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ABSTRACT
◥

Within the tumor immunology community, the topic of protea-
somal spliced peptides (PSP) has generated a great deal of contro-
versy. In the earliest reports, careful biological validation led to the
conclusion that proteasome-catalyzed peptide splicing was a rare
event. To date, six PSPs have been validated biologically. However,
the advent of algorithms to identify candidate PSPs in mass
spectrometry data challenged this notion, with several studies
concluding that the frequency of spliced peptides binding to MHC
class I was quite high. Since this time, much debate has centered
around the methodologies used in these studies. Several reanalyses

of data from these studies have led to questions about the validity of
the conclusions. Furthermore, the biological and technical valida-
tion that should be necessary for verifying PSP assignments was
often lacking. It has been suggested therefore that the research
community should unite around a common set of standards for
validating candidate PSPs. In this review, we propose and highlight
the necessary steps for validation of proteasomal splicing at both the
mass spectrometry and biological levels. We hope that these guide-
lines will serve as a foundation for critical assessment of results from
proteasomal splicing studies.

Introduction to Proteasomal Spliced
Peptides
Initial discovery of antigenic peptides recognized by CTL and
produced by peptide splicing in the proteasome

Peptide splicing was initially described in the early 2000s when
Hanada and colleagues identified the peptide recognized by a CD8þ

CTL clone isolated from a patient with renal cell carcinoma (1). This
CTL clone was able to kill cancer cells and was found to recognize a
peptide, NTYAS_PRFK, composed of two noncontiguous fragments
of the FGF-5 protein. Production of that peptide required the removal
of a 40-amino-acid intervening sequence and the creation of a new
peptide bond between the amino acids located at either end. The
occurrence of peptide splicing was initially suggested by the fact that,
upon transfection of an HLA-A3þ line with a subgenic fragment of
FGF-5, presentation of the antigenic peptide could occur if the
sequence was truncated in its middle part, but it was lost if the
sequence was shortened from the 50 or 30 ends. Moreover, muta-
tion-induced modification of the amino acids located at both ends of

the construct also impeded production of the antigenic peptide. The
existence of the spliced peptide at the surface of HLA-A3þFGF-5þ

cells was finally demonstrated by showing that, after separating the
peptide eluate by high-performance liquid chromatography (HPLC),
the fractions recognized by the CTL were identical to those recognized
when the synthetic spliced peptide was fractionated on the HPLC in
the exact same conditions.

A few months later, the mechanism of peptide splicing was eluci-
dated during the identification of a spliced peptide recognized by a
tumor-killing CTL clone isolated from a patient with melanoma (2).
This second spliced peptide, RTK_QLYPEW, was composed of two
fragments originating from the melanoma differentiation protein
gp100 and spliced together after removal of a 4-amino-acid interven-
ing sequence. Here also, the peptide was identified using an approach
based on a genetic screening and transfection of subgenic fragments
encoding the antigen. Electroporation of EBV-B cells with the pre-
cursor peptide RTKAWNRQLYPEW bearing alanine substitutions
showed that the amino acids composing the final antigenic peptide
were located at both ends of that peptide precursor. Here again, HPLC
fractions obtained from melanoma peptide eluates confirmed the
presence of the proteasomal spliced peptide (PSP) at the surface of
melanoma cells. The role of the proteasome in peptide splicing was
initially suggested by using proteasome inhibitors. Further work
showed that the spliced peptide RTK_QLYPEW could be produced
in vitro by incubating purified proteasomes with RTKAWNRQLY-
PEW. By incubating pairs of peptides containing portions of
RTKAWNRQLYPEW with purified proteasomes, it was shown that
peptide splicing involved a transpeptidation reaction via an acyl-
enzyme intermediate between fragment RTK and the proteasome
(Fig. 1). During the splicing reaction, the ester link of this acyl-
enzyme intermediate is subjected to nucleophilic attack by the free
amino group of QLYPEW. This model was supported by the fact that
N-a-acetylation of QLYPEW completely prevented production of the
spliced peptide when incubated with peptide RTKAWNR and the
proteasome. Likewise, the spliced peptide NTYAS_PRFK initially
described by Hanada and colleagues was subsequently shown to be
produced in the proteasome by transpeptidation (3).
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The third example of peptide splicing came a few years later when a
CTL clone, isolated from the recipient of anMHC-matched allogeneic
hematopoietic cell transplant, was shown to recognize a peptide
encompassing the SNP A996G in the gene coding the SP110 nuclear
protein (4). The CTL recognized cell lines displaying a SP110A996 allele
but not those displaying only the SP110G996 allele. Further analysis
revealed that the peptide recognized by the CTL was composed of two
fragments derived from SP110 (STPK and SLPRGT), which were
assembled in the reverse order to that in which they occur in the
parental protein, to form the spliced peptide SLPRGT_STPK. Residue
R299, which is encoded by the polymorphism, is located in position 4 of
the peptide, and the corresponding peptide SLPGGT_STPK encoded
in the recipient cells was not recognized by the CTL. Here again, the
peptide could be found in peptide eluates using the CTL and was
shown to be produced by transpeptidation in the proteasome.

