et al.

A 8-11mer peptides identified in tumor B C
Normal wildtype Tumor wildtype Normal variant Tumor variant
Wildtype peptides - - 347 | 65.3 }—l
3 Tumor specific
33 Non-tumor specific
Variant peptides - 15I 925 }<|
T Trrrrrrrr T
0 50 100
Frequency (%)
D Primary tumor-specific wildtype peptides
400 ass
[312
300
1o} 277
N
)
f
2
5 200
g o
o)
£ 5%43
100 959
81
18.
0 ‘l li‘:ﬂﬁﬁﬁgifgusaaszzmuz1111|n11111111111111111111

s L

'S
o
o
W
o
o
n
o
o
-
o
- II
o 1

Set size
E : o :
300+ Primary tumor-specific variant peptides
283
240
23558
213,
[] J
_‘% 200 o
c
S
©
8 131
% 107
- 100 92
0 ‘1333322222222111111111111111111111
m————  PA-12 PPB .
—— PA-9 MP . I
———  PA-16 HOP . x
— PA_15_TOP . II
——  PA-14 | L ) I I
—  PA-8 HOP . I I
—— PA-1T . I
ss—— PA-13 HOP . I
— PA-11 HOP1 . I II
e PA-2T .
300 200 100 0
Set size
Figure 3.

PDAC-specific HLA class I-bound wild-type and variant peptides. (A) Percentage of tumor-specific and non-tumor specific wild-type and variant peptides
extracted from tumor tissues. A peptide is considered tumor specific if it is not found within the peptide pool of the normal tissue specimens. Non-tumor-
specific peptides are those peptides that are found in both tumor and normal tissue-specimen peptide pools. Data are shown as mean + SD. Venn diagram
showing overlap between tumor and normal tissue’s unique wild-type (B) and variant peptides (C). UpSet plot showing (D) wild-type and (E) variant peptides
shared between primary tumor specimens.
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though slightly fewer unique variant peptides were found in the
tumor tissues. This finding also suggests that variant peptides are
particularly tumor specific in the majority of patients although the
same variant peptides can be found in the normal tissues of a few
patients. Interestingly, among all unique wild-type 8 to 11 mer
peptides, 4,175 were found in normal tissues, 1,496 in tumor tissues,
and 1,761 were shared between normal and tumor tissues (Fig. 3B).
In contrast, among variant 8 to 11 mer peptides, 3,279 were found
in normal tissues, 2,893 in tumor tissues, with only 390 shared
between normal and tumor tissues (Fig. 3C). These analyses,
combined with those in Fig. 3A, suggest that a subgroup of unique
wild-type and variant peptides is more enriched in tumor tissues.
The increased percentage of tumor-specific, wild-type, and variant
peptides shown in Fig. 3A is due to the repeated occurrence of such
a subgroup of peptides in tumors.

We subsequently compared the tumor-specific immunopepti-
dome among tumor tissues from either primary PDAC or from
metastatic sites to identify tumor-shared antigens in PDACs. We
found that, among primary PDAC specimens, 19 wild-type peptides
(1.01% of total tumor-specific wild-type peptides) were shared by
three or more PDACs, and 122 wild-type peptides (6.51%) were
shared between two PDACs (Fig. 3D). In addition, six variant
peptides (0.3% of total tumor-specific variant peptides) were shared
between three or more PDACs, and 46 variant peptides (2.33%)
were shared between two PDACs (Fig. 3E). Interestingly, one var-
iant peptide (ETALVELVK; Albumin®>°?) was found to be shared
among nine patients. However, because of the nature of the pro-
tein’s ubiquitous expression, we believe it has limited therapeutic
target value, and thus did not investigate further. Among metastatic
PDAC specimens, 55 wild-type peptides (2.56% of tutor tumor
specific wild-type peptides) were shared by three or more PDACs,
and 292 wild-type peptides (13.61%) were shared between two
PDACs (Supplementary Fig. S4A). For variant peptides, three
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[ 41 Variants with decreased K
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Figure 4.
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peptides (0.26% of total tumor-specific variant peptides) were
shared between three or more PDACs, and 36 peptides (2.72%) were
shared between two PDACs (Supplementary Fig. S4B). We were also
interested in seeing whether shared tumor antigens existed in tumor
tissues from both primary and metastatic sites in the same patient.
By comparing the peptides extracted from both the primary and
metastatic tumor (lung) in patient 15, we found 21 wild-type
(Supplementary Fig. S5A), and four variant peptides (Supplemen-
tary Fig. S5B) were shared by both specimens. Taken together, these
results suggest that variant peptides are largely tumor specific within
individual patients and shared among multiple patients.

