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ABSTRACT
Background Patients with cancers that exhibit 
extraordinarily high somatic mutation numbers are ideal 
candidates for immunotherapy and enable identifying 
tumor- specific peptides through stimulation of tumor- 
reactive T cells (Tc).
Methods Colorectal cancers (CRC) HROC113 and 
HROC285 were selected based on high TMB, microsatellite 
instability and HLA class I expression. Their HLA ligandome 
was characterized using mass spectrometry, compared 
with the HLA ligand atlas and HLA class I- binding affinity 
was predicted. Cryptic peptides were identified using 
Peptide- PRISM. Patients’ Tc were isolated from either 
peripheral blood (pTc) or tumor material (tumor- infiltrating 
Tc, TiTc) and expanded. In addition, B- lymphoblastoid cells 
(B- LCL) were generated and used as antigen- presenting 
cells. pTc and TiTc were stimulated twice for 7 days using 
peptide pool- loaded B- LCL. Subsequently, interferon 
gamma (IFNγ) release was quantified by ELISpot. Finally, 
cytotoxicity against autologous tumor cells was assessed 
in a degranulation assay.
Results 100 tumor- specific candidate peptides—97 
cryptic peptides and 3 classically mutated neoantigens—
were selected. The neoantigens originated from single 
nucleotide substitutions in the genes IQGAP1, CTNNB1, 
and TRIT1. Cryptic and neoantigenic peptides inducing 
IFNγ secretion of Tc were further investigated. Stimulation 
of pTc and TiTc with neoantigens and selected cryptic 
peptides resulted in increased release of cytotoxic 
granules in the presence of autologous tumor cells, 
substantiating their improved tumor cell recognition. 
Tetramer staining showed an enhanced number of pTc and 
TiTc specific for the IQGAP1 neoantigen. Subpopulation 
analysis prior to peptide stimulation revealed that pTc 
mainly consisted of memory Tc, whereas TiTc constituted 
primarily of effector and effector memory Tc. This allows to 
infer that TiTc reacting to neoantigens and cryptic peptides 
must be present within the tumor microenvironment.
Conclusion These results prove that the analyzed CRC 
present both mutated neoantigenic and cryptic peptides 
on their HLA class I molecules. Moreover, stimulation 
with these peptides significantly strengthened tumor cell 

recognition by Tc. Since the overall number of neoantigenic 
peptides identifiable by HLA ligandome analysis hitherto 
is small, our data emphasize the relevance of increasing 
the target scope for cancer vaccines by the cryptic peptide 
category.

BACKGROUND
Immunotherapeutic agents and strategies 
are most promising, adding to the armamen-
tarium for effectively treating cancers. Even 
though much effort was put into broadening 
the applicability of immunotherapies over 
the last decade, immunotherapeutic treat-
ments are not yet available for all patients 
with cancer. Especially solid tumors remain 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Tumor- specific peptides presented via HLA class I 
molecules are obvious candidates for cancer vaccine 
designs. HLA ligandome analyses are the only way 
to identify cryptic peptides translated from genomic 
regions, presumed to not be translated—in addition 
to the classical mutation- derived neoantigens.

WHAT THIS STUDY ADDS
 ⇒ We newly identified peptides, three of which are 
derived from immunogenic neoantigens and a sub-
stantial number of cryptic peptides with the poten-
tial for T cell activation and tumor cell recognition. 
Mutated neoantigens as well as cryptic peptides are 
presented on the tumor cells and recognized by au-
tologous T cells.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Cryptic peptides add to the overall number of tumor- 
specific epitopes and thus constitute promising can-
didates for future cancer vaccination developments 
in addition to mutated or non- mutated neoantigens 
and other tumor specific peptides.
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difficult to target via immunotherapy. This is dismal, 
since they account for more than 90% of cancer- related 
deaths.1 Optimal tumor- specific immune responses are 
thought to be based on the recognition of mutated neoan-
tigens, resulting in a very effective distinction between 
malignant tumor and healthy tissue cells.2 This distinc-
tion is more successful in tumors with high mutational 
burden, compared with neoplasms with few mutations.3 
A high number of mutations is found first and fore-
most in melanoma and lung cancer.4 But also colorectal 
cancers (CRC) with microsatellite instability (MSI) and 
DNA polymerase epsilon mutations possess a high TMB.4 
However, not only mutated neoantigens are excellent 
targets for immunotherapeutic treatment strategies. 
There are also other sources for tumor- specific antigens, 
including cryptic peptides, which can be used as targets 
for cancer vaccinations.5 Cryptic peptides derive from 
non- canonical protein translation—especially from non- 
coding RNAs, intronic and intergenic regions, physio-
logically untranslated regions and shifted reading frames 
in coding sequences—and represent up to 15% of the 
tumor cell ligandome.6–11 These anomalous translational 
processes might produce short intracellular peptides, 
which are almost exclusively presented on HLA class I 
molecules.7 Their aberrant occurrence likely prevents 
self- tolerance and thus makes them promising targets for 
cancer vaccine development.12

Considering both somatic mutations and aberrant 
expression events, we here aimed at the unbiased identi-
fication of patient- individual antigenic peptides capable 
of inducing anti- tumoral T cell (Tc) responses. We 
chose two CRC cell models of the MSI subtype estab-
lished from the Lynch syndrome patients HROC113 
and HROC285. Genetic and HLA ligandome analyses 
resulted in the identification of 100 candidate peptides, 
consisting of mutated neoantigens and cryptic peptides. 
These peptides were screened for pre- existing autolo-
gous Tc reactivity. Furthermore, we tested the ability of 
stimulated peripheral Tc (pTc) and tumor- infiltrating Tc 
(TiTc) to release cytotoxic granules in response to autol-
ogous tumor cells. This approach allowed to conclude 
that the identified neoantigenic and cryptic peptides are 
presented by tumor cells and can therefore serve as valid 
Tc targets.

