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In the current era of T cell–based immunotherapies, it is
crucial to understand which types of MHC-presented T cell
antigens are produced by tumor cells. In addition to linear
peptide antigens, chimeric peptides are generated through
proteasome-catalyzed peptide splicing (PCPS). Whether
such spliced peptides are abundantly presented by MHC is
highly disputed because of disagreement in computational
analyses of mass spectrometry data of MHC-eluted pepti-
des. Moreover, such mass spectrometric analyses cannot
elucidate how much spliced peptides contribute to the pool
of immunogenic antigens. In this Perspective, we explain
the significance of knowing the contribution of spliced pep-
tides for accurate analyses of peptidomes on one hand, and
to serve as a potential source of targetable tumor antigens
on the other hand. Toward a strategy for mass spectrome-
try independent estimation of the contribution of PCPS to
the immunopeptidome, we first reviewed methodologies to
identify MHC-presented spliced peptide antigens expressed
by tumors. Data from these identifications allowed us to
compile three independent datasets containing 103, 74, and
83 confirmed T cell antigens from cancer patients. Only
3.9%, 1.4%, and between 0% and 7.2% of these truly immu-
nogenic antigens are produced by PCPS, therefore providing
a marginal contribution to the pool of immunogenic tumor
antigens. We conclude that spliced peptides will not serve
as a comprehensive source to expand the number of target-
able antigens for immunotherapies.

PCPS j spliced antigens j tumor antigens

The presentation of antigenic peptides by MHC class I
(MHC-I; HLA class I in humans) is of major importance for
the initiation and execution of CD8+ T cell–mediated
immune responses. Until the beginning of this century,
MHC-I-presented peptides were thought to arise from line-
arly degraded proteins. This perspective changed when, in
2004, the first spliced antigen was identified. Spliced anti-
gens consist of two joined peptide fragments which are not
linearly encoded, for example, with an intervening sequence
in the natural protein. Since then, five more spliced peptides
have been characterized (1–6).

Currently, there are two essential but unsolved issues
related to proteasome-catalyzed peptide splicing (PCPS). First,
the existence of spliced peptides raises questions on the reli-
ability of current mass spectrometry (MS)-based identification
of MHC-I-presented peptides (immunopeptidome), because
the data may contain a high error rate when spliced peptides
significantly contribute to the immunopeptidome. But it is

yet unknown what the contribution of spliced peptides to the
immunopeptidome is.

Different analysis workflows and validation methods of
MS data of MHC-I-derived peptides divide the field into
groups convinced of a limited versus a large contribution
of spliced peptides to the peptidome, varying from close to
0% to up to 34% (7–17). This vast disagreement is rein-
forced in the absence of a different, widely accepted, or
more objective method to determine this percentage.

Secondly, the existence of spliced peptides is of great
interest to the oncoimmunology community, since spliced
peptides potentially serve as new immunotherapeutic tar-
gets (18). But, since the contribution of these peptides to
the immunopeptidome is unknown, it is unclear whether
they represent a significant new source of tumor antigens.
Additionally, the immunogenicity of peptides identified by
MS usually remains unknown, while this information is cru-
cial to draw (patho)physiologically relevant conclusions.
Thus, preferably, an alternative method should not just
focus on reliable identification of spliced peptides in the
MHC-I peptidome but also provide information on the con-
tribution of such peptides to immune responses.

In this Perspective, we introduce spliced peptide genera-
tion, discuss the debate in the immunopeptidomics com-
munity, and elaborate on the potential relevancy in the field
of tumor immunology. More importantly, we summarize
the various methods used to identify individual T cell anti-
gens, including spliced peptides, and highlight the undeni-
able biases that accompany each of these methods. Finally,
based on the most unbiased approaches to date, we make
a substantiated estimation of the involvement of spliced
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peptides in antitumor immune responses, and discuss how
these findings relate to the debate in the immunopeptido-
mics field.