The fourth spliced peptide was identified as the target of a clone of
tumor-infiltrating lymphocytes (TIL) isolated from a patient with
melanoma (5). These TILs were used for adoptive T-cell transfer and
shown to induce dramatic tumor rejection in the patient (6). This
highlights the biological and clinical relevance of PSPs. This peptide is

composed of two noncontiguous fragments of the tyrosinase protein
spliced in the reverse order to that in which they occur in the parental
protein. In addition, it contains two aspartate residues originating
from deglycosylation of genetically encoded, N-glycosylated aspara-
gine residues. Such deamidation was previously observed in antigenic
peptides derived fromglycosylated proteins and results from the action
of N-glycanase to remove the sugar moiety after retrotranslocation of
the glycoprotein into the cytosol and before degradation by the
proteasome. Here, the reverse splicing of deamidated fragments was
shown to occur in the proteasome by transpeptidation.

Finally, a fifth spliced peptide RSYVPLAH_R, derived from gp100,
was shown to be the target of a TIL clone isolated from a patient with
melanoma (7). In contrast to the other examples of spliced peptides,
whichwere composed of three to six amino acid fragments, the peptide
recognized by this TIL contained an N-terminal splicing partner of
eight amino acids, to which a single arginine residue was added by
transpeptidation. In vitro proteasome digestion experiments using
pairs of peptides showed that the peptide causing the nucleophilic
attack on the acyl-enzyme intermediate must be at least three amino
acids long for the splicing reaction to take place (7). In the case of
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Figure 1.

Peptide splicing in the proteasome occurs by transpeptidation.A, Splicing of the gp100-derived peptide RTK_QLYPEW is shown. Upon formation of an acyl-enzyme
intermediate involving the N-terminal splicing partner RTK, the amino group of the C-terminal splicing partner, QLYPEW, produces a nucleophilic attack on the acyl-
enzyme intermediate to create a new peptide RTK_QLYPEW composed of two fragments originally distant in the protein. B, Schema for cis-splicing, reverse cis-
splicing, and trans-splicing. C, Trans-splicing by the proteasome does not occur at a significant level in physiologic conditions (data adapted from ref. 3). To
study the physiologic relevance of trans-splicing, COS-7 cells were transfected with plasmids encoding HLA-A�0301 and pairs of FGF-5 constructs designed so
that production of the antigenic peptide can only occur following splicing of peptide fragments originating from two different proteins. Transfected cells are
then tested for their ability to induce IFNg production by the FGF-5–specific CTL-C2. The amount of IFNg produced by the CTL after incubation with the
transfected cells is measured by ELISA.
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RSYVPLAH_R, a C-terminally extended spliced peptide is first pro-
duced and then further trimmed by the proteasome to form the final
antigenic peptide.

All these validated peptides are produced by splicing two fragments
from the same protein, a process termed “cis-splicing.” It is unclear at
this stage whether the proteasome can also splice fragments from
distinct proteins, a process referred to as “trans-splicing.” Although
trans-splicing may occur during in vitro digestion, whether it also
occurs in a biologically meaningful fashion within cells is an open
question. Trans-splicing was investigated by cellular and molecular
assays using the CTL recognizing the spliced peptide NTYAS_PRFK
derived from FGF-5. Plasmids were designed to encode full-length
FGF-5 constructs bearing mutations at critical residues of either of the
fragments NTYAS or PRFK, so that production of the spliced peptide
NTYAS_PRFK recognized by the CTL was only possible if splicing
occurred from two distinct proteins (3). Cells transfected with these
constructs were tested for recognition by the CTL, and results
showed that trans-splicing hardly occurred in these conditions
(Fig. 1). Similar results were obtained with spliced peptide
RTK_QLYPEW. Considering that the very low signal observed was
likely due to overexpression of the transfected constructs in COS-7
cells, it was concluded that trans-splicing was unlikely to occur in
physiologic conditions. One reason for this is that two distinct
proteins might not be able to simultaneously access the catalytic
chamber of the proteasome, and the likelihood of having two
specific protein substrates degraded repeatedly at the same time
is extremely low.

Mass spectrometry and first large-scale spliced peptide
identifications by immunopeptidomics

In the studies discussed so far, identification of PSPs relied on the
isolation of a CTL clone whose target antigen was subsequently
identified as a PSP. Production of PSPs, following incubation of a
precursor peptide with purified proteasome, was then verified using
mass spectrometry (MS). After the initial identification of PSPs,
identification of novel PSPs was attempted by systematic MS analysis
of proteasome digests using databases containing all possible spliced
products that could be generated from a given linear precursor (8).
However, using this approach, only one PSP was fully validated by
isolating a T cell from the peripheral bloodmononuclear cells (PBMC)
of an HLA-A0301þ healthy donor and demonstrating that this T-cell
clone was able to recognize and kill gp100þHLA-A0301þ melanoma
cells (9). A similar approach was later used for identifying spliced
KRASG12V peptides (10). However, although one of the in vitro–
generated PSPs identified (KL_VVGAVGV) was shown to bind to
HLA-A2, this study showed no evidence that any of the peptides
identified were presented naturally by tumor cells. In a parallel study,
Willimsky and colleagues cloned a T-cell receptor (TCR) able to
recognize the peptide KL_VVGAVGVby immunizingmice harboring
the human TCRab coding genes with this peptide (11). This TCR was
transduced into PBMC, which could then recognize target cells pulsed
with the KL_VVGAVGV peptide but not HLA-A2þ tumor cells
endogenously expressing mutant KRASG12V or overexpressing a
mutant KRASG12V construct, supporting a lack of natural presentation
of the spliced peptide in cells. This confirmed that the above combi-
nation of in vitro and in silico approaches for identification of peptides,
and in particular PSPs, is not sufficient to demonstrate their relevance
in cancer immunotherapy.

