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Highlights

e Altered immunopeptidome in a panel of antigen processing and presentation machinery gene KO
cells.

e The impact of a KO on the immunopeptidome reflects a gene's biological context.

e Changes relate to the diversity, origin, and dynamic range of presentation levels of immunopeptides.

e Observed changes are human leukocyte antigen restricted.
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The human leukocyte antigen (HLA) processing and
presentation machinery (APPM) is altered in various dis-
eases and in response to drug treatments. Defects in the
machinery may change presentation levels or alter the
repertoire of presented peptides, globally or in an HLA
allele-restricted manner, with direct implications for
adaptive immunity. In this study, we investigated the
immunopeptidome landscape across a panel of isogenic
HAP1 cell line clones, each with a KO of a single gene
encoding a key protein in the APPM, including B2M,
TAP1, TAP2, TAPBP, IRF2, PDIA3, ERAP1, GANAB,
SPPL3, CANX, and CALR. We applied immunopeptido-
mics and proteomics to assess the successful gene KOs
on the protein level, understand how these proteins
participate in antigen presentation, and contextualize
protein expression and antigen presentation. We vali-
dated the absence of the KO proteins in the respective
samples and found that knocking-out an APPM compo-
nent leads to the loss of peptide subsets that are nor-
mally presented on the control wildtype cells. We
assessed the immunopeptidomes qualitatively and
quantitatively, considering factors like peptide diversity,
peptide length distribution, and binding affinity to the
endogenously expressed HLA alleles in HAP1 cells. We
demonstrated prominent HLA allele-restricted alter-
ations in several KO conditions. The absence of CALR,
CANX, and TAP1 led to significant changes in HLA allele-
specific presentation levels. Overall, this work represents
the first systematic analysis of how the absence of indi-
vidual APPM components, knocked out in a single cell
line under controlled conditions, affects the immuno-
peptidome. This approach could facilitate the creation of
predictive tools capable of prioritizing HLA-bound pep-
tides likely to be presented when presentation defects
occur, such as in cancer and viral infections.

, Tamara Verkerk“°® , Robbert Spaapen*°®, and

Human leukocyte antigen class | (HLA-I) molecules present
short peptides, known as immunopeptides, on the cell sur-
face. In cancer, these peptides can arise from intracellular
degradation of abnormally expressed, mutated, or pathogenic
proteins and are recognized as foreign by cognate T-cell
receptors on CD8+ T cells. This recognition triggers the acti-
vation of T cells, enabling them to target and eliminate cancer
cells (1). The HLA-I antigen processing and presentation
machinery (APPM) consists of proteins that function as a
molecular assembly line, processing and presenting HLA-
peptide complexes on the cell surface. The binding of pep-
tides to HLA molecules is determined by specific interactions
between residues of the peptide with the HLA binding groove.
Each HLA allotype binds a repertoire of peptides that are
compatible with its consensus binding motif (2). APPM
members include the HLA protein complex (HLA and B2M),
proteins that degrade proteins and polypeptides to short
peptides (proteasome, ERAP1, and ERAP2), proteins that are
engaged in peptide translocation (e.g., peptide transporter
associated with antigen processing; TAP1, TAP2), as well as
proteins that belong to the peptide loading complex (PLC)
including those responsible for modifying and assembling
HLA-I complexes (e.g., GANAB, CANX, PDIA3) and proteins
that mount the most suitable peptide onto an HLA complex
(TAPBP [tapasin], TAPBPR), a process referred to as peptide
editing (2). Additional factors influence functional peptide
presentation, including the transcriptional regulator IRF2 and
neolacto series glycosphingolipids whose expression is sup-
pressed by SPPL3 (3).