Spliced Peptides and Immunopeptidomics

Proteasomal Activity Generates both Regular and Spliced
(Antigenic) Peptides. The generation and MHC-I presentation
of peptides conventionally requires proteasomal cleavage
of full-length proteins in the cytoplasm (Fig. 1A). Produced
peptides are then transported into the endoplasmic reticu-
lum (ER) to be loaded in the peptide-binding groove of
MHC-I by the so-called peptide loading complex. Peptide
splicing takes place during proteasomal processing. The
proteasome consists of one or two S19 regulatory particles
(RPs) that unite with an S20 catalytic particle (CP) to estab-
lish a fully operating proteasome. The RP captures ubiquiti-
nated proteins before facilitating their translocation into the
CP, where they will be catalytically processed. The cylinder-

shaped CP is formed by two β-rings (β1 and β7), with subu-
nits β1, β2, and β5 responsible for the hydrolysis of peptides,
positioned between two α-rings (α1 and α7). These α-rings
function as a gateway to limit entrance of substrates by the
capping of one or both sides by specific proteasome regula-
tors (as extensively reviewed by Schmidt and Finley (19) (Fig.
1A). The β1, β2, and β5 subunits contain reactive N-terminal
threonine residues that cleave proteins by a process of
nucleophilic substitution and hydrolysis before dispersing
the ensuing peptide products into the cytosol (Fig. 1 A and
B) (20).

The proteasome readily digests proteins to peptides
ranging from 2 amino acids (aa) to 24 aa in length (21). Dur-
ing PCPS, the proteasome not only degrades proteins into
smaller peptides but also ligates peptides together through
a process called transpeptidation (Fig. 1B). Instead of hydro-
lysis, the free amino group of adjacent peptides reacts with
the C terminus of the threonine-bound peptide, which, due
to a lower efficiency, still yields fewer spliced compared to

A

C

B

Fig. 1. Proteasomal activity generates both regular and spliced (antigenic) peptides. (A) The proteasome consists of one or two RPs, a cap and two rings
consisting of seven α/β subunits each that form the CP. Ubiquitinated proteins or polypeptides are captured by the RP and processed by the CP into pepti-
des. (B) Proteins are cleaved by means of nucleophilic substitution; reactive threonines attack the carbonyl carbon of scissile amino acid bonds, resulting in
separate peptides bound to the β subunits. Conventional peptides are formed through hydrolysis, while spliced peptides are generated by transpeptidation
of a donor peptide. (C) Six tumor-expressed cis-spliced antigens have been identified thus far, of which four are ligated in reverse order (rev). The antigen
derived from SP110 is a minor H antigen, whereas the other five are tumor-associated antigens. Three of the latter group are derived from GP100.
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linear nonspliced peptides (22). Such spliced peptides are
then composed of fragments that originate from the same
(cis-splicing) or distinct (trans-splicing) parental proteins. In
addition, reverse cis-spliced peptides may be generated
when fragments are ligated in the reverse order from how
they appear from N terminus to C terminus in the parental
protein. Up to this day, six cis-spliced antigens have been
defined, of which four are ligated in reverse order (Fig. 1C)
(1–6). Although trans-splicing occurs in vitro, the occurrence
and significance of trans-splicing in cells is disputable (8, 23).

Upon IFN-γ stimulation, new proteasomes are synthe-
sized using β1i, β2i, and β5i instead of β1, β2, and β5 subu-
nits, giving rise to the so-called immunoproteasome. The
β-subunits of the immunoproteasome harbor different pep-
tidase properties compared to the β-subunits of a constitu-
tive proteasome, resulting in a different pool of peptides
(24–26). For example, the immunosubunit β5i has a broader
specificity compared to its β5 counterpart, generating more
hydrophobic residue-bearing peptides that generally fit bet-
ter into the MHC-I-binding cleft (27). The variety in proteaso-
mal activity may have consequences for the generation of
spliced peptides. Two spliced antigens, GP100 and FGF-5,
are less efficiently produced by the immunoproteasome
compared to the constitutive proteasome (2, 4, 23, 28),
whereas the spliced peptide derived from SP110 is slightly
more efficiently produced by the immunoproteasome
(1, 28). Although likely, it is too premature to state that dif-
ferent catalytic properties result in the generation of a dif-
ferent pool of spliced peptides in vivo.

Our current knowledge regarding the requirements for
PCPS to occur is limited. In vitro, proteasome-mediated
cleavage of short parental peptides (14 aa to 22 aa) results
in a higher proportion of unique spliced peptides in the
processed peptide pool compared to when a long polypep-
tide source (23 aa to 47 aa) is used, which indicates that
shorter substrates—such as partially degraded proteins—
are more susceptible to PCPS (22). In addition to size, syn-
thetic peptides with certain amino acid motifs were more
prone to participate in a splicing reaction than others, sug-
gesting that PCPS does not occur randomly (20, 21). Lastly,
splicing reactions are more efficient for shorter intervening
sequences between the fragments (23, 29).