With the improvement of MS technologies and supportive bioin-
formatics tools, the large-scale characterization of naturally presented
HLA ligands, a method called immunopeptidomics, has become

feasible and straightforward. With this method, HLA complexes are
immunoaffinity purified from cells or tissues, and the HLA-bound
peptides are isolated and subsequently sequenced by LC/MS-MS. The
peptide MS/MS spectra are primarily interpreted using a database
search algorithm that matches and scores the similarity of each
experimental spectrum against model spectra constructed from the
candidate peptide sequences contained in a protein sequence database,
typically the human reference proteome, preferably augmented with
personalized sequences to account for genetic polymorphisms. This
strategy is used, in part, because the fragmentation efficiency of current
MS-MS instrumentation is unable to consistently yield spectra from
which complete, unambiguous sequences can be interpreted de novo.
However, leveraging this approach for the detection of PSPs was not
straightforward, because it required the scaling up of the look-up
reference of candidate sequences to include all anticipated spliced
products. Database size inflation subsequently compromises typical
false discovery rate (FDR) calculations and can present computational
capacity requirements well beyond that of most laboratories.

In 2016, Liepe and colleagues used an immunopeptidomics
approach to identify HLA ligands produced by peptide splicing (12).
To do so, they created a custom search database that included all
potential short peptides produced by the splicing of noncontiguous
protein fragments. To restrict the size of the database, they only
considered spliced peptides originating from the cis-splicing of peptide
fragments separated by 25 amino acids or less. Nevertheless, this
resulted in an enormous reference database that was 100� larger than
the typical human reference proteome. Using this approach, they
initially estimated that spliced peptides comprised about 23%–33% of
the HLA class I immunopeptidome (12, 13) not only in their own
dataset, but also in the previously published dataset of Bassani-
Sternberg and colleagues (14). This raised many controversies, as the
properties of the reported spliced HLA peptides were drastically
different from those of the linear ligands detected within the same
samples (12). Using identical data but different computational
approaches, others have estimated the percentage of spliced peptides
in the HLA class I immunopeptidome to be at most 2%–6% (15) or
even less than 0.1% (16).

Two years later, Faridi and colleagues used a hierarchical, de novo
sequencing–driven data interpretation approach to identify PSPs.
First, they searched against a canonical protein database to assign
spectra to genomically templated sequences. Then, for unassignedMS-
MS spectra with high confidence de novo sequence assignments, they
searched against a canonical protein database for sequence fragments
within the same protein that, after cis-splicing, would explain the de
novo sequence. If no cis-splicing event was found, then trans-splicing
was interrogated (17). They reported that trans-splicing could account
for more than 25% of the peptides identified not only in eight
monoallelic datasets of their own, but also in nine previously published
monoallelic datasets from Abelin and colleagues (18). These findings
were controversial for several reasons, both at the biologic and
bioinformatic levels. One reason, as previously noted, is that trans-
splicing does not occur readily in cells (3). Moreover, given the
abundance and nucleophilicity of water, hydrolysis in the enzyme
active site is more likely than splicing, and it has been argued that PSPs
are likely extremely rare for this reason (19). The lack of biological
evidence supporting the unexpected high occurrence of trans-splicing
proposed in this study led to intense debate about the identity of many
of these peptides at the MS level (20, 21).

To understand one part of the intense debate, it is instructive to
consider the likelihood of finding a random, hypothetical pair of trans-
splicing donor proteins in the human reference proteome. Let us
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consider a 9-mer PSP, formed by splicing together fragments of 4 and 5
amino acids in length derived from any protein in the human reference
proteome. All possible 4-mers (204) and 73% of all 5-mers (205) can be
found at least once in the human reference proteome (Fig. 2). There-
fore, with such high random chance of success in finding hypothetical
source proteins that could donate a 4-mer and a 5-mer for trans-
splicing juxtaposed to the conceptually rare chance of coprocessing at
the proteasome and combined with lack of molecular validation, we
propose that these left-over, high-confidence de novo–derived peptide
sequences should be categorized as peptides of UNKnown origin
(pUNK), rather than inferred to be generated by random trans-
splicing.

It has been shown that, beyond canonical peptides altered by
phenomena such as single-nucleotide variation, somatic mutation,
and posttranslational modification (PTM), HLA-bound peptides can
be derived from sources other than protein-coding regions (22). These
“noncanonical” antigens (also called cryptic, alternative, or dark-
matter antigens), can originate from alterations at the genomic,
epigenomic, transcriptomic, translational, and proteomic levels. For
example, alternative splicing, intronic retention, RNA editing, non-
canonical translation initiation, and codon read-through, are all
reported to generate noncanonical tumor antigens (23–28). Ouspens-
kaia and colleagues further demonstrated that, although many of the
peptide sequences reported as spliced peptides by Faridi and colleagues
were correct MS-MS interpretations, they could be accounted for as

linear peptides derived from novel human open-reading frames (ORF)
whose translation was supported by Riboseq (27). Such sources were
annotated as noncoding and thus absent from the reference proteome
considered by Faridi and colleagues. Although misidentification of
peptides in MS analyses can be rooted in the use of incomplete or
nonpersonalized references, including all possible variants of canon-
ical and noncanonical sources and commonPTMswould prohibitively
inflate the reference database, and as discussed above, compromise
typical FDR calculations. Because of these inherent challenges, it is
crucial to supplement the standard analysis with bioinformatic and
MS-based validation of peptide sequences as described in the following
sections. These approaches are equally valid for peptides derived from
canonical and noncanonical sources.