Defects in antigen presentation may change presentation
levels or the repertoire of presented peptides, either globally or
in an HLA allele-restricted manner. Immune pressure,
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Defects in the Cellular Machinery Impact the Immunopeptidome

mediated by elimination of cancer cells by T cells (4), may lead
to the selection and expansion of immune-escaping tumor
clones carrying mutations in proteins involved in antigen
processing and presentation (5). For example, the loss of B2M
severely impairs a cell's ability to present HLA-I complexes,
which directly affects the responsiveness of cancer patients to
immune checkpoint inhibitors (6). In addition, viruses, such as
oncoviruses, are masters at evading the immune system by
targeting various key cellular mechanisms including the
APPM, leading to downregulation of HLA-I from the cell sur-
face (7). For example, in infected CD4+ T cells, the HTLV-1
auxiliary protein p12 interacts with the HLA-I heavy chain,
preventing its maturation and resulting in proteasomal
degradation of HLA (8). Also, HHV4's BNLF2a protein inhibits
CD8+ T-cell recognition of infected cells by inhibiting the
ability of TAP to bind peptides and ATP. This inhibition leads
to a deficiency of peptide presentation as well as in down-
regulation of HLA-I (9). Furthermore, drugs targeting the
APPM, like ERAP1 inhibitors and interferon gamma, also
contribute to reshaping the immunopeptidome by altering
peptide editing (10, 11).

Since the APPM is altered in various diseases and in
response to drug treatments, there is a growing interest in
characterizing the immunopeptidome when the APPM s
perturbed. This can improve the prioritization of relevant
antigenic peptides for vaccine design, immunomonitoring, and
more accurate modeling of T-cell responses. Advanced pre-
diction of antigen presentation requires better understanding
of the mechanisms driving the selection of source antigens for
presentation and how each protein within the APPM pathway
modulates the immunopeptidome (12). However, this requires
setting up experimental models where key APPM components
are specifically perturbed. In this study, we investigated the
immunopeptidome landscape across a panel of APPM KO
cells (PAKC). PAKC is a collection of isogenic HAP1 cell line
clones, each with a KO of a single gene encoding a key protein
in the APPM, including B2M, TAP1, TAP2, TAPBP, IRF2,
PDIA3, ERAP1, GANAB, SPPL3, CANX, and CALR. We
assessed how these APPM defects influenced HLA-I peptide
presentation both qualitatively and quantitatively, considering
factors like peptide diversity, peptide length distribution, and
binding affinity to the endogenously expressed HLA alleles in
HAP1 cells. Our results revealed distinct differences in
immunopeptidome composition across the various KOs, with
TAP1, TAP2, and TAPBP KOs showing HLA allele-restircted
effects. In addition, by integrating shotgun proteomics, we
explored the relationship between the cellular proteome and
the immunopeptidome, offering insights into the processing
and presentation of cellular proteins in these isogenic lines.
The systematic analysis performed here shed light on the
complexity of the immunopeptidome that is stepwise shaped
by the numerous proteins that comprise the APPM. Consid-
ering the frequent occurrence of APPM defects, in infectious
diseases and in tumors, such information is crucial for

understanding how such impairments influence the immuno-
peptidome and for the further development of disease models.

EXPERIMENTAL PROCEDURES
Experimental Design and Statistical Rationale

A detailed description of the immunopeptidomic experimental
design, including naming of samples, RAW MS file names, and
assignment of biological and technical replicates, is provided in
supplemental Table S1. Isogenic cell line samples were expanded and
harvested with the same protocol to minimize variation in three
biological replicates per condition. To provide maximum immuno-
peptidome depth, we aimed to measure two technical replicates in
data-dependent acquisition (DDA) and two technical replicates in
data-independent acquisition (DIA) of all immunopeptide samples.
Some measurements could not be processed computationally
because of low signal and were hence discarded. In total, 128
immunopeptidomics raw files were suitable for processing.

Statistical Tests

For comparison between conditions, we applied Student's t test. p-
values were adjusted with the Bonferroni correction method. p-values
<0.05 were considered significant.