Resolving the Contribution of Spliced Epitopes to the MHC-I
Immunopeptidome Will Facilitate More-Accurate Immuno-
peptidome Analyses. Since the discovery of PCPS in 2004
(2), various efforts have been undertaken to reliably iden-
tify spliced peptides at a large scale using MHC-I pepti-
dome MS (liquid chromatography–tandem MS [LC-MS/
MS]). This resulted in highly contradicting reports claiming
that spliced peptides are either substantially or only mini-
mally represented in the MHC-I-presented peptidome
(7, 8, 12–14, 16, 30).

In 2016, Liepe et al. (7) showed that around 30% of anti-
genic peptides were produced by PCPS. In this study, MHC-I
peptidome MS data were analyzed using a computational
algorithm. For each protein in the annotated human prote-
ome, all theoretical 9-mer to 12-mer cis and reverse-cis
spliced peptides were computed with a maximum interven-
ing sequence of 25 aa. Similarly, all possible 9-mer to
12-mer nonspliced linear peptides were computed. The
MS/MS spectra were then aligned against this reference

peptidome, which led to the identification of 966 (∼30%)
and 3,417 (∼34%) spliced peptides from two Epstein–Barr
virus-immortalized lymphoblastoid cell lines (EBV-LCLs), and
1,154 spliced peptides (∼29%) from primary human fibro-
blasts, of which the raw data were derived from Bassani-
Sternberg et al. (31).

In contrast, a different computational analysis of LC-MS/
MS MHC-I peptidome datasets performed by Mylonas et al.
(14) revealed that less than 2 to 6% of MHC-I-binding pepti-
des are spliced peptides. The algorithm computed the five
best scoring de novo sequences for each MS/MS spectrum.
Spectra without human proteome matches of these sequen-
ces were analyzed to match the proteome with one splicing
event (cis or reverse cis). Interestingly, analysis of the fibro-
blast data (31), taking the spliced peptides by Liepe et al. (7)
into account, reidentified only 6 of these 1,154 peptides as
spliced peptides (14). Additionally, Rolfs et al. (12) found that
a maximum of 1 to 4% of all peptides from the MHC-I immu-
nopeptidome, MHC-II immunopeptidome, and trypsin-
digested mouse islet proteins are spliced peptides. Their
reanalysis of the Bassani-Sternberg fibroblast dataset
reported back ∼1% of peptide sequences as cis-spliced pep-
tides. These findings coincide with the theory that PCPS
occurs rarely, based on the fact that only six spliced antigens
have been reported since the discovery of PCPS (1–6, 32). In
line with these results, Erhard et al. (9) reanalyzed one of the
EBV-LCL datasets of Liepe et al. using Peptide-PRISM and
identified 10 spliced peptides (<0.1%). Willimsky et al. (33)
and Lichti (34) also concluded that spliced peptides contrib-
ute minimally to the immunopeptidome, whereas Faridi et al.
(8), Kuckelkorn et al. (35), Specht et al. (36), and Paes et al.
(22) have reported more significant contributions of spliced
peptides, ranging from ∼11 to 45%.

A potential factor that may have led to discrepancies in
these results is incomplete or overcomplete reference data-
bases (7). Sources from which MHC-presented peptides can
emerge include proteins containing posttranscriptional
modifications or single-nucleotide polymorphisms (SNPs),
or proteins derived from alternative RNA splicing or RNA
editing or other noncanonical processes (34). Such addi-
tional protein sources should be taken into account when
annotating spliced peptides, because incomplete peptide
reference databases can lead to incorrect peptide assign-
ments. Furthermore, results from these algorithms should
be experimentally validated before drawing conclusions.
Not every report included less conventional source proteins
in their reference databases or thoroughly validated their
results, which may have led to overestimations of the pro-
portion of spliced peptides in the immunopeptidome.