Patterns of the amino acid substitutions in the HLA class
I-binding variant peptides

We examined the top 10 most frequent AA substitutions of the
variant peptides specific to either normal tissue or tumor tissues. We
observed a similar AA substitution pattern in both tumor-specific
variant peptides and normal tissue-specific variant peptides, with
Q-E (20.44% in normal tissue-specific variant peptides; 24.59% in
tumor-specific variant peptides), N-D (23.56% in normal tissue-
specific variant peptides; 19.89% in tumor-specific variant peptides),
and V-L (11.33% in normal tissue-specific variant peptides; 16.85%
in tumor-specific variant peptides), making up the top three most
frequent substitutions in both tumor and normal tissue-specific
variants peptides (Fig. 4A and B).

Although the most frequent AA substitutions are the same be-
tween tumor and normal tissue-specific variant peptides, we found
that quite a few types of AA substitutions were only observed
among the top 10 types of substitutions in tumor-specific variant
peptides (Fig. 4B). Next, we investigate whether tumor-specific AA
substitutions would influence the immunogenicity of variant pep-
tides. We identified 41 normal tissue-specific variant (0.96%;
Fig. 4C; Supplementary Table S6) and 45 tumor-specific variant

B
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D
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Il 3,610 No change
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Properties of normal and tumor-specific variant peptides. (A) and (B) show the top 10 AA substitution patterns in the variant peptide pool of normal and tumor
specimens, respectively. The percentage shown is out of the total peptides that contain one of these top 10 AA substitutions. AA substitutions only found within
tumor samples’ top 10 substitutions are highlighted in red. AA substitutions were identified using MS-Homology (http://prospector.ucsf.edu). (C) and (D) show
the number of variant peptides with increased and decreased binding affinity (Kp) identified in normal and tumor tissues, respectively. Variant peptides with
decreased Kp are defined as those with (1) Kp below 500 nmol/L and (2) at least two-fold lower Ky compared with its wild-type counterpart. Variant peptides
with increased Kp, are defined as those with (1) wild-type counterpart peptide with Ky below 500 nmol/L and (2) at least two-fold higher Ky compared with its

wild-type counterpart. BA was predicted using NetMHCpan4.0.
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peptides (1.21%; Fig. 4D; Supplementary Table S7) with a strong
predicted HLA class I-binding affinity (<500 nm) and an at least two-
fold increased binding affinity compared with their wild-type coun-
terparts. Although very few variant peptides from tumor tissues had
an increased binding affinity compared with their wild-type coun-
terparts, these peptides are potentially more immunogenic and should
be further investigated as immunotherapy targets. Interestingly, some
AA substitutions significantly decreased the binding affinity of the
peptides. We identified 39 normal tissue-specific variant peptides
(0.92%; Fig. 4C; Supplementary Table S8) and 59 tumor-specific
variant peptides (1.59%; Fig. 4D; Supplementary Table S9) whose
wild-type counterpart peptides scored a strong HLA class I-binding
affinity (<500 nm) and an at least two-fold decreased binding affinity
compared with their wild-type counterparts. The low binding affinity
of the majority of the variant peptides in both tumor and normal
tissues could potentially lead to an immune evasion.