METHODS
Cell culture
Patient- derived CRC cell lines HROC113 and HROC285 
T0 M2 from the HROC collection13 were cultured in 
DMEM/Hams F12 medium supplemented with 10% 
FCS and 2 mM L- glutamine. To increase the expres-
sion of HLA molecules on the surface, tumor cells were 
treated for 48 hours with 200 IU/mL interferon gamma 
(IFNγ) (Imukin, Boehringer Ingelheim, Ingelheim am 
Rhein, Germany) for selected experiments. B- lympho-
blastoid cell lines (B- LCL) were cultivated in DMEM/
Hams F12 medium, 10% human AB serum (Institute for 

Transfusion Medicine, University of Rostock, Rostock, 
Germany), penicillin, streptomycin, amphotericin B, and 
2 mM L- glutamine. Cell culture was performed at 37°C 
and 5% CO2 in vessels selected according to experimental 
needs. All cell culture reagents were obtained from PAN 
Biotech, Aidenbach, Germany, unless stated otherwise.

Whole-exome sequencing
Whole exome sequencing was performed as described 
previously.14 In short, genomic DNA was extracted using 
QIAmp DNA Mini Kit (Qiagen, Hilden, Germany). 
Enrichment was carried out with the SureSelect Human 
All Exon kit (Agilent, Santa Clara, California, USA). The 
generated libraries were sequenced on the HiSeq4000 
platform (Illumina, San Diego, California, USA) using 
the 150 bp paired- end protocol and targeting for an 
average coverage of at least 100 x.

Variant calling, annotation and prioritization was based 
on a set of publicly available and Centogene in- house 
tools. By parallel analysis of normal tissue, germline poly-
morphisms were excluded.

Isolation of naturally presented HLA ligands and 
characterization by mass spectrometry (HLA Ligandomics)
HLA ligands were isolated and subsequently character-
ized through tandem- mass spectrometry, as described 
previously.15–18 In brief, HLA class I molecules were 
isolated from HROC113 and HROC285 T0 M2 cell 
lysates by immunoaffinity purification using the pan–
HLA- class I monoclonal antibody W6/3219 (produced 
in house) with cyanogen bromide- activated sepharose 
columns (Sigma- Aldrich, Burlington, Massachusetts, 
USA) and subsequently eluted with trifluoroacetic acid.15 
Eluted HLA ligands were purified by ultrafiltration using 
centrifugal filter units (Amicon; Millipore, Burlington, 
Massachusetts, USA) and desalted using ZipTip C18 
pipette tips (Millipore, Billerica, Massachusetts, USA). 
Subsequently peptides were separated by reversed- phase 
nanoflow uHPLC (UltiMate 3000 RSLCnano System, 
ThermoFisher Scientific, Waltham, Massachusetts, USA) 
using a 75 µm×2 cm trapping column (Acclaim PepMap 
RSLC; Thermo Fisher Scientific) and a gradient ranging 
from 2.4% to 32.0% acetonitrile over the course of 90 min. 
Eluting peptides were analyzed once or in multiple tech-
nical replicates in an online coupled Orbitrap Fusion 
Lumos mass spectrometer (ThermoFisher Scientific) 
using a top- speed collision- induced dissociation method.

Ligandomics data analysis
MHC I peptides were identified using Peptide- PRISM,6 
reanalysis was done using a recently published database 
of translated open reading frames (ORF) obtained from 
ribosome profiling data (nuORFdb).11 De novo peptide 
sequencing was performed with PEAKS X (Bioinformatics 
Solutions, Waterloo, Canada).20 Raw data were refined 
with the following settings: (1) Merge Options: no merge; 
(2) Precursor Options: corrected; (3) Charge Options: 
1–6; (4) Filter Options: no filter; (5) Process: true; (6) 
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Default: true; (7) Associate Chimera: yes; Parent Mass 
Error Tolerance was set to 10ppm, Fragment Mass Error 
Tolerance to 0.02 Da, and Enzyme to none. The following 
post- translational modifications were used: Oxidation 
(M), pyro- Glu from Q (N- term Q), and carbamidomethyl-
ation (C) with a maximum of three modifications allowed 
per peptide. Up to 10 de novo sequencing candidates 
were reported for each identified fragment ion mass 
spectrum, with their corresponding average local confi-
dence score. As chimeric spectra option of PEAKS X was 
used, two or more TOP10 candidate lists could possibly 
be assigned to a single fragment ion spectrum. All de 
novo sequence candidates were matched against the 
six- frame translated human genome (GRCh37) and the 
three- frame translated transcriptome (ENSEMBL release 
75) using Peptide- PRISM. All detected single nucleotide 
variants (SNV) and indels obtained from mutation calling 
were considered for the Peptide- PRISM search. Results 
were filtered to category- specific <10% false discovery 
rate (FDR). NetMHCpan 4.0 was used to predict binding 
affinities for all identified MHC I peptides.21 A cut- off 
of 0.5% rank for strong and 2% rank for weak binders 
was used. Sequence- specific hydrophobicity indices were 
calculated using SSRCalc.22

The raw data generated and analyzed during the 
current study as well as results have been deposited to the 
ProteomeXchange Consortium (http://proteomecen-
tral.proteomexchange.org) via the PRoteomics IDEn-
tifications (PRIDE) database partner repository23 with 
the dataset identifier PXD037587. The data sets reana-
lyzed with Peptide- PRISM using ENSEMBL release 90 
with the same settings as described above are also avail-
able online through the PRIDE database (dataset iden-
tifiers: PXD014017,24 PXD016582,25 PXD02175526 and 
PXD00489427).