It is clear that assumptions underlying analyses of
acquired peptidome data highly influence the outcome of
spliced peptide identification attempts. Wrong assump-
tions on spliced peptide occurrence may lead to significant
erroneous peptide calling in computational workflows.
Thus, the current differences in workflows that lead to vast
discrepancies between the reported frequencies highlight
the need for a different analysis to estimate the fraction of
spliced peptides in the immunopeptidome. Such analysis
will contribute to the debate as a benchmark for workflow
outcomes, which may support the development of more
accurate immunopeptidome analyses.
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The Role of PCPS in Anticancer
Immunotherapy

An interesting question is which (patho)physiological role
PCPS and the generated spliced peptides play, especially
because the process is evolutionarily conserved dating
back to yeast (37). Although this question remains unan-
swered, there is hope that PCPS provides new opportuni-
ties for anticancer immunotherapy.

Currently, the identification of antigen specificity of
tumor-infiltrating T cells is considered key for the design of
next-generation immunotherapies. Many antigens have
been identified that are more or less selectively expressed
by tumors, including neoantigens derived from mutated
proteins. Still, a large proportion of T cells in tumor tissue
have an unknown specificity. It is therefore tempting to
speculate that at least some of these T cells respond to
tumor-expressed spliced antigens. To determine whether
(neo)antigen identification strategies need to include a
focus on spliced antigen discovery, it is of utmost impor-
tance to know the fraction of T cells recognizing a spliced
tumor antigen.

Until today, only a few publications have portrayed a
role for spliced peptides as targets in antitumor immuno-
therapies. Adoptive transfer of an autologous tumor-
infiltrating lymphocyte (TIL) which recognized a spliced
antigen originating from Tyrosinase (Fig. 1C) led to com-
plete tumor regression in one patient (32). Other spliced
antigen-specific T cells may also exert efficient antitumor
activity upon adoptive transfer or after activation by other
specific immunotherapies. This is especially relevant for
neoantigens, since somatic mutations may be presented by
the patient’s MHC-I molecules as spliced, but not linear,
antigens. For instance, mutations in codons 12 and 13
account for 90% of KRAS mutations in cancer, including the
G12D and G12V mutations (38, 39). Although the G12D
mutation is presented as a nonspliced epitope on HLA-
C*08:02 and HLA-A*11:01, it lacks broad applicability as a
linear target, because this mutation is not efficiently pre-
sented by more-prevalent MHC-I alleles in humans (40–42).
A spliced peptide containing the G12V mutation is predicted
to be presented by the more prevalent HLA-A*02:01 allele,
suggesting that therapeutic options can be extended with
PCPS antigens (43). Lastly, vaccination against PCPS prod-
ucts that were presented by tumor cells was efficacious in
preclinical mouse models (44). Yet, the actual relevance of
PCPS for immunotherapy depends on how frequently
spliced peptides are generated, whether such peptides are
correctly processed and presented by MHC-I molecules,
whether their expression is tumor restricted, and whether
they can elicit a T cell response.

Spliced Peptides Need to Be Tumor Specific, Sufficiently
Expressed for T Cell Recognition, and Identifiable to Be
Considered as Potential Therapeutic Antigens. To date, there
is no evidence that spliced peptides have a different
expression level on tumor cells compared to regular, linear
peptides. As described above, spliced peptide generation
may differ between the constitutive proteasome versus
immunoproteasome (23, 28), although neither of these
proteasomes are tumor restricted. This means that the
likelihood of spliced peptides to be genuinely tumor

specific is dependent on the expression profile of the
encoding gene, either with or without mutations. For
example, the spliced antigen derived from Tyrosinase is
presented by both healthy and malignant melanocytes (3).

So far, only a few spliced antigens have been identified
that are expressed by tumors (1–6). The broad and success-
ful clinical application of (spliced) tumor antigen-specific
immunotherapy requires more than a handful of immuno-
genic antigens. TIL therapy, for example, is a T cell therapy
that has shown complete and durable responses in
advanced metastatic cancer (41, 45, 46). These TIL studies
have relied on the infusion of products containing T cells
expressing T cell receptors (TCRs) with various reactivities
for effective elimination of tumors (45–48). In the case of
TIL, the detailed composition of the product is generally
unknown, and the frequency of T cells that may be effective
in mounting a robust antitumor response may be limited.
Therefore, T cell products with TCRs recognizing a single
molecularly defined target have been evaluated. These
include studies against attractive (relatively) universal tar-
gets such as NY-ESO1, WT1, GP100, and the MAGE antigens
that have been identified in the past. But, while such T cell
therapies utilizing a single TCR have been capable of induc-
ing antitumor responses in a clinical setting (49, 50), recent
studies have demonstrated common obstacles for broad
implementation of these immunotherapies. Tumor cells
can escape the selective pressure exerted by the T cells
through down-regulation or mutation of the targeted anti-
gens (51). Likewise, expression of individual HLA alleles may
be lost (52–55). Additionally, solid cancers are known for
their complex and heterogeneous landscape (56). Such a
lack of uniform expression of the target antigen in tumor
cells potentially limits the therapeutic efficacy of monospe-
cific engineered T cell therapy (57). Lastly, the lack of broad
HLA allele coverage by the TCR portfolio of individual or col-
laborating institutes limits broad patient inclusion in clinical
studies.