Reagents

The reagents used for experimental work were as follows: cell
culture medium (RPMI1640 GlutaMax-I; Gibco, ref. 61870-010); fetal
bovine serum (Gibco, ref. 10437-028); penicillin-streptomycin (catalog
no.: 4-01F00-H); PBS (Bichsel, ref. 100 0324); acetonitrile (ACN; Bio-
solve, UN 1648), formic acid (FA; Thermo Scientific, product code:
85178), iRT peptides (Biognosys, ref. Ki-3002-2), urea (BioChemica,
product code: A1360), ammonium bicarbonate (Sigma-Aldrich, ref.
A6141), DTT (Fisher Scientific; catalog no.: BP172-25), iodoacetamide
(Sigma, ref. 16125-5g), Trypsin/Lys-C Mix (Promega, ref. V5073), and
ReproSil-Pur C18 beads (C18 beads; Dr Maisch, ref. r119.aq).

Cell Culture

HAP1 cell line clones (13, 14) were grown in cell culture medium
with 10% of heat-inactivated fetal bovine serum and 100 U/ml peni-
cillin-streptomycin. Following expansion, cells were washed twice in
PBS. For immunopeptidomics samples, pellets of 10% cells were
stored at —80 °C. For proteomics samples, pellets of 500 x 10° cells
were stored at -80 °C.

Pan-HLA Flow Cytometric Staining on HAP1 Cells

For the analysis of extracellular HLA-I expression, HAP1 KOs were
stained with Calcein AM Viability Dye (ThermoFisher Scientific) ac-
cording to the manufacturer's instructions for discrimination of living
cells. Next, staining of HLA-HLA-I complexes was performed using a
phycoerythrin-conjugated mouse antihuman HLA-A, -B, and -C anti-
bodies (1:20 dilution, BiolLegend), alongside with an appropriate
phycoerythrin-conjugated mouse 1gG2a, k isotype control (1:20 dilu-
tion, BioLegend) for 15 min at room temperature in the dark. In
addition, to the isotype controls, unstained controls were included in
the experimental setup. Complimentary to the Calcein-AM staining, a
staining with 4',6-diamidino-2-phenylindole (10 mg/ml, 1:200 dilution;
Applichem) was included right before measurement for the identifi-
cation of dead cells. Stained cells were analyzed using the BD FAC-
Symphony A5 (BD Biosciences), and the data were subsequently
analyzed with the FlowJo software, version 10.0 (Flowdo LCC). To
calculate the HLA-A, -B, and -C surface expression, we deducted the
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median negative control signal from the median of the median fluo-
rescence intensity distribution of the respective HAP1 cells.

Immunopeptidomics—Immunoprecipitation

Immunoprecipitation of HLA-I complexes was conducted as
described (10). Briefly, we harvested W6/32 antibodies from HB95
hybridoma cells and crosslinked them to Protein A-coated Sepharose
beads. After nondenaturing lysis of 10® cells per biological replicate,
the cross-linked antibody-covered beads were used to isolate HLA-I
complexes using the plate format and the positive pressure mani-
fold. Following washing and elution of beads, eluates were desalted
with C18 columns and immunopeptides were eluted with 28% ACN
and 0.1% FA, vacuum dried, and stored at —80 °C.

Immunopeptidomics—Mass Spectrometry Measurement

Vacuum dried peptides were resuspended in 2% ACN and 0.1% FA
and spiked with iRT peptides according to the instruction of the
supplier. Per sample, we measured four injections, two in DDA and
two in DIA. The platform for sample injection, chromatographic sep-
aration, and spectral acquisition was an Easy-nLC 1200 coupled to a
Q Exactive HF-X (ThermoFisher Scientific). The analytical column used
was 450 mm long (8 pm tip, 75 pm ID) and packed with C18 beads.
Peptides were separated at a flow rate of 250 nl/min with a gradient of
120 min as described (10) for HLA-I peptides. For DDA measurements,
cycles consisted of a mass spectrometry 1 (MS1) scan (scan
range = 300-1650 Th, R = 60,000, automatic gain control [AGC]
target = 3e6, and maximum injection time [IT] = 80 ms), followed by
MS2 scans (R = 30,000, AGC target = 2e5, maximum IT = 120 ms,
normalized collision energy = 27, and isolation window = 1.2Th) of
isolated precursors according to “Top20” rules, with dynamic exclu-
sion enabled and set to 20 s. For DIA measurements, cycles consisted
of an MS1 scan (scan range = 300-1650 Th, R = 120,000, AGC
target = 3e6, and maximum IT = 60 ms) and 22 MS scans (window
widths = [37, 30, 24, 24, 22, 23, 21, 24, 21, 24, 24, 25, 27, 27,30, 35,
38,43,53, 72, 103, 594] Th, window overlap = 1Th, R = 30,000, AGC
target = 3e6, maximum IT = auto, normalized collision
energy = stepped [25.5, 27, 30]).