Characterization of Tc subsets
The subpopulations of CD4+ and CD8+ Tc were iden-
tified via flow cytometry using the definitions shown in 
table 1. Antibodies were purchased from Immunotools 
(Frisoythe, Germany) and Biolegend (San Diego, USA) 
and the measurements were performed using a BD 
FACSVerse (BD Biosciences, Franklin Lakes, USA). Data 
were analyzed by FCSalyzer 0.9.21- alpha (https://source-
forge.net/projects/fcsalyzer).

Tc expansion
Peripheral blood mononuclear cells (PBMC) were isolated 
from patients’ heparinized blood by ficoll density gradient 
centrifugation. pTc were isolated with the Pan Tc isolation 
Kit (Miltenyi Biotec, Bergisch- Gladbach, Germany). For 
the expansion of pTc, a rapid expansion protocol (REP)28 
was adapted. Briefly, pTc were cocultured with irradiated 
(40 Gy) healthy donors’ PBMC in a ratio of 1:200 in 50 mL 
REP medium (TexMACS medium (Miltenyi Biotec), 3% 
human AB serum, 3000 IU/mL interleukine 2 (Proleukin, 
Novartis, Basel, Switzerland), penicillin, streptomycin 
and amphotericin B) supplemented with 0,1% OKT3 cell 
culture supernatant in a standing T75 cell culture flask 
per 1×106 pTc. At day 5 of coculture, ¾ of the medium was 
replaced with fresh REP medium. Starting at day 7, cells 
were counted daily and pTc were adjusted to a concentra-
tion of 1.0×106 cells/mL REP medium. The cumulative 
growth factor was calculated using the following formula: 

 
cell number (day x+1)

cell number(day x) ∗ cell number (day x)
cell number (day x−1) .

Expansion was ended at day 14 and pTc were frozen or 
directly used for further experiments.

For the expansion of TiTc, vitally frozen tumor pieces 
were minced with crossed scalpels. Assuming a concen-
tration of approximately 2–4 x 106 TiTc per cm³ tumor 
tissue, irradiated PBMC were added at a ratio of 1:200. 
Subsequent cultivation steps followed the same protocol 
as used for pTc (see above).

Tc stimulation
B- LCL used as antigen presenting cells were generated 
from patients’ PBMC using Epstein- Barr- Virus containing 
cell culture supernatant from B95/8 cells.29 For peptide- 
loading, 3×106 B- LCL were incubated at 37°C with 10 µg 
peptide pools in 1 mL serum free medium for 1 hour. 
Thereafter, B- LCL were irradiated with 30 Gy and seeded 
together with expanded Tc in a ratio of 1:4. Medium 
supplemented with 1xITS solution IV (PAN Biotech) 
and 300 IU/mL interleukine 2 was used for stimula-
tion. Lymphocytes were seeded into a 24- well plate with 
1×106 Tc per well in 2 mL of stimulation medium. Tc were 
counted every 7 days and freshly prepared peptide- loaded 
B- LCL were added in the 1:4 ratio. Tc stimulated with 
B- LCL without any peptide served as controls.

IFNγ-ELISpot
For detection of IFNγ secretion, the human IFNγ-ELISpot-
BASIC (Mabtech, Nacka Strand, Sweden) was performed. 
Per well, 20,000 Tc and 10,000 B- LCL were seeded in 
a total of 200 µL Tc medium on the antibody- coated 
membrane plate; 4 µg peptide was added. Tc incubated 
with B- LCL but without peptide served as negative, Tc 
incubated with 50 ng/mL PMA and 1 µg/mL ionomycin 
(both Merck, Darmstadt, Germany) as positive control. 
After 16–20 hours at 37°C and 5% CO2, medium was 
discarded and the plate was handled according to the 
manufacturer’s instructions. In the end, occurring spots 
indicating IFNγ-secreting Tc were counted using an 
ImmunoSpot Analyzer (CTL, Cleveland, USA).

Table 1 Definitions of T cell subpopulations

Marker combination T cell subpopulation

CD3+/CD62L+/CD45RO-/CD95– Naïve Tc

CD3+/CD62L+/CD45RO-/CD95+ Stem cell- like memory Tc

CD3+/CD62L+/CD45RO+/CD95+ Central memory Tc

CD3+/CD62L–/CD45RO+/CD95+ Effector memory Tc

CD3+/CD62L–/CD45RO-/CD95+ Effector Tc
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Degranulation assay
The ability of Tc to degranulate was tested with the degran-
ulation assay.30 A total of 100,000 IFNγ-treated tumor 
cells and 200,000 pTc or TiTc were seeded in Tc medium 
containing FITC anti- human CD107a (Biolegend) per 
well of a 96- well plate precoated with anti- human CD28 
(Immunotools). After 1 hour of incubation, 1 µg/mL 
Brefeldin A (MedChemExpress, Monmouth Junction, 
USA) was added, followed by another 4 hours incuba-
tion. Flow cytometry staining was performed using the 
Inside Stain Kit (Miltenyi Biotec), APC anti- human CD8 
(Immunotools) and PE anti- human IFNγ (Biolegend). 
Measurements were performed at a BD FACSCalibur and 
gates were adjusted to detect CD8+/CD107a+/IFNγ+ cells. 
Percentage of triple- positive Tc was normalized to the 
triple- positive population of Tc not incubated with tumor 
cells.

Tetramer staining
The PE- IQGAP1neo tetramer was from Miltenyi Biotec. 
The tetramers of TRIT1neo, Pep 8, Pep 18 and Pep 32 
conjugated with PE and APC were prepared with the 
FLEX- T Kit HLA- B*08:01 (Biolegend). Tc were washed 
with wash buffer containing PBS, 0.5% BSA, and 2 mM 
EDTA, centrifuged at 400 g for 5 min and stained with 
tetramer for 30 min at room temperature. After two 
further washing steps, the cells were analyzed with a BD 
FACSCalibur.