Together, these issues suggest that targeting a single
antigen is likely not sufficient to induce complete tumor
regression in a broad patient population. Thus, expansion of
the list of targetable tumor-specific antigens is required for
broad clinical application of (multispecificity) immunother-
apy (58), which will need to be personalized based on HLA
allotype and antigen expression. In addition, neoantigens
and minor histocompatibility (H) antigens are considered
more specific and more immunogenic than tumor-
associated antigens (59–61), but these are not universal tar-
gets, due to their personalized character, and suffer from
the same issues for clinical translation. To select the most
optimal neoantigen or minor H antigen identification strate-
gies, it is crucial to understand which kind of peptide classes
are represented in the immunopeptidome. From this per-
spective, the oncoimmunology community has closely fol-
lowed the developments and debate on the proportion of
spliced peptides among immunogenic antigens. If spliced
peptides make up a large fraction of immunogenic antigens,
then antigen identification strategies should also include the
option to discover targetable tumor antigens, minor H anti-
gens, and neoantigens from such a comprehensive source.

Hence, it is currently important to picture the contribu-
tion of spliced peptides to the immunopeptidome using an
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independent approach. We reasoned that an analysis of
previously identified T cell antigens may shed new light on
this matter, as it concerns the same repertoire of MHC-I-
presented peptides. Of note is that the use of antigen-
specific T cells, as well as the use of MS of eluted peptides,
has inherent limitations in detecting a full representation
of the MHC-I peptide repertoire. Furthermore, a T cell–
based analysis will also reveal the physiological impact of
spliced peptides. For an equitable analysis of T cell antigen
data, it is essential to consider intrinsic biases of T cell anti-
gen identification methods that may skew identification of
linear over spliced antigens.

Forward Methods Allow for Relatively Unbiased Identification
of Spliced Antigens. A main group of previously identified
antigens are expressed by tumors, including classical tumor
(associated) antigens, neoantigens, and minor H antigens.
The latter are MHC-presented peptides that are polymorphic
in the population and are therefore highly immunogenic
after MHC-matched transplantation from an allogeneic
donor (62, 63). Their polymorphic nature is caused by natu-
ral genetic variations, including nonsynonymous SNPs, that
give rise to single amino acid differences in proteins.

There are several approaches for the discovery of
tumor and minor H antigens, each with a different power
to identify spliced antigens. The approaches can be catego-
rized into so-called forward and reverse antigen identifica-
tion strategies. The forward “T cell-to-antigen” strategies
aim to identify tumor antigens that are recognized by
antigen-specific T cells (Fig. 2), while the reverse strategies
focus on isolating an antigen-specific T cell specific for a
predicted or selected antigen (64).
Reverse antigen identification strategies. To date, the majority
of tumor antigens and a few minor H antigens were identi-
fied using a reverse approach based on in silico selection
of genes of interest that are subsequently subjected to
predictions for possible tumor or minor H antigens
(65–69). For example, genes that are known to be polymor-
phic or mutated and genes that are exclusively expressed
or overexpressed by tumor cells may encode clinically rele-
vant antigens. MHC peptide binding algorithms are then
applied to estimate how well the predicted antigens bind
desired MHC alleles (64, 70, 71). This can be combined
with prediction algorithms for proteasome processing and
TAP transport to increase the specificity of the approach
(72–76). Validation of candidate peptides as true antigens
requires evidence of specific recognition by T cells. For
example, T cells can be isolated using peptide-loaded
MHC-I tetramers followed by confirmation of their antigen-
specific reactivity through cytokine secretion or cytotoxicity
assays (67). This reverse antigen identification approach is
unquestionably biased toward conventional antigens, since
nonconventional antigens—such as spliced peptides—are
simply not included in current widely used T cell epitope
prediction algorithms (Fig. 3A). The major challenge for
inclusion of spliced peptides in reliable prediction algo-
rithms is the high number of possible spliced products
that can be generated from a region of interest. Further
understanding of the ubiquity of PCPS may allow targeted
inclusion of spliced peptide predictions in the future.