Immunopeptidomics—Spectral Matching and Peptide
Quantification

For library generation from DDA files as well as for searching DIA
files with the library, the FragPipe environment (v22.0) was used,
with MSFragger and DIA-NN, respectively. The only difference be-
tween canonical and noncanonical search was the FASTA file and
false discovery rate (FDR) that was used. The FASTA used for the
canonical search was the canonical human proteome without iso-
forms as curated by SwissProt on February 24, 2024, concatenated
with iRT peptide entries as well as the list of common contaminants
provided by the FragPipe software, with a total of FASTA 20,482
entries. The FASTA used for the noncanonical search was gener-
ated by processing previously published HAP1 wildtype tran-
scriptomics data (15) with NeoDisc (16) in fastq mode, applying
default parameters to the single-sample pipeline, and adding iRT
sequences as well as common contaminants as provided by the
FragPipe software. This noncanonical FASTA was based on the
GRCh37 assembly with GENCODE v43 annotation, hence,
composed of 11 iRT sequences, 118 contaminant sequences,
76,398 canonical (Protein Existence class (PE) = 1), 227,759 non-
canonical (PE = 3), 15,142 transposable element (PE = 4), and 12
viral (PE = 5) sequences. Search space settings included peptides
between length 8 and 14, with methionine oxidation (UniMod
accession #: 35), N-terminal acetylation (UniMod accession #: 1), as
well as cysteine carbamidomethylation (UniMod accession #: 4) as

variable modifications and no fixed modifications. Protein sequence
digestion was set to “unspecific.” The permissible peptide mass
range was kept between 200 and 3000. Precursor and fragment
mass tolerance was 20 ppm, with “Mass calibration, parameter
optimization” turned on. FDRs for the canonical search were all set
to 0.01 except for the protein FDR that was set to 1. For the non-
canonical search we applied group-specific FDRs set to 0.03
except for the protein FDR that was set to 1, in accordance with a
previously reported workflow (17). All other settings were set to
default. For library-searching the DIA files with the generated library,
we used the DIA-NN module provided in the FragPipe graphical
user interface, with the FDR set to 0.01, and we applied the default
workflow with mass accuracy to 0 ppm, followed by automated
optimization of mass accuracies for MS1 by the first run and for
MS2 for each run individually.

Immunopeptidomics—Data Analysis

Peptides were considered as binders when their predicted binding
affinity %-rank lied below 2 (18). To calculate the quantification of
identified peptides, we summed the maximum value of each single
precursor derived from a single peptide together, as advised by the
software developers. Intensities used for peptides identified in a
sample corresponded to the average of said peptide's quantification
across technical replicates. For the immunopeptidomics-based
upregulation analysis, we imputed values of absent peptides to be
a random number between 1 and 2. Sampling density scores were
calculated as described (19-21). Briefly the sampling density score
for an example protein p was calculated over several steps. First,
each peptide that mapped back to p was given a score, calculated
by having a standard score, which was reduced slightly for each
protein in the database the peptide maps to (f(o) = 1 + 0.8"), where
p is a peptide and n are the number of proteins it maps to. The
purpose of lowering the peptide's score was to punish the eventual
sampling score of nonproteotypic peptides. The scores of all pep-
tides that mapped to protein p were then summed up. This sum was
then normalized over the number ,ftfheoretical 9-mers that can be
derived from that protein (f(P) = Lé?")-al , Where p is a protein, j are
the number of peptides that map to p, and L(p) is the protein's length.
Binding affinity predictions for each peptide were conducted with
MixMHCpred (version 2.2) (18). Data analysis was conducted with
the programming languages Julia and R. Plots were generated with
the ggplot2 environment in R. For Gene Ontology (GO) analyses, we
used the R package ClusterProfileR (22), with all settings set to
default apart from the background genes, which are indicated in the
respective analysis.