RESULTS
Mass spectrometric identification of tumor-specific HLA-I 
peptides
Adherent cultures of HROC113 and HROC285 T0 M2 
cells either treated with IFNγ or untreated were collected 
without enzymatic detachment methods and immediately 
snap frozen for subsequent HLA- ligand analysis. Using 
Peptide- PRISM,6 a computational tool that enables sensi-
tive and reliable identification of conventional as well as 
neoantigenic and cryptic HLA- I peptides, 8564 conven-
tional and 98 cryptic HLA- I peptides were identified for 
HROC113. For HROC285, 2374 conventional and 31 
cryptic HLA- I peptides were identified (figure 1A; online 
supplemental table S1).

HROC113 showed a typical distribution of conven-
tional HLA peptides among HLA alleles, with the 
highest number of peptides presented on HLA- A and 
HLA- B, significantly less on HLA- C and 9% NetMHCpan- 
predicted non- binders. HROC285 presented by far the 
highest number of peptides on HLA- C*04:01 (55%) and 
had a higher percentage (28%) of NetMHCpan- predicted 
non- binders (online supplemental figure S1A). Although 
the two cell lines have three HLA alleles in common, 
only a single cryptic peptide (Pep 28, FHDPLTLKF) was 
shared among the two cell lines. Gibbs clustering analysis 
with GibbsCluster 2.031 of the identified HLA peptides of 
HROC285 T0 M2 revealed two peptide binding motifs 
(online supplemental figure 2). The first motif resembled 

the binding motif of HLA- C*04:01, the second motif did 
not resemble any of the patients HLA alleles. In addi-
tion, HLA- B- presented peptides were strongly induced 
by IFNγ for HROC113, as has been described recently,32 
but not for HROC285 T0 M2 (online supplemental figure 
S1A). Cryptic peptides showed similar HLA allele distri-
bution and IFNγ responsiveness as conventional HLA 
peptides (online supplemental figure S1B). The overall 
percentage of cryptic peptides was low for both cell lines 
(~1%), possibly because both cell lines predominantly 
express HLA alleles presenting a low percentage of cryptic 
peptides, such as HLA- A*01:01 and HLA- A*02:01.5 Most 
cryptic peptides derived either from 5’-UTR or from a 
non- canonical reading frame (OffFrame), in accordance 
with previous findings5 (figure 1B).

To verify that the FDR for cryptic is comparable to that 
for conventional peptides, we performed a variety of 
quality controls. We compared the de novo score distri-
bution, the percentage of NetMHCpan- predicted non- 
binders, the peptide length distribution, the correlation 
of the calculated hydrophobicity with the experimental 
retention time, and the median intensity of cryptic with 
that of conventional peptides. All comparisons clearly 
indicated that cryptic peptides were presented as effi-
ciently and identified with the same reliability as conven-
tional peptides (online supplemental figure S3).

Figure 1 HLA- I immunopeptidomes of HROC113 and 
HROC285. (A) Total number of identified conventional (CDS) 
and cryptic HLA- I peptides with and without IFNγ treatment 
(false discovery rate: <10%, NetMHCpan rank: <2%). (B) 
Identified cryptic peptides identified from HROC113 and 
HROC285 by category. HLA peptides were assigned to 
the HLA allele with the lowest rank value. (C) Identified 
neoantigens derived from non- synonymous SNVs. SNVs, 
single- nucleotide variants.
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To identify neoantigenic peptides derived from SNV or 
indels, we included all somatic mutations obtained from 
mutation calling for the analysis. Although more than 
1400 frameshift mutations for each of the two cell lines 
were considered, no frameshift- derived neoantigenic 
peptide was detected. However, two neoantigens derived 
from non- synonymous SNV were identified for HROC113 
and one for HROC285 (figure 1C). These neoantigens 
were detected in tumor cells with and without IFNγ 
treatment. The p.Arg321Trp mutation of IQGAP1 in 
HROC113 resulted in the neoantigen KMWEEVITL (wild-
type KMREEVITL). A second neoantigen was detected in 
this CRC cell line translated from p.Thr41Ala in CTNNB1 
leading to the neoantigen YLDSGIHSGATA (wildtype 
YLDSGIHSGATT). For HROC285, a single neoantigen 
from TRIT1 (p.Lys66Thr), translating into TVIDRKVEL 
(wildtype KVIDRKVEL) was detected together with the 
wild type peptide. Contrarily, only the mutated neoanti-
gens but not the wild type peptides were identified for 
HROC113.

Whereas mutated neoantigens derived from somatic 
mutations are tumor- specific per se, cryptic peptides 
are also detectable in healthy tissue,33 and only a small 
proportion of cryptic peptides can be expected to be 
tumor- specific. Therefore, we filtered out peptides previ-
ously observed in benign tissues included in the HLA 
ligand atlas.33 Fifty- four of the initial 128 cryptic peptides 
found in HROC113 and HROC285 were thus filtered out. 
Another 23 cryptic peptides identified in HROC113 or 
HROC285 with a de novo score below the applied FDR 
score cut- off were included into the functional analysis, 
because they (1) were identified in ligandomics data of 
other tumor samples with a higher de novo score (data 
not shown), (2) were not in the benign HLA ligand atlas 

data set, and (3) were predicted as binders to one of the 
corresponding patients’ HLA alleles. Thus, our final 
candidate list comprised 97 cryptic HLA peptides and 
3 mutated neoantigens (online supplemental table S2). 
More than 60% (59) of the 97 selected cryptic candidate 
peptides were derived from translated ORF as classified 
by ribosome profiling using nuORFdb (online supple-
mental table S2).

All 100 candidate peptides showed excellent correla-
tion of the calculated hydrophobicity with the experi-
mental retention time (online supplemental figure S4).