Bioinformatics and Spliced Peptide
Assignments: Methods for Evaluating
Overall Dataset Quality

Given the controversy surrounding the identification of possible
PSPs by custom bioinformatics algorithms, it is instructive to discuss
the evaluation of peptide-spectrummatches (PSM) assigned by search
engines and custom algorithms. In all cases, PSMs can be evaluated on
the basis of the same basic criteria: chromatographic retention
time predictions, precursor mass error distributions, MS-MS spectral
quality, and agreement between search tools. These features should be
similar or within the same range for PSPs and linear peptides.
However, additional criteria are possible for HLA peptides. Because
HLA peptide presentation occurs after proteasomal processing, the
overall characteristics of the population of linear peptides and PSPs
should be similar, including HLA allele anchor motifs, HLA-binding
predictions and the frequency of cysteine-containing peptides. In that
vein, severalmethods can be used as relative qualitymetrics to raise red
flags about the overall integrity of peptide identification in published
datasets reporting PSPs.

Chromatographic retention time prediction
During LC/MS-MS, HLA peptides are separated by reversed

phase liquid chromatography prior to ionization and MS-MS
sequencing. Hydrophilic peptides elute first; gradually, the more
hydrophobic peptides elute as the organic solvent concentration
increases. Recent applications of deep-learning approaches have
improved the accuracy of retention time prediction with (29) and
without inclusion of internal standards (30). Correlation between
the calculated peptide hydrophobicity index and its measured
chromatographic retention time (31) could be an orthogonal
parameter for validation of peptide identification (20, 32). Such
analysis may be sufficient to eliminate some peptides likely to be
wrongly identified as PSPs.

Precursor mass error distributions
When evaluating spectral assignments for proposed PSPs, the

precursor (MS1) mass error provides an excellent quality metric.
This value, in parts per million (ppm), is determined by subtracting
the theoretical precursor mass from the observed precursor mass
value, dividing by the theoretical mass, and multiplying by 1 � 106.
The magnitude of the mass error is dependent on both instrument
model and certain acquisition parameters; generally, it is less
than 20 ppm. A parent mass error histogram for all identified
peptides in an LC/MS-MS run should show a Gaussian distribution
centered near zero. As instrument calibration deteriorates, the

3.20 × 106

2.35 × 106

Peptide length

Figure 2.

Probability of finding n-mers. The number of unique sequences of length n found
in Swiss-Prot (20,381 proteins, March 31, 2021) plotted alongwith the theoretical
maximum number of sequences of length n (20n). A total of 73.4% of all possible
sequences of length 5 and 99.9% of all sequences of length 4 are present. Hence,
with a length 9 de novo–derived peptide sequence of unknown origin, it would
typically succeed in finding a random hypothetical pair of proteins that could
donate a 4-mer and a 5-mer for trans-splicing. If one were to more faithfully
approximate an MS-MS sequenced 9-mer, where leucine and isoleucine cannot
be distinguished, then the probability of success would rise as the number of all
possible 5-mers shrinks (195). The chance of finding a matching peptide would
further increase if peptide fragmentation during MS-MS was incomplete (which
is usual), leading to subsequent imperfect de novo interpretation of ions for
which two or more amino acids were lacking, leading to multiple 9-mer
sequences per spectrum to test.
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center of this histogram drifts and the distribution becomes broader
and less Gaussian.

For a well-calibrated system, 99.7% of peptide assignments fall
within three SDs of the standard mass error (33). Mass errors that
fall outside this range usually indicate incorrect assignments. Thus,
if the parent mass error distribution is substantially different
for proposed PSPs than for linear peptides in the same dataset,
it is a strong indicator that the spectral assignments for PSPs are
not correct.

This point is illustrated in Fig. 3A, with a stacked bar histogram
illustrating mass error distributions at the PSM level for an
HLA-A�01:01 datafile from Faridi and colleagues (17). The dotted
lines, indicating 3� SD, can serve as approximate guidelines for PSM
evaluation. As can be seen from the stacked bars, PSMs outside the
indicated range are dominated by peptides assigned as trans-spliced,
indicating that these assignments are most likely incorrect. Figure 3B,
a stacked bar chart that presents the data from Fig. 3A by percentage of
peptide type within each bin, illustrates this point more clearly. As
mass error increases, a higher percentage of the PSMs belong to PSPs
and are likely incorrect.

MS-MS spectral fragmentation and de novo sequence ambiguity
Once it has been determined that the parent mass errors for

proposed PSPs are within a reasonable range, each MS-MS spectrum
can be critically evaluated to determine the quality of the match to
the proposed peptide sequence. In collision-induced dissociation
and high-energy collision-induced dissociation fragmentation of
peptides, amide bonds fragment in a predictable manner to generate

A

B

Figure 3.

Precursor mass error distributions. A, Stacked bar histogram illustrating mass
error distributions at the PSM level for an HLA-A�01:01 datafile from Faridi and
colleagues (17). The dotted lines illustrate � 3� SDs from the mean, calculated
from the PSMs for linear peptides. Peptides are grouped into 1 ppm bins.
B, Stacked bar chart that presents the data from A, plotted as the percentage
of linear, cis-spliced or trans-spliced peptides in each histogram bin. This plot
highlights the fact that most peptides with high mass error are PSPs and are
likely incorrect.

Table 1. A representative list of isobaric amino acid residues,
modified amino acid residues, and chemical modifications and
PTMs.