Proteomics—Sample Preparation for Shotgun Proteomics

Sample preparation followed the same procedure as described (23).
Briefly, 500 x 10° cells per sample were lysed and denatured in 8 M
urea, 50 mM ammonium bicarbonate, reduced with 5 mM DTT, alky-
lated with 15 mM iodoacetamide, and digested with Trypsin/Lys-C
Mix. Peptides were then desalted in C18 spin columns, dissociated,
and stored at —80 °C.

Proteomics—MS Measurement

Vacuum dried peptides were resuspended in 2% ACN, 0.1% FA,
and spiked with iRT peptides according to the instruction of the
supplier. Per sample, we measured one DDA injection. The platform
for sample injection, chromatographic separation, and spectral
acquisition was an Easy-nLC 1200 coupled to a Q Exactive HF-X.
The analytical column used was 450 mm long (8 pm tip, 75 pm
ID) and packed with C18 beads. Peptides were separated at a flow
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rate of 250 nl/min with gradients and acquisition parameters as
described (23).

Proteomics—Spectral Matching and Peptide Quantification

DDA files were searched with MSFragger in the FragPipe environ-
ment (v22.0). The FASTA used was the canonical human proteome
without isoforms as curated by SwissProt on February 24, 2024,
concatenated with iRT peptide entries as well as the list of common
contaminants provided by the FragPipe software, with a total of
FASTA 20,482 entries. All settings were kept as provided with by
“Default” workflow, including MS1-based quantification with help of
the lonQuant module. A maximum of two missed cleavages were
permitted. Precursor and fragment mass tolerances were set to
20 ppm, with “Mass calibration, parameter optimization” turned on.
Cysteine carbamidomethylation was set as fixed modifications, and
methionine oxidation and N-terminal acetylation were set as variable
modifications. Protein and peptide FDR were set to 0.01.

Proteomics—Data Analysis

Data analysis was conducted with Julia, for computationally
demanding analyses, and R. Proteins that were identified with only
one peptide were removed from the analysis. Plots were generated
with ggplot2, as well as further supplementary packages, with R.

Data Analysis—Overlap Coefficients

The overlap coefficient is a metric that assesses the similarity of two
sets by calculating the fraction of elements found in the smaller set
that are also found in the larger set: overlap(A, B) = mirL’(A\QﬂBD' It is a
helpful tool to compare pools of identified peptides or proteins from
two samples while normalizing for differences in absolute number of

identifications.

Data Analysis—Intensity Rank Scores

To derive intensity rank scores, we assigned a rank to each peptide
identified in a sample from most to least abundant peptide, the most
intense peptide being rank 1. The intensity rank score within a sample
was calculated with the formula f(x) =1 - %’ﬁx), where tnp represents
the total number of peptides identified in a sample. As such, the least
abundant peptide had a rank intensity score of 0, the closer a pep-
tide's rank intensity was to 1 the more abundant it was.