Expansion of Tc populations
Polyclonal expansion of pTc and TiTc resulted in cumu-
lative growth factors of 100 and 160 for pTc and 210 
and 500 for TiTc for patients HROC113 and HROC285, 
respectively. Flow cytometric analysis of the Tc subpopu-
lations revealed, that distribution of CD4+ and CD8+ Tc 
generally shifted during expansion in favor of CD8+ Tc 
(figure 2). This effect is attributable to the rapid expan-
sion protocol, as it was not only observed in pTc from the 
two patients HROC113 and HROC285, but also in more 
than 20 other colorectal and pancreatic patients with 
cancer as well as in healthy individuals (data not shown). 
The expanded pTc are mainly composed of memory Tc. 
The largest populations among pTc in HROC113 were 
CD8+ central memory Tc (49.6%) and CD8+ stem cell- like 
memory Tc (25.8%), followed by CD4+ central memory 
Tc (13.5%) and CD4+ stem cell- like memory Tc (4.5%). 
A minority among pTc of HROC113 was identified as 
effector memory Tc (CD8+: 2.5%; CD4+: 1.9%) or effector 
Tc (CD8+: 0.5%; CD4+: 0.1%). A similar distribution 
pattern was observed in the pTc of HROC285. More than 
90% of pTc were assigned to the stem cell- like memory 

Figure 2 T cell populations. Expanded pTc and TiTc were classified by the detection of CD3, CD4, CD8, CD45RO, CD62L 
and CD95 via flow cytometry. The following subpopulations could be discriminated: naïve Tc (TN, CD3+/CD62L+/CD45RO-/
CD95-), stem cell- like memory Tc (TSCM, CD3+/CD62L+/CD45RO-/CD95+), central memory Tc (TCM, CD3+/CD62L+/CD45RO+/
CD95+), effector memory Tc (TEM, CD3+/CD62L-/CD45RO+/CD95+) and effector Tc (TEFF, CD3+/CD62L-/CD45RO-/CD95+). pTc, 
peripheral blood Tc; TiTc, tumor- infiltrating Tc.
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Tc category (CD8+: 68.4%; CD4+: 24.7%). The central 
memory compartment made up 4.2% and 1.6% among 
the CD8+ and CD4+ Tc in HROC285, respectively. Effector 
memory as well as effector cells represent only 1% of Tc 
in HROC285.

Overall, the TiTc were composed of more effector 
(memory) Tc, but central memory as well as stem cell- 
like memory constituted only a minority among TiTc 
compared with the pTc (figure 2). Moreover, up to 10% 
of TiTc were identified as CD4+/CD8+ double positive 
cells. TiTc in HROC113 consisted of more CD4+ (50.9%) 
than CD8+ (30.8%) effector Tc; and this pattern was even 
stronger in TiTc HROC285. Here, 85.9% of TiTc were 
positive for CD4 with a larger amount of stem cell- like 
memory (27.4%) and central memory Tc (29.0%) than 
effector memory (16.3%) and effector Tc (13.2%).

Neoantigenic and cryptic peptides can induce IFNγ secretion 
in pTc and TiTc
TiTc and pTc were stimulated with different pools 
of peptides and IFNγ secretion was analyzed after 
14–28 days. The goal was to investigate the potential of 
these identified peptides to induce an immune response. 
The peptide pools contained 8–12 mers and the compo-
sition was based on the predicted binding affinity to the 
respective HLA molecules: ‘weak’ and ‘strong’ peptide 
pools for HROC285 and ‘weak’, ‘strong I’ and ‘strong II’ 
peptide pools for HROC113 due to the high number of 
identified peptides (online supplemental table S2). An 
additional peptide stimulation was performed using the 
identified mutated neoantigen(s). Overall, the response 
of TiTc, compared with pTc, was stronger as indicated 
by higher numbers of spots in the IFNγ ELISpot (online 
supplemental figure S5). Furthermore, distinct response 
patterns were clearly discernible already after 14 days in 
the stimulated TiTc. In comparison, pTc required 28 days 
of stimulation. Samples with significant more spots than 
the negative control (t- test, p<0.05) hinted at peptides 
able to induce an IFNγ response in Tc.

Even though the ‘weak’ peptide pool also resulted in the 
faintest Tc response, three peptides were detected to induce 
a Tc response in the TiTc HROC113 (figure 3). Stimulations 
using the ‘strong’ peptide pools in TiTc from HROC113 
led to IFNγ secretion ascribable to 12 of 56 tumor- specific 
cryptic peptides, but only one peptide of the ‘strong’ peptide 
pool induced an IFNγ release in pTc HROC113. The two 
analyzed neoantigens both reached significant numbers of 
reactive pTc (pIQGAP1neo=0.04 ; pCTNNB1neo=0.02) as well as TiTc 
(pIQGAP1neo=0.01 ; pCTNNB1neo=0.04) in HROC113.

In pTc and TiTc of HROC285, fewer peptides triggered 
IFNγ release. None of the peptides of the ‘weak’ peptide 
pool induced a specific Tc response (figure 3). However, 2 
of the 15 peptides of the ‘strong’ peptide pool elicited an 
IFNγ response in pTc and TiTc of HROC285. One of these 
peptides induced IFNγ release in pTc and in TiTc HROC285. 
The reactivity against the mutated neoantigen was higher in 
the pTc than in the TiTc stimulation approach of HROC285.

Overall, the cryptic peptides inducing a strong Tc response 
were bioinformatically mainly predicted to strongly bind to 
the respective HLA molecules, irrespective of the HLA allele 
per se. In addition, no correlation between translational 
origin (off frame, untranslated 5’ or 3’, non- coding RNA, 
intergenic or intronic regions) and stimulation potential 
became obvious.