A second more targeted reverse approach selects genes
of interest without further predictions, which was mainly

applied for genes of the tumor-associated MAGE and LAGE
protein families. Proof of antigen presentation is obtained
after T cell inductions with gene-transfected or polypeptide-
loaded antigen-presenting cells, such as monocyte-derived
dendritic cells. Some of the T cell specificities in this culture
are fine mapped using synthetic peptides, tetramers, or
truncated complementary DNA (cDNA) constructs. This fine-
mapping procedure is also biased against spliced antigen
identification, since the process is often halted as soon as
one or a few nonspliced antigens are elucidated, disregard-
ing the specificity of other T cell clones (Fig. 3A). In addition,
peptides or genes may be selected based on immunopepti-
dome data. The bias of this strategy is related to the
peptide-calling algorithm, which may not take PCPS into
account. Nevertheless, it has been successfully applied to
identify a spliced and multiple linear T cell antigens (5, 77).
Forward antigen identification strategies. Several forward
strategies have been broadly used to identify the peptide
specificity of relevant T cell clones isolated from naïve or
immunotherapeutically treated patients.

In the first approach, peptides are eluted from MHC
molecules derived from antigen-positive cells and fraction-
ated (Fig. 2B). T cell reactivity against antigen-negative cells
loaded with these fractions reveals which fraction contains
the sought antigen (78–81). The sequence of the peptide(s)
in the positive fraction is determined with LC-MS/MS. To
validate that these sequences are the sought epitope, syn-
thetic peptides or overexpressed genes are evaluated in
T cell reactivity assays (Fig. 2E). Since efficiency of PCPS is
lower than normal peptide processing, investigators may
have stopped analysis of spliced antigen-specific T cell
clones because of insufficient recognition of any of the
peptide fractions (Fig. 3A). Another potential bias in this
strategy is that sequences of spliced peptides may be
harder to resolve or simply overlooked compared to linear
peptides, because they are not contained in the reference
proteome (Fig. 3A). It is questionable whether this leads to
significant abandoning of identification attempts. This
approach is therefore unlikely to impact the success rate
of spliced antigen identification.

The second forward strategy utilizes cDNA library
screening (Fig. 2C) (82–85). Antigen-negative cells are trans-
fected with a cDNA library generated from antigen-positive
cells. T cell reactivity assays against limiting fractions of the
library reveal which cells contain the antigen-encoding
cDNA. After sequencing of this cDNA, putative antigens are
validated using synthetic peptides or overexpressed gene
fragments (Fig. 2E). In our opinion, there is no significant
bias in this strategy that will favor the identification of lin-
ear over spliced antigens (Fig. 3A). However, it depends on
the research question and the perseverance of the
researcher whether this genetic narrowing of the epitope
is performed and whether spliced peptides are considered
during this last identification step.

Finally, genome-wide association approaches are specif-
ically applied for the identification of minor H antigens,
since these antigens are encoded by inheritable genetic
polymorphisms (Fig. 2D). Of the more than 70 known
MHC-I-presented minor H antigens, most were identified
by a genetic approach. For this methodology, EBV-LCLs
derived from different individuals are phenotyped as
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minor H antigen positive or negative using the T cell clone
with uncharacterized specificity (86, 87). The (publicly avail-
able) genetic variation of the same EBV-LCLs is associated
with these phenotypes to identify a genetic locus or even
specific SNPs that likely encode the minor H antigen
(58, 86–96). This genetic information is used to select the
most-probable candidate transcripts or MHC-binding pepti-
des for further testing. Similar as for the other forward meth-
ods, candidate epitopes are evaluated using synthetic

peptides or gene overexpression (Fig. 2D). With genetic asso-
ciation approaches, it is possible that the genetic locus or
variation involved in generation of the antigen is discov-
ered, but that identification of the epitope fails. This is
mainly because it may be challenging to deduce the exact
transcript or peptide from the identified locus or variation.
Specific explanations for a lack of success include incomplete
annotations in the reference genome databases (97), impre-
cise MHC-I binding predictions (98), or that the antigen is a