RESULTS
In-Depth Immunopeptidomics

To characterize how various key APPM proteins impact the
immunopeptidome (Fig. 1A), we performed deep quantitative
and qualitative analyses of the immunopeptidome and prote-
ome of an established panel of 11 isogenic HAP1 cell lines,
each having an individual KO gene, and compared with the
wildtype cells (12 isogenic cell lines in total) (Fig. 1B). HAP1
cells are particularly suitable for this purpose; thanks to their
near-haploid genome and the expression of the common
HLA-A*02:01, HLA-B*40:01, and HLA-C*03:04 (24). From each
KO condition, 100 million cells were expanded in triplicates
and subjected to immunoaffinity purification of HLA-I com-
plexes. Bound peptides were extracted, purified, and
measured on a Q Exactive HFX with DDA and DIA methods,
respectively (supplemental Table S1). Furthermore, total pro-
tein content was extracted from the cells for standard shotgun

proteomics analyses. The acquired MS data were processed
with the FragPipe environment (Fig. 1C).

To achieve maximum depth, we employed a strategy in
which we constructed a comprehensive library from DDA
measurements of all conditions and subsequently used this
library to analyze the DIA data. The library contained a total of
23,069 unique peptide sequences derived from 8345 source
proteins. The peptides exhibited the expected length distri-
bution for HLA-I peptides (Fig. 2A). By calculating the pre-
dicted binding affinity of the peptides to the three HLA
allotypes of HAP1 cells, we assigned each peptide to one
HLA-I allotype based on the best predicted affinity. About
89% of the 8 to 14 mer peptides in the library were predicted
to bind with rank <2% to at least one of the three HLA alleles
of HAP1 cells (Fig. 2B). As elaborated later, this fraction of
binders is lower than expected and related to detection of
background impurities in the B2M KO samples. Sequence
motifs of the 9-mer peptides predicted to bind the HLAs show
the expected binding motifs in reference to the MHCmotifAtlas
(Fig. 2C) (25).

B2M is indispensable for HLA-I presentation. Immuno-
peptidomics of B2M KO cells led to the detection of only 497
peptides, comprising 2.3% of the identified peptides in this
dataset (Fig. 2D). The length distribution of the peptides found
in the B2M KO samples deviated substantially from expected
distributions (Fig. 2E). Likewise, the predicted binding affinity
distribution for all biological replicates of the B2M KO cell line
revealed few to no binders (Fig. 2F). Hence, we considered the
B2M KO cell line as a negative control and the peptides
detected in B2M KO samples as impurities. We therefore
removed these peptides from the subsequent analyses of the
remaining 11 isogenic lines.

Differences in Diversity of the Immunopeptidome in HAP1
APPM KO Cells

The impact of the various KOs became evident when
comparing immunopeptidome diversity, reflected by the
number of peptides identified per sample, across different
conditions (Fig. 3A). Overall, the wildtype samples showed the
highest peptide diversity, with 16,394 to 17,365 unique pep-
tide sequences identified. Conversely, the lowest peptide di-
versity was found in the TAP2 KO, followed by TAPBP, IRF2,
TAP1, and PDIA3 KOs. ERAP1, GANAB, and SPPL3 KO
conditions demonstrated an intermediate diversity, whereas
CANX and CALR KOs had minimal impact on peptide di-
versity, compared with the wildtype cells. We found statisti-
cally significant differences in peptide diversity between KO
and wildtype for all conditions except for CANX and CALR
(Fig. 3A). In general, the APPM is sensitive to KOs regarding
the presentable immunopeptidome, with TAP1, TAP2, IRF2,
TAPBP, PDIA, GANAB, and ERAP1 KOs resulting in an
immunopeptide diversity reduction by over 50%. Indeed, cell
surface HLA-I expression, as determined by fluorescence-
activated cell sorting analysis of cells labeled with pan-HLA-I
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antibody (Fig. 3B), correlated positively with the immuno-
peptidome diversity (R* = 0.69, Fig. 3C).

TAP1 and TAP2 together make up the heterodimer TAP that
is a crucial part of the PLC, contributing to the PLC structural
integrity by being in direct association with TAPBP (Fig. 1A). In
addition, TAP facilitates the peptide translocation from the
cytosol to the endoplasmic reticulum (ER) lumen after source
proteins have been degraded in the cytosol (26). KO of TAP
has been shown to promote tumor growth in vivo (27). TAP1

and TAP2 KOs present substantially different immunopepti-
domes (p = 0.0174): though both KOs reduced immunopep-
tide diversity significantly compared with the wildtype
samples, TAP1 at 57 to 71% and TAP2 at 88 to 90%, TAP2
KO showed 60 to 75% less immunopeptide diversity than
TAP1 (Fig. 3A).