All peptides inducing a strong Tc response validated by 
IFNγ secretion in this screening (table 2) were combined in 
one pool of immunogenic cryptic peptides per cell line and 
included into subsequent experiments.

Stimulation with cryptic peptides can induce degranulation in 
Tc and TiTc
After 14 days of stimulation with immunogenic cryptic 
peptides, the reactivity of pTc and TiTc against autol-
ogous tumor cells was assessed in a degranulation 
assay (online supplemental figure S6). Stimulated pTc 
HROC113 showed an increased degranulation, repre-
sented by significantly (p=0.0008) higher numbers of 
CD8+/CD107a+/IFNγ+ cells compared with unstimulated 
Tc from HROC113 (figure 4). This effect was validated in 
TiTc from HROC113 with 2- fold increase in degranula-
tion observed in peptide- stimulated TiTc compared with 
the unstimulated control (p=0.0025).

An activating effect induced by the stimulation with 
immunogenic cryptic peptides was also observed in 
pTc from HROC285 (figure 4). Here, a 5- fold increase 
in degranulating cytotoxic T lymphocytes was detected 
(p=0.0226). The amount of cytotoxic TiTc from 
HROC285 decreased with further stimulation and no 
stimulation- induced degranulation was detected in the 
remaining CD8+ Tc (mean 2%). Because of the unusual 
high proportion of CD8- Tc in this stimulation, we also 
looked for degranulating CD8- Tc, but did not detect any.

Figure 3 Screening for IFNγ secretion after stimulation with 
cryptic peptides and neoantigens. pTc and TiTc of HROC113 
(A, B) and HROC285 (C, D) were stimulated with peptide 
pools for 28 and 14 days, respectively. Number of spots was 
normalized to controls. N=2–3, Significance was assessed 
by t- test. Striped columns: peptides with weak binding 
prediction; color- filled columns: peptides with strong binding 
prediction; orange columns: significantly increased IFNγ 
release (p<0.05, determined by t- test). pTc, peripheral blood 
Tc; TiTc, tumor- infiltrating Tc.

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2022-005651 on 2 D

ecem
ber 2022. D

ow
nloaded from

 

https://dx.doi.org/10.1136/jitc-2022-005651
https://dx.doi.org/10.1136/jitc-2022-005651
https://dx.doi.org/10.1136/jitc-2022-005651
https://dx.doi.org/10.1136/jitc-2022-005651
http://jitc.bmj.com/


7Schwarz S, et al. J Immunother Cancer 2022;10:e005651. doi:10.1136/jitc-2022-005651

Open access

Recurrency of tumor-specific cryptic peptides
To determine the recurrency of the cryptic peptides, 
we re- analyzed two immunopeptidome data sets of CRC 
organoids,24 25 one of the CRC cell line HCT11626 and 
one melanoma data set of tumor samples27 with Peptide- 
PRISM. In contrast to neoantigens, which derive from 
patient- specific somatic mutations and are therefore 
rarely recurrent, tumor- specific cryptic peptides might 
be shared among HLA- matched patients. Indeed, 49 of 
the 97 cryptic candidate peptides were identified in at 
least two samples from different patients (online supple-
mental figures S7; table S3). The HLA- A*02:01- restricted 
peptide ALPEVQKQV derived from all- trans retinoic 
acid- induced differentiation factor (ATRAID, peptide #1) 
had the highest recurrence frequency. This antigen was 
identified in eleven samples of three different patients 
with CRC and in all samples of four melanoma patients. 
ALPEVQKQV was identified in three of four HLA- A*02:01 
positive patients with CRC. Ribosome profiling data from 
nuORFdb provided evidence that the underlying ORF is 
indeed translated (online supplemental figure S8). The 
peptide ALPEVQKQV might either be derived from the 
5’-UTR of isoform 2 of ATRAID (UniProt ID Q6UW56- 2; 
ATRAID- 202, ENST00000405489.7) or from a potential 
transcript with retained intron (online supplemental 
figure S8). The C- terminus of the peptide corresponds to 
the last amino acid of the corresponding ORF before the 
stop codon, which means that no proteasomal processing 
is required to generate the peptides’ C- terminus. Tumor 
specificity of this peptide might rely on tumor- specific 

transcription, tumor- specific splicing, or tumor- specific 
translation from the corresponding cryptic ORF.

Stimulation with neoantigens can induce degranulation in Tc 
and TiTc
pTc and TiTc of HROC113 were stimulated for 14 days 
with the neoantigenic peptides derived from mutations 
in the genes IQGAP1 and CTNNB1. The Tc response was 
again analyzed in a degranulation assay. Here a 4- fold 
increase of cytotoxic Tc releasing their granules was 
observed for stimulation approaches using the mutated 
neoantigen- stimulated pTc compared with unstimulated 
pTc (figure 4). This effect was validated in TiTc from 
HROC113 and a highly significant difference between 
neoantigen- stimulated and unstimulated TiTc HROC113 
was detected (p=0.0051).

Induction of CD8+/CD107a+/IFNγ+ cells by neoantigen 
stimulation in pTc from HROC285 was less extensive than 
in the HROC113 approach (figure 4). Again, no CD8+/
CD107a+/IFNγ+ TiTc could be detected in HROC285.