Structure basis of altered binding affinity between variant
peptide and HLA

To understand how a variant peptide can increase binding affinity
to HLA, we performed molecular modeling of a normal and neo-
epitope actin peptide in complex with the respective HLA class I
molecule, HLA-A*33:01. AlphaFold (29, 40) in the Google’s CoLab
was used to predict the structure with high confidence (Supplementary
Figs. S6A and S6B, S7A and S7B). The wild-type actin peptide had a
predicted binding affinity of 2.8 pmol/L, whereas its variant counter-
part had a much higher predicted binding affinity of 0.5 umol/L. The
single substitution at Position 1 of the peptide (G to Q) did not alter
the three-dimensional peptide-MHC structure, with the RMSD be-
tween two peptides at 0.14 A (Supplementary Fig. $8). However,
in the variant peptide, the sidechain amide nitrogen of Q1 forms
a hydrogen with carbonyl of G2 carbonyl. This new hydrogen
bond, as absent in the normal peptide, can likely account for the
increase in binding affinity for the variant peptide. Similar
structural mechanisms may account for altered affinities pre-
sented in this paper.

Discussion

To the best of our knowledge, this is the first study that compared
the immunopeptidome of PDAC tissues and matched normal tissues
from the same patients. We were able to identify natural HLA class I-
binding variant peptides with single amino acid substitutes not be-
cause of genetic variants. The findings also suggest that noncanonical
neoantigens may arise from translational errors. Because these variant
peptides are largely tumor specific within individual patients and
shared among multiple patients, and because some of them are po-
tentially more immunogenic than their wild-type counterparts, they
may be neoantigen candidates for vaccine and T-cell therapy devel-
opment. As a future direction, it is vital to investigate how T-cell
recognition translates into specific reactivity against tumor cells pre-
senting natural levels of MHC I/peptide complexes. Although this
aspect was not addressed in the present study, we have been actively
developing mRNA vaccines that express these epitopes, aiming to
generate in vivo data that will deepen our understanding of T-cell
responses in the tumor microenvironment.

Although only a limited number of PDAC tissues had matched
tumor WES data, this study suggests that identified HLA class I-
binding variant peptides do not arise from genomic mutations. This
notion is further supported by the presence of variant peptides in
normal tissues.
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We hypothesize that the variant peptides observed in our study
could be derived from a specific type of DRiPs, namely those resulting
from tRNA-amino acid misacylation errors during protein synthesis.
Although DRiPs typically result from additions or deletions of amino
acids due to various mechanisms, tRNA-amino acid misacylation can
cause specific single amino-acid substitutions in peptides (41). Al-
though proteasome splicing could potentially contribute to the ob-
served substitutions, it is less likely to account for the diversity of
substitutions we have observed. Therefore, we propose that the single
amino-acid substitutions in our study are most likely caused by
translation errors involving tRNA-amino acid misacylation. Muta-
tions in the tRNA binding pocket of aminoacyl-tRNA synthetases,
mutations in amino-acid-binding pocket of aminoacyl-tRNA syn-
thetases, and amino acid imbalance are anticipated to cause the
substitutions of any amino acid. A mischarged target recognized by
aminoacyl-tRNA synthetases or by trans-editing factors would lead to
a specific type of amino acid substitution. It is likely that the observed
diversity of amino acid substitutions is attributable to multiple
translation editing mechanisms. Whether these potential mechanisms
account for the observed variant peptide remains to be substantiated.

Although variant peptides, if caused by translation errors, are
anticipated to be observed in normal tissues, this study suggests that
most variant peptides occur more frequently in tumor tissues. These
results suggest that cancer-specific mechanisms may account for
those cancer-specific variant peptides and are worth exploring.
Furthermore, the noncanonical neoepitopes observed in this study
were found to be shared among multiple patients. Therefore, the
neoepitopes observed in this study are promising neoantigen can-
didates for vaccine and T-cell therapy development.
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