I. Isobaric amino acid(s)/modified amino acid(s)
Da Amino acid(s)/modifications

57.0215 Gly, carbamidomethyl group
114.043 Asn, Gly-Gly
115.027 Asp, (formyl)Ser
128.059 Gln, Ala-Gly
129.043 Glu, (acetyl)Ser
158.069 Ala-Ser, Gly-Thr
160.031 (carbamidomethyl)Cys, Cys-Gly
170.106 Ala-Val, Gly-Leu/Ile
171.064 Asn-Gly, Gly-Gly-Gly
185.08 Ala-Asn, Gln-Gly, Ala-Gly-Gly
199.096 Ala-Gln, Ala-Ala-Gly
200.116 Leu/Ile-Ser, Thr-Val
201.075 Asn-Ser, Gly-Gly-Ser
202.078 Cys-Thr, Gly-Met(oxidized)
211.096 Asn-Pro, Gly-Gly-Pro
213.111 Asn-Val, Ala-Ala-Ala, Gly-Gly-Val
215.091 Asn-Thr, Gln-Ser, Ala-Gly-Ser, Gly-Gly-Thr
216.075 Asp-Thr, Glu-Ser
217.052 Asn-Cys, Gly-Cys(carbamidomethyl), Cys-Gly-Gly
218.073 Ala-Met(oxidized), Met-Ser
225.111 Gln-Pro, Ala-Gly-Pro
227.127 Asn-Leu/Ile, Gln-Val, Ala-Gly-Val, Gly-Gly-Leu/Ile
228.086 Asn-Asn, Asn-Gly-Gly
228.111 Asp-Leu/Ile, Glu-Val
229.07 Asn-Asp, Asp-Gly-Gly
229.106 Gln-Thr, Ala-Ala-Ser, Ala-Gly-Thr

II. Important PTMs to include

15.99 Oxidation (Met)
0.984 Deamidation (Asn, Gln)
42.011 N-terminal acetylation (all)
119.004 Cysteinylation (Cys)
57.022 Cys(carbamidomethyl) (if alkylation with

iodoacetamide was performed)

III. Important PTMs to consider

57.022 N-terminal carbamidomethylation (all)
27.995 N-terminal formylation (all)
21.982 Sodium adduct (Asp, Glu)
�18.011 Dehydration (Ser, Thr)
0.984 Citrullination (Arg)
47.985 Cysteine oxidation to cysteic acid
79.966 Phosphorylation (Ser, Thr, Tyr)

Note: Isobaric amino acids/groups of amino acids/modified residues can con-
found spectral assignments during database searching, especially when incom-
plete fragmentation occurs. Chemical modifications and PTMs can also confound
assignments and should be considered when confirming PSMs for PSPs or other
noncanonical peptides. A partial list of these species, including chemical
modifications that commonly lead to erroneous PSP assignments, is included.
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two primary series of ions: b ions, which correspond to fragment
sequences that include the N-terminus, and y ions, which include the
C-terminus. The mass difference between fragment ions in each series
is indicative of the amino acids and their order, which can be used to
obtain all, or part, of a peptide sequence. In the best-case scenario, a
complete set of complementary b and y ions would be present to
facilitate spectral assignments. In reality, this rarely happens. Instances
often arise when fragment ions are absent. The resulting mass gap will
support two or more amino acids, and the order of the amino acids in
the sequence cannot be determined from the spectrum. To further
complicate things, certain combinations of amino acids are isobaric
(have the same mass), and modified forms of certain amino acids can
be isobaric with others that are unmodified (Table 1).

For de novo interpretation, it is common to give a score for each
individual amino acid interpreted as well as an overall score. For the
widely used de novo program PEAKS, the local confidence (LC) score
indicates the certainty of individual amino acids. A minimum LC of
80 (15) or average LC (ALC) score of approximately 80 (17) has been
used as a threshold for exporting high-quality sequences. In Fig. 4, the
LC scores for the proposed sequence ELC_DKEWVAK indicate that
the DKEWVAK portion of the sequence is strongly supported. In

contrast, the ELC portion is so weakly supported that any order of the
three amino acids is possible, as would any other combination of
amino acids with the samemass. The resulting sequence ambiguity for
representing a de novo interpretation is accomplished by reporting
multiple sequences per spectrum, employing a shorthand via regular
expression syntax, or replacing the ambiguous sequence with a mass
gap representation [345]DKEWVAK (34).

When one consults Supplementary Table S4 from Faridi and
colleagues (17), reporting sequences identified via a de novo approach,
there is no indication of the sequence ambiguity of the individual
peptides reported, despite employing ALC thresholds that would
generate significant ambiguity. If one calculates the theoretical pre-
cursor mass of each sequence in the table and then sorts by mass, it is
apparent that 152/560 (27%) of the PSPs for HLA-A�03:01 exhibit sets
with two or more highly similar isobaric sequences, whereas the 1,835
linear peptides reported for the same allele are rarely isobaric. Because
the published table omitted spectrum identifiers (see Editorial and
Publication Considerations), the isobaric similarity suggests that the
sequence-to-spectrum associations were lost and multiple sequences
per spectrum were reported as if they were independent observations
rather than as ambiguous sequences with only one possible correct

Figure 4.