Tetramer staining
Stimulation efficiency of tumor- specific mutated neoan-
tigens was determined by staining of pTc and TiTc with 
tetramers containing the two neoantigenic peptides with 
high binding prediction (IQGAP1neo and TRIT1neo) 
prior to and after stimulation. A remarkable increase of 
Tc specific for IQGAP1neo was detected in pTc and TiTc 
from HROC113 after 14 days of stimulation (figure 5A,B). 
Here, a clear distinction between Tc receptive for 

Table 2 Immunogenic cryptic peptides

Tumor Sequence Gene Symbol Category HLA binder Filtered HLA allele

HROC113 ALPEVQKQV ENSG00000138085 ATRAID UTR5 Strong binder HLA- A*02:01

HROC113 ETDIEMETRY ENSG00000253738 GS1- 251I9.4 ncRNA Strong binder HLA- A*01:01

HROC113 HHSDWGNIM ENSG00000204616 TRIM31 OffFrame Strong binder HLA- B*38:01

HROC113 HHSDWGNIMW ENSG00000204616 TRIM31 OffFrame Strong binder HLA- B*38:01

HROC285 LFDYEVRL ENSG00000034063 UHRF1 ncRNA Strong binder HLA- C*04:01

HROC113 LLDIDLDKY ENSG00000259345 RP11- 624L4.1 ncRNA Strong binder HLA- A*01:01

HROC113 MAALRALL ENSG00000072121 ZFYVE26 UTR5 Strong binder HLA- B*08:01

HROC113 MARARAVAA ENSG00000197006 METTL9 UTR5 Strong binder HLA- B*08:01

HROC113 NMKQRTERL ENSG00000165322 ARHGAP12 OffFrame Strong binder HLA- B*08:01

HROC113 NSKKRLNTL ENSG00000119335 SET OffFrame Strong binder HLA- B*08:01

HROC113 QTELSQLLK ENSG00000145741 BTF3 UTR3 Weak binder HLA- A*01:01

HROC113 RLATLKSTV ENSG00000120756 PLS1 UTR5 Weak binder HLA- A*02:01

HROC285 SLNIRTPIL ENSG00000167635 ZNF146 OffFrame Strong binder HLA- B*08:01

HROC113 TLKDRNFQI ENSG00000198561 CTNND1 UTR5 Strong binder HLA- B*08:01

HROC113 VPLTRILTL ENSG00000140105 WARS OffFrame Strong binder HLA- B*08:01

HROC113 WAAPFPKLL ENSG00000110851 PRDM4 UTR5 Weak binder HLA- C*12:03

HROC113 YHSSTDSLI ENSG00000168036 CTNNB1 UTR5 Strong binder HLA- B*38:01

HROC113 YSSEIWDLY ENSG00000100852 ARHGAP5 UTR5 Strong binder HLA- A*01:01

ncRNA, non- coding RNA; UTR3, 3’ untranslated region; UTR5, 5’ untranslated region.
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neoantigen stimulation and Tc resistant to stimulation 
in the pTc from HROC113 was observed. In pTc from 
HROC285, the neoantigen stimulation led to a slight 
increase of TRIT1neo- specific Tc (p=0.1) (figure 5C). In 
contrast, TiTc from HROC285 showed inconsistent results 
concerning numbers of TRIT1neo- specifc T lymphocytes 
after the stimulation period, at times surpassing 5% but 
with a high variance of the replicates (figure 5D).

The proliferation of Tc specific for cryptic peptides 
was also determined by tetramer staining. The three 

immunogenic cryptic peptides #8, #18 and #32 identified 
from HROC113 were selected based on their results in 
the ELISpot and recurrency analysis. Peptide- stimulated 
Tc and TiTc HROC113 partially showed an increased 
population of Tc specific for cryptic peptides, especially 
#32 (figure 5E,F).

Figure 4 Recognition of autologous tumor cells. After 14 days of stimulation with neoantigenic or immunogenic cryptic 
peptides, degranulation of pTc and TiTc HROC113 (A, B) and Tc HROC285 (C) was investigated. pTc and TiTc were cocultured 
for 5 hours with autologous tumor cells and degranulating cells, defined as CD8+/CD107a+/IFNγ+, were detected by subsequent 
flow cytometric measurement. Statistical results are based on t- test indicating *p<0.05, **p<0.01, ***p<0.001. pTc, peripheral 
blood Tc; TiTc, tumor- infiltrating Tc.
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DISCUSSION
Patients with cancer with extraordinarily high numbers of 
somatic tumor mutations, resulting in many neoantigens, 
are ideal candidates for immunotherapy.34 35 Therefore, we 
selected two patients with MSI CRC with thousands of genetic 
aberrations. Identification of candidate peptides was based 
on expressed protein sequence modification, presence in 
HLA ligandome analysis and predicted binding to HLA 
molecules. Here, we could identify only two mutated neoan-
tigens for HROC113—one with strong and one with weak 
binding prediction—and merely one for HROC285. Further 
studies confirmed a similarly low number of mutated neoan-
tigens per patient with current methodology.36–39

All three mutated neoantigens identified in this study arise 
from single nucleotide substitutions resulting in modified 
amino acid sequences. IQGAP1 and TRIT1, the origins of 
the two neoantigens with strong HLA binding prediction, 
are rather uncommon mutational sites, whereas CTNNB1 is 

mutated in 25% of MSI CRC.40 Unfortunately, this neoan-
tigen had the lowest binding prediction. Nonetheless, we 
included all three neoantigens in all sets of experiments.