A

B

E

C D

Fig. 2. Schematic overview of the forward antigen identification strategies. (A) Prior to identification, T cells are isolated from a patient, and relevant tumor
or minor H antigen–specific T cell clones are selected. Three main forward strategies are regularly used to identify the recognized peptide antigen (B–D).
(B) Peptides are eluted from MHC molecules that are restriction elements of an antigen-specific T cell clone. Eluted peptides are fractionated high-
performance LC and separately loaded on cells to measure reactivity by the antigen-specific T cell clone. The antigen-positive fraction is analyzed by MS/MS
to determine the putative sequence of the recognized peptide. (C) Cells are transfected with fractions of a cDNA library and tested for their ability to activate
the antigen-specific T cell clone. Antigen-positive fractions are subsequently sequenced to determine the cDNA coding for the antigen. (D) For WGAS, EBV-
LCLs from the 1000 Genomes Project are phenotyped as minor H antigen positive or negative using a T cell recognition assay. The genetic variation encod-
ing the antigen of interest can be determined by analyzing the association of the phenotypes with the publicly available genotypes of 4�107 SNPs from the
same cells. Former genetic linkage analyses were based on a similar principle, but were less powerful because of the smaller number of genotyped varia-
tions. (E) Final validation of the epitope for each of those strategies (B–D) is achieved by testing specific (truncated) cDNA constructs or synthetic peptides,
which are selected based on MHC-binding prediction algorithms, for recognition by the T cell clone.
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posttranslationally modified peptide, including spliced var-
iants. Since unsuccessful attempts are generally not
reported, published antigens identified by genetic
approaches may reflect a bias of unknown impact on the
ratio of linear over spliced antigens (Fig. 3A).

Antigenic Spliced Peptides Represent Less than 7.2% of T Cell
Recognized Antigens. Knowing the capacity of different strat-
egies to identify spliced antigens, we first assessed the pro-
portion of spliced antigens among the well-defined set of
previously discovered tumor antigens in the Cancer Anti-
genic Peptide (CAP) database (see SI Appendix, Table S1) (65,
99). This manually composed database (accessed on 9
December 2021) includes 286 thoroughly validated unique

MHC-I-restricted tumor antigens, of which four are spliced
(1.4%; Fig. 3B) (2–4, 6). Because the list is manually com-
posed and curated following strict requirements, several
antigens are not included in the database, including linear
antigens and one of the GP100 spliced antigens that was
identified by a reverse approach (5).

Importantly, many of the 286 tumor antigens were iden-
tified using the reverse immunology approach, which car-
ries several biases against the discovery of spliced antigens.
To make a more accurate estimation of spliced versus non-
spliced antigens, we determined the antigen identification
strategy for each of those 286 antigens, in an extensive liter-
ature analysis. Considering solely the tumor antigens identi-
fied with forward methods (i.e., peptide elution and cDNA

A

B C D

Fig. 3. Spliced antigens constitute a marginal fraction of the MHC-I-presented antigen pool. (A) Methods for antigen identification and their bias toward
spliced versus nonspliced antigens. (B) We evaluated the percentage of spliced peptides within the CAP database. The CAP database contains 474 tumor
antigens, of which 286 are unique MHC-I restricted. Four (1.4%) of these are spliced peptides. Literature analyses revealed that 103 of the 286 antigens
were identified with largely unbiased forward methods, still including four spliced peptides (3.9%). (C) The second independent dataset contains 76 molecu-
larly characterized MHC-I-restricted minor H antigens that were identified with forward methods. One (1.4%) of these is a spliced antigen. (D) A third inde-
pendent dataset consists of recently identified but unpublished minor H antigens discovered by our largely unbiased GWAS strategy using 83 different
antigen-specific T cell clones. Of the eight antigens that are currently unresolved, two are, in all likelihood, encoded by cryptic transcripts. The remaining six
(7.2%) antigens are potential spliced antigens or other unconventionally encoded or processed antigens. We concluded that the maximum percentage of
spliced antigens in this dataset is therefore 7.2%.
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library; 103 in total), spliced antigens still make up only
3.9% (4/103) of the total (Fig. 3B).