PSMofproposed trans-splicedpeptidefitsmodified linear peptidewith sharedpartial sequence. The trans-splicedpeptideELC_DKEWVAK (PASK, 1296–1298 spliced
to COX4, 134–140), with C in unexpected sulfhydryl form, reported in Faridi and colleagues (17) fits this MS-MS spectrumwithout ions confidently supporting the ELC
portion of the sequence (amber), as indicated by themuch lower PEAKS LC scores for those residues (41-32-48) shown below the sequence. The gray bar highlights
the near-complete y ion series (consecutive fragments containing the C-terminus) that allows the partial sequence DKEWVAK to be determined de novo in reverse
order (above spectrum) via the mass gaps between peaks (red). Instead, the lab that generated the dataset, reported the linear peptide qSFDKEWVAK, derived
entirely from thehumanproteinCOX4, for this spectrum fromalleleHLA-A�03:01with a theoretical precursorm/zof 610.8009andexperimental precursormass error
of þ0.4 ppm (37). The common laboratory sample handling modification, pyro-Glutamic acid at peptide N-termini (q) was not accounted for in the Faridi and
colleagues data analysisworkflow (17) but was in Sarkizova and colleagues (37).With ELCDKEWVAK yielding nearly the same theoretical precursorm/z of 610.8026
and an experimental precursor mass error of �2.3 ppm, both are within the expected mass error tolerance for the Thermo Fisher Scientific Q Exactive Plus that
generated the spectrum. Although qSF and ELC have nearly identical mass, qSF is supported better by the F immonium ion at 120m/z, and the y8þþ ion at 511.8m/z.
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peptide assignment. Similarly, Ouspenskaia and colleagues (27)
reported 308 novel unannotated ORF-derived peptides, whose trans-
lation is supported by Riboseq, that were mapped to the same MS-MS
spectra as 343 spliced peptides reported in Faridi and colleagues for the
nine monoallelic datasets originally published by Abelin and collea-
gues (18). Consequently, if one uses these observations to correct for
overcounting due to multiple sequences/spectrum the number of
individual spliced peptides reported by Faridi and colleagues (17)
would decrease by 10%–14% (35/343 and 76/560) and their corre-
sponding estimate of spliced peptides present in the immunopepti-
domewould decrease from 29% (15,320/53,665, reported in Faridi and
colleagues) to 26% [�14%: (15,320 � 2,145)/(53,665 � 2,145) or
�10%: (15,320 � 1,532)/(53,665 � 1,532)].

MS-MS spectral intensity prediction and search engine
agreement

Current database search algorithms typically employ simplemodels
for relative intensity of different fragment ion types.While y ions and b
ions may be modeled with different intensity, all y ions are usually
modeled with the same intensity, without incorporating well-known
sequence-specific tendencies such as the generation of a very intense y
ion from fragmentation at the N-terminal side of proline. However,
there are now deep-learning methods that enable accurate prediction
of intensities inMS-MS spectra for HLA-binding peptides (35). Prosit,
trained specifically on hundreds of thousands of MS-MS spectra of
synthetic HLA-binding peptides, enabled rescoring of PSMs generated
by conventional search engine tools, thus improving the accuracy and
sensitivity of identification of HLA-binding peptides (35).

Once trained, the Prosit tool was used to assess similarities between
the measured MS-MS assigned to potential PSPs and the predicted
MS-MS of those same sequences reported in Liepe and colleagues (35),
for the subset of data that is derived from Bassani-Sternberg and
colleagues (14). When comparing spectrum similarity score distribu-
tions for measured versus predicted spectra for the sets of nonspliced
(canonical) peptides versus PSPs reported by Liepe and colleagues,
most of the proposed spliced peptides have much lower spectral
similarity to the Prosit predictions compared with the canonical
peptides [spectral angle (SA) ¼ 0.72 vs. SA ¼ 0.87] (35). Using a
combination of Prosit scoring and agreement between the search
engines Mascot, MaxQuant, and MSFragger, the reanalysis concluded
that 1,067 of the 1,230 (87%) PSPs were not conclusively supported by
the MS data. Those conclusions were summarized in four categories:
596 (48%) did not remain confident after Prosit rescoring, 90 (7%)
were leucine/isoleucine isomers that cannot be distinguished by MS-
MS, 315 (26%) had a more confident canonical PSM identified by
MaxQuant and/or MSFragger, and in 66 (5%) the proposed spliced
peptide had a score comparable with that of a canonical peptide. A
similar reanalysis of the 3,994 reported canonical peptides from the
same study rejected just 475 (11%) peptides; 179 (4%) did not remain
confident after Prosit rescoring and another 296 peptides (7%) had a
more confident canonical PSMs identified by MaxQuant and/or
MSFragger.

Cysteine-containing peptide observation rate
Cysteine-containing peptides present unique challenges to routine

experimental detection. Sample handling and chromatographic sep-
aration often create artifacts and compromise observation rates when
free sulfhydryl cysteine or disulfide cross-linked cysteines are present.
Hence, typical proteomics experiments employ reduction and alkyl-
ation with reagents like dithiothreitol and iodoacetamide (IAA) to
reduce and then covalently modify the cysteines, and the mass of the

stable modification is defined in the search parameters. For detection
of HLA-presented peptides, inclusion of a low amount of IAA
(10 mmol/L) in the lysis buffer both inhibits cysteine proteases and
increases (�5�) the LC/MS-MS detection of cysteine-containing
peptides (36–38) in carbamidomethylated form. Cysteines are highly
reactive, and not all become alkylated. Thus, the fixed and variable
modifications allowed on cysteine during database searching or de
novo interpretation are critical to the successful identification of
cysteine-containing peptides.