In addition to mutated neoantigens, we also aimed at 
detecting tumor- specific cryptic peptides by choosing an 
immunopeptidomic approach, which has been proven 
successful before.7 41–43 Ligandomic analyses revealed 10,938 
conventional and 128 cryptic peptides in HROC113 and 
HROC285 T0 M2; 97 of the latter were tumor- specific. Quality 
parameters like de novo score distribution, percentage of 
NetMHCpan- predicted non- binders, peptide length distri-
bution and correlation of the calculated hydrophobicity with 
the experimental retention time confirmed that the iden-
tification of cryptic peptides is not inferior to conventional 
peptides. They may be ideal new targets for immunotherapy, 
as Tc responses, represented by IFNγ secretion, have been 
demonstrated before.7 42–44

Patient- derived Tc are classically the bottle- neck of 
immunogenic epitope identification; thus we polyclonally 
expanded pTc and TiTc. Subpopulation determination in 
the expanded pTc revealed first and foremost an increase in 
the CD8+ Tc population. High amounts of cytotoxic Tc form a 
perfect basis for peptide stimulation and raised expectations 
of tumor recognition by such stimulated Tc. Furthermore, 
the thorough subdivision of pTc revealed that most were 
stem cell- like memory and central memory Tc. This again was 
a positive portent for high tumor reactivity since especially 
central memory and stem cell- like memory Tc have proven 
superiority in cancer cell eradication to effector (memory) 
Tc.45

A completely different distribution was observed for the 
expanded TiTc from HROC113 and HROC285. After 14 days 
of expansion, effector and effector memory cells prevailed, 
strengthening the assumption of tumor- reactive Tc present in 
the original tumor microenvironment. Due to limited avail-
ability of biologic material, a comparison of subpopulation 
distribution to TiTc before the polyclonal expansion was not 
possible. The high quantity of CD4+ TiTc, especially in the 
TiTc from HROC285, underlines the importance of helper 
Tc activity but also hints at the possibility of cytotoxic CD4+ 
being present within the tumor. Moreover, the presence of 
CD4+/CD8+ double positive cells was striking in both TiTc 
populations. However, the role of these double positive Tc is 
still not conclusively defined, assuming potential cytotoxic as 
well as immunosuppressive capabilities.46

Both mutated neoantigens and 16 of 70 cryptic peptides 
of HROC113 triggering a significant pTc or TiTc reac-
tion in ELISpot were mainly predicted to be strong HLA 
binders. Tc responses to these peptides could be repli-
cated in more functional degranulation experiments. 
These results thus confirm also for cryptic, not only 
for neoantigenic peptides, presentation on CRC cells, 
induction of Tc proliferation and specific recognition by 
peptide- stimulated autologous Tc. Successful stimulation 
was detected in pTc and TiTc of HROC113, leading to 
the assumption that both memory as well as effector Tc 
are receptive for stimulation with tumor- specific peptides. 
Remarkably, these results indicate that Tc recognizing 

Figure 5 T cells specific for neoantigens and cryptic 
peptides. At days 0 and 14 of stimulation pTc and TiTc 
of HROC113 were stained with tetramers specific for the 
neoantigen IQGAP1neo (A, B) and pTc and TiTc of HROC285 
with tetramers specific for the neoantigen TRIT1neo (C, 
D). The amount of Tc specific the cryptic peptides #8, 
#18 and #32 was determined in pTc and TiTc HROC113 
stimulated with B- LCL loaded with a pool of immunogenic 
cryptic peptides (stim) or without any peptide (ctrl) (E, F). B- 
LCL, B- lymphoblastoid cells; pTc, peripheral blood Tc; TiTc, 
tumor- infiltrating Tc.
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cryptic peptides are present in the tumor microenviron-
ment, thereby emphasizing their future potential for 
cancer vaccine development. Of note, 49 of the 97 cryptic 
peptides of the present analysis were shared between one 
of the HROC cases and at least one additional tumor 
sample. Even more importantly, this was also true for the 
immunogenic cryptic peptides, where seven of the 16 
peptides induced Tc activation and were found in further 
tumor samples. Such cryptic peptides shared by different 
patients’ tumors would make them ideal candidates for 
off- the- shelf cancer vaccine approaches.7 The efficiency 
of cryptic peptide containing cancer vaccines was already 
demonstrated in a mouse model.43 Tokita et al observed 
reduced CRC growth after vaccination with a mixture of 
three cryptic peptides, but not with individual peptides.43

The distinct degranulation of Tc and TiTc from 
HROC113 in response to the neoantigenic peptides lead 
to the classification as indeed immunogenic patient- 
individual neoantigens. This is further confirmed by the 
increasing amount of Tc with receptors for IQGAP1neo 
in HROC113 Tc and TiTc with stimulation time; as identi-
fied by tetramer staining. In addition, the positive results 
observed in the degranulation assay validate the presen-
tation of IQGAP1neo on the HLA molecules expressed 
by HROC113 cells. Furthermore, as the composition of 
TiTc HROC113 is dominated by effector Tc which prob-
ably proliferated under mutated neoantigen stimulation, 
we presume a pre- existing neoantigen- specific immunity 
within the tumor. Still, it is important to consider the 
heterogeneic reactivity especially in the Tc from HROC113 
and the very weak effect for both pTc and TiTc from 
HROC285. The human Tc receptor repertoire consists 
of approximately 1×108 Tc clones,47 but our experiments 
were performed with only up to 1×107 Tc, definitely not 
representing entirety of Tc clones. This might, partially, 
explain the negative results, as it is well possible, that Tc 
with receptors specific for tested peptides were simply not 
present among the cells used for some experiments.

In conclusion, we identified tumor- specific neoantigenic 
and cryptic peptides by sequencing combined with ligan-
domics analysis. Stimulations of pTc and TiTc confirmed 
multiple predicted peptides as truly immunogenic. The 
fact that functional assays were performed using patient’s 
tumor cells and autologous Tc sets this study apart from 
others and is the first study demonstrating the immuno-
genic potential of cryptic peptides in a human ex vivo 
setting. Furthermore, the results from these degranula-
tion assays prove that peptide- primed pTc and TiTc recog-
nized target cells which were not pulsed with the respective 
peptides but processed and presented them naturally. 
Beside validating the immunogenicity of cryptic peptides, 
we also identified three patient- individual neoantigens 
with the potential to induce significant Tc responses with 
increased release of cytotoxic granules in the presence of 
matching tumor cells. These results should, therefore, be 
a strong impetus for considering cryptic peptides besides 
mutation derived neoantigens for the incorporation of in 
future cancer vaccine development approaches.
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