Because of the controversy in the field, we searched for a
second independent set of T cell antigens to further confirm
this rather low percentage. The majority of autosomal minor
H antigens have been identified by forward strategies, and,
although tumor expressed and rigorously validated, they
are not included in the CAP database. Moreover, studies on
minor H antigens represent a clearly defined research field,
facilitating the unbiased inclusion of all known antigens in
our analysis. After exclusion of minor H antigens identified
using a reverse approach, we obtained a list of 74 non-
spliced epitopes and one spliced epitope (1.4%; Fig. 3C and
SI Appendix, Table S2) (1), indicating that the percentage of
spliced peptides among minor H antigens is also low. Even
with the potential biases kept in mind, it seems improbable
that spliced peptides represent ∼30% of the MHC-I-presented
peptidome, as reported by Liepe et al. (7).

We recognize that the increasing utilization of the
genetic approach for high-throughput identification of
minor H antigens (89–91) might lead to underreporting of
spliced antigens that are more challenging to resolve and
might remain unidentified (Fig. 3A). Therefore, we further
analyzed our unpublished data of identified and unidenti-
fied minor H antigens using an optimized genome-wide
association study (GWAS) (89). In our laboratory, we iso-
lated a set of 83 different minor H antigen–specific T cell
clones for which we found significant association in our
high-throughput genome-wide association analyses (P <
10�5) (SI Appendix, SI Methods and Fig. S1). For 75 of these
minor H antigens, we discovered and validated the epito-
pes in T cell recognition assays, all of which are nonspliced
(SI Appendix, Fig. S1 and Table S3). Theoretically, the
remaining eight yet unidentified antigens (9.6%) may be
spliced peptides (SI Appendix, Table S4). However, the
GWAS of two T cell clones yielded no associating missense
SNPs, strongly suggesting that these T cells recognize other
unconventional antigens such as antigens encoded by
cryptic transcripts. For the remaining six T cell clones, sig-
nificantly associating missense SNPs were found, but rec-
ognition of linear peptides covering these SNPs was not
(yet) seen. These T cell clones are potentially specific for
either spliced antigens or other unconventional antigens.
Thus, the fraction of spliced antigens from this third inde-
pendent dataset, which is still under investigation, is likely
less than 6 out of 83 (<7.2%; Fig. 3D).

The genetic minor H antigen identification methods
described above are all based on antigen presentation by

EBV-LCLs. Coincidentally, the ∼30% contribution of spliced
peptides to the peptidome was estimated largely from
LC-MS/MS data of also EBV-LCLs. But our minor H
antigen–based analyses on these EBV-LCLs reveal a much
lower estimation of the spliced peptide frequency. A differ-
ence is that the T cell epitopes in this manuscript only
include tumor antigens and minor H antigens. It is unlikely,
however, that spliced peptides would be underrepre-
sented or overrepresented in any of these antigen catego-
ries compared to other categories such as neoantigens,
self-antigens, or autoimmune antigens. Another difference
is that our estimations only include peptides that have
truly elicited an immune response in cancer patients. The
ability of T cells to respond to their cognate antigen relies
on the affinity of their TCR for the peptide–MHC complex,
but also on the abundance of the particular antigen in
complex with MHC on target cells. It is conceivable that the
proteasome produces lower amounts of spliced peptides
compared to linear peptides, which may explain a possible
discrepancy between the presentation of spliced peptides
by MHC-I and their immunogenicity. On the other hand,
some data in the field suggest that PCPS is as efficient as
linear peptide generation by the proteasome (5). Alto-
gether, our evaluation of the contribution of immunogenic
spliced peptides to the repertoire of immunogenic tumor
antigens is physiologically more relevant than analyses of
solely peptides derived from MHC-I.

Concluding Remarks

To conclude, our complete and largely unbiased analyses
of antigen-specific T cells from three different datasets
indicate that spliced peptides represent 1.4% to maximally
7.2% of the immunogenic antigen pool. These results con-
tribute to the efforts to develop reliable LC-MS/MS identifi-
cation workflows, by serving as a rough benchmark of
spliced peptides in the immunopeptidome, obtained inde-
pendently of MS. Furthermore, this marginal contribution
of spliced peptides to the pool of cancer antigens will
therefore not serve as a comprehensive source to expand
the number of targetable antigens for immunotherapies.

Data Availability. All study data are included in the article and/or SI Appendix.
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