Discrepancies related to the inclusion of cysteine modification in
database searches have made significant contributions to erroneous
PSP identifications. For example, in Liepe and colleagues, for the
subset of data that is derived from Bassani-Sternberg and collea-
gues (14), many spectra assigned as PSPs containing adjacent
glycine and cysteine residues were shown to be more consistent
with carbamidomethylcysteine-containing canonical sequences
(see Table 1; ref. 39). Within the subset of data presented in Faridi
and colleagues that is derived from the monoallelic immunopepti-
domics resource published by Abelin and colleagues, the median
cysteine-containing peptide proportions per allele are 0.2% for
linear peptides, 4% for cis-spliced, and 15% for trans-spliced,
resulting from a data analysis workflow where cysteines were only
considered to be in free sulfhydryl form. In Abelin and colleagues,
cysteines were predominantly observed in cysteinylated form (18).
Thus, the simplest interpretation is that the enrichment of cysteine-
containing peptides in the cis and trans-spliced peptides reported by
Faridi and colleagues using Abelin and colleagues data is likely
related to misidentification (see Fig. 4).

HLA anchor motifs and binding specificity
Following processing by the proteasome, PSPs follow the same

antigen presentation pathway as linear peptides; therefore, overall,
their HLA-binding specificities should be similar. Peptide sequence
motifs for each HLA allele are well characterized, and HLA-I–binding
predictors can accurately predict association between any given pep-
tide of defined length (typically 9–14mers) and hundreds of HLA class
I alleles. Unsupervised alignment and clustering of MS-detected
immunopeptidomes, using a tool such as Gibbs clustering (40, 41),
can reveal the binding motifs. Clustering separately the fraction of
potentially spliced peptides and linear peptides should reveal similar
motifs, and comparison of the sample-generated motifs with known
reference motifs can provide a quick assurance for the overall correct
identification. The clustering approach typically performs well when
hundreds or thousands of peptides are analyzed, also when the HLA
typing of the investigated sample is unknown. Applying this approach
to the hundreds of cis-spliced peptides and the thousands of linear
peptides identified in the same sample by Liepe and colleagues revealed
marked differences in the binding motifs (15).

The HLAthena binding prediction program trained on >185,000
MS-MS identified peptides eluted from 95 HLA-A, -B, -C, and -G
monoallelic cell lines (including the alleles studied by Liepe and
colleagues and Faridi and colleagues) showed that PSPs from both
Liepe and colleagues and Faridi and colleagues are distributed over a
wide range of predicted binding scores, whereas linear peptides are
predicted with very high affinity (37). Most reported PSPs had poor
predicted binding. A binding likelihood score threshold of >0.75
passed 81% of canonical linear peptides but only 28% of cis-spliced
peptides described by Liepe and colleagues. Similar results for
binding likelihood score were obtained for the peptides described
by Faridi and colleagues: 84% linear vs. 36% cis- and 37% trans-
spliced.
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Experimental MS-Based Validation of
Peptides

Many modifications (such as oxidation, acetylation, and phosphor-
ylation) that occur biologically and/or as sample handling artifacts, can
lead to errors in interpretation of MS-MS spectra (ref. 39; see Table 1
for a list of modifications). Hence, identification of PSPs, for
which no genomic or transcriptomic complementary validation
datasets are available, must be supported with additional thorough
experimental validation.

Experimental validation of peptide identification by MS-MS can be
done by analyzing, with the same LC/MS-MS instrumentation and
methods, synthetic counterparts of the identified peptides. Occasion-
ally, the score difference provided by the search engine tools between
the best fit and the second-best fit is very low, resulting in high
ambiguity. Applying search engine tools with different algorithms
may give more supportive evidence. Ideally, both the best score hits
and the second hits should be synthesized, and their fragmentation
patterns and chromatographic retention time should be compared.
The most reliable experimental method to confirm the correct iden-
tification of a peptide is by targeted MS analysis performed with
synthetic heavy isotopically labeled peptide counterparts spiked into
the original immunopeptidomics sample inwhich the PSPwas initially
identified. SynonymousMS-MS spectra of the endogenous “light” and
the synthetic “heavy” peptide and their coelution provide the most
definite validation of correct peptide identification (25, 26). This
method, however, remains an expensive method with low throughput.
Although it will validate the correct identification of a peptide, it
cannot reveal a peptide’s mechanism of creation inside a cell.

It is important to evaluate the quality of each synthetic peptide as
impurities may lead to critical artifacts. In the case of nonlabeled
peptides, truncated byproducts and incomplete coupling of hard-to-
synthesize peptide sequences can also lead to artifacts. For example,
when Fritsche and colleagues attempted to validate a PSP derived from
a mutated KRAS2–35 G12V precursor sequence (TEYKLVVV-
GAVGVGKSALTIQLIQNHFVDEYDPT), they found frequent syn-
thesis byproducts containing only one (32%) or two (6%) instead of
three consecutive valines (42). Such a sequence precursor was used for
supporting in vitro proteasomal splicing of the mutated KRAS by
Mishto and colleagues (10), leading to the generation of the spliced
KLVVGAVGV peptide. As no quality control of the synthesized
precursor was provided by Mishto and colleagues, and given this high
rate of impurities, the production of this spliced product was debat-
ed (11, 43, 44). In general, the computational and experimental
approaches we discuss above can be applied for the validation of PSPs
generated in in vitro digestion assays. In addition, it is important to
evaluate the quality of synthetic heavy isotopically labeled peptides
prior to spike-in experiments, since trace impurities of “light”
counterparts can lead to false positives, as shown and discussed
by Fritsche and colleagues (42).

Biological and Molecular Validation
In vitro studies have suggested that peptide splicing by the protea-

some is a low efficiency process, as only 1% to 2% of all fragments
produced by proteasome-mediated degradation are PSPs (45). This is
in stark contrast with the notion that around 25% of the peptidome
corresponds to PSPs. Because the latter estimation is based on MS,
which can lead to ambiguous identification of HLA-bound PSPs, it is
necessary to confirm these assertions by adding additional biological
controls to fully validate the existence of PSPs at the surface of tumor

cells. Complete characterization of tumor-associated peptides includes
validating the nature, the immunogenicity and the natural presenta-
tion of these peptides by tumor cells. This is essential not only to clarify
the ambiguities raised about the fraction of PSPs in the peptide
repertoire, but also to confirm the relevance of PSPs as targets for
immunotherapeutic approaches. At the time the first PSPs were
discovered, immunopeptidomics and targeted validation methods
using spiked-in heavy labeled standard peptides were not developed
enough, hence, these first PSPs were not validated by these analytic
methods. However, in these pioneering studies several key biological
experiments were performed to validate both the existence of these
peptides at the surface of tumor cells and their generation through
proteasomal splicing.

A key step in the validation of antigenic peptides is to show that
tumor cells potentially expressing that antigen can be recognized by a
stable human T lymphocyte clone specifically recognizing that pep-
tide (46). To do so, a CTL clone should be isolated that recognizes the
peptide of interest. This can be done using the “reverse immunology
approach,” which is based on the in vitro activation of CD8þ T cells
from a healthy donor with mature dendritic cells pulsed with the
relevant peptide (47). This CTL clone is then further tested for its
ability to lyse the target tumor cells or to produce cytokines when
coculturedwith tumor cells. If clones cannot be isolated and polyclonal
T cells are used instead, it is essential to demonstrate that the CTLs that
recognize tumor cells in this polyclonal population are the same as
those recognizing the peptide. This can be done by performing a “cold
target inhibition” experiment, in which lysis of tumor cells by the
polyclonal T cells ismonitored in the presence of an excess of unlabeled
cells pulsed or not with the relevant peptide. Tumor cell lysis can be
measured in a standard Cr51-release assay, or in a FACS-based assay
with fluorescently labeled tumor cells. If tumor cells naturally express
the peptide against which the polyclonal T cells were obtained, the
addition of excess unlabeled antigen-presenting cells pulsed with that
specific peptide should inhibit lysis of the tumor cells by the T cells.

One study has reported the detection of PSP-specific T cells after
in vitro stimulation of lymphocytes from patients withmelanomawith
candidate PSPs and suggested such peptides as relevant immunother-
apy targets (48). However, it is important to note that, because the
immune system is educated to recognize any non–self-peptide, it is
generally easy to observe some degree of immunogenicity against any
given non–self-peptide. Hence, the detection or isolation of T cells
against a peptide does not mean that this peptide can be naturally
presented by tumor cells. Therefore, demonstration of the immuno-
genicity of a candidate spliced peptide is by itself not a way to validate
this peptide. The goal of immunogenicity studies is to isolate specific T
cells, which then can be used for the primary validation, which is to
show that such T cells can kill cells expressing the parental protein(s)
and not cells that do not. Even when a CTL clone is isolated against a
peptide and shown to recognize the tumor, cross-recognition of
another peptide–HLA complex can still occur (11). It is therefore
important to confirm that the PSP can be processed from the full-
length protein or that the PSP indeed originates from that protein. A
way to test this is to show that the isolated CTL recognizes cells
transfectedwith plasmids encoding the antigen-coding protein and the
relevant HLA class I molecule. In addition, mutation of key residues
present in either splicing partner should alter T-cell recognition and
confirm that this spliced peptide constitutes a valid antigen. Alterna-
tively, full knockout of the gene(s) encoding the antigenic peptide
should also abolish T-cell recognition.

If no CTL can be made available or if large-scale identifications are
required, tumor lines knocked out for the gene(s) encoding either of
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the splicing partners or mutated at key residues of the peptide splicing
partner sequences could be obtained and their peptidome compared
with that of the original tumor cells. Spike-in experiments using heavy
synthetic peptides as described above should be used to confirm the
presence of the peptide of interest in the wild-type eluate and its
absence in the knockout or mutated samples.

If a particular peptide sequence has passed all the bioinformatics
and MS tests described above, yet fails biological validation as a PSP,
this peptide is likely to be of yet an unknown source.

Editorial and Publication
Considerations

As scientists all of us adhere to the adage “Extraordinary
claims require extraordinary evidence” (attributed to Carl Sagan).
Although some articles have concluded that PSPs occur frequent-
ly (12, 17), those claims were not fully supported by the now
ordinary evidence typically accompanying articles published in
proteomics and immunopeptidomics: the raw MS data deposited
in a public data repository accompanied by exact description of the
search parameters, the reference database, and tables of peptide
identifications including spectrum identifiers so that PSMs can be
verified by a motivated reader (49). Furthermore, quality controls of
synthetic peptides, which are crucial to validate or invalidate in vitro
digestion experiments, must be performed and the accompanying
MS datasets should be deposited in a public data repository as
mentioned above. It is critical to provide raw and processed data to
confirm reports of any novel peptide assignments, whether they
arise from novel ORFs, proteasomal splicing, or alternative RNA

splicing (14, 18, 37, 50, 51). In addition, these datasets are invaluable
tools in validating new immunopeptidomics workflows, as has been
done in several studies (27, 35, 52).

We hope that the discussion we put forth in this review article will
provide a critical foundation for the generation of well validated and
highly reproducible proteasomal splicing data that withstands critical
assessment by all in the research community.
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