IRF2 is generally known as a transcriptional repressor.
Kriegsman et al. (28) found that IRF2 was a transcriptional
activator of many key components of the HLA-I pathway,
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including immunoproteasomes, TAP and ERAP1. They
demonstrated that upon loss of IRF2, cytosol-to-ER peptide
transport and N-terminal peptide trimming become rate
limiting for antigen presentation. Indeed, our immunopepti-
domic analysis revealed that KO of the IRF2 transcription
factor in HAP1 cells significantly decreased immunopepti-
dome diversity by 75 to 77% (p = 0.004), demonstrating the
striking role IRF2 has on regulating HLA presentation.
GANAB cleaves off glucose residues of glycans and is
involved in the APPM by trimming HLA-I glycans on two
levels: first, in order to create a binding site for downstream
chaperones to modify the HLA-I complex in the PLC, and
second, to enable the translocation of the loaded HLA-I
complex from the ER to the cell surface (29, 30). We find a
significant reduction in immunopeptidome diversity, ranging
from 38 to 54%, following the GANAB KO (p = 0.04, Fig. 3A).
In all conditions except for SPPL3, we observed statistically
significant shifts in average peptide length compared with the
wildtype. This indicates differential changes in peptide length

(Fig. 3D). ERAP1 is the only gene in the PAKC that directly
affects peptide length through its enzymatic activity. It is an
aminopeptidase localized in vicinity of the PLC in the ER
lumen, capable of trimming the N-terminus of peptides prior
and possibly after their loading on the HLA (31-34). As such,
each trimming event of ERAP1 can potentially add a new
peptide to the immunopeptidome repertoire. We observed the
expected significant increase in the fraction of longer peptides
for ERAP1 KOs (p = 0.0013). All other KO conditions revealed
a decrease in peptide length. To conclude, changes in peptide
length do not mirror changes in immunopeptidome diversity,
indicating orthogonality between these two characteristics
upon APPM component KO.

The Immunopeptidome of KO Conditions is a Subset of the
Wildtype Immunopeptidome

Next, we assessed if the KO conditions present a unique
pool of peptides. First, we demonstrated that the immuno-
peptidome diversity between replicates of all conditions was

preference, depending on the type of APPM perturbation highly reproducible. For example, among all peptides
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identified in all three biological replicates of the wildtype cell
line, 74% have a coefficient of variation of 0.3 or less in their
measured intensity, suggesting good reproducibility in their
detection (supplemental Fig. S1A). Next, we assessed the
similarity between conditions by calculating the overlap
coefficients of their peptide populations (Fig. 4A). All con-
ditions bear overlap coefficients between 78% and 98%
with the three wildtype replicates. The overlap coefficients
of wildtype samples with themselves range between 95%
and 97% (Fig. 4A). This suggests that the general effects
seen by APPM KOs on immunopeptidome diversity appears
more as reduction of the wildtype repertoire and less as a
shift toward a new pool of peptides.

Nevertheless, we find statistically significant differences in
overlap coefficient between KO and wildtype for the condi-
tions TAP1, TAP2, CALR, and ERAP1, suggesting that these
APPM proteins play a crucial role in shaping the immuno-
peptidome repertoire (Fig. 4A). For example, peptide intensity
correlation of peptides detected in TAP2 KO and wildtype

conditions revealed a subset of peptides more abundantly
presented in the TAP2 KO cells (Fig. 4B and supplemental
Fig. S2). A differential abundance analysis revealed that
despite reduced immunopeptidome diversity, there are pop-
ulations of immunopeptides with upregulated presentation
levels compared with the wildtype (Fig. 4C). CALR, TAP1, and
TAP2 KOs upregulated the presentation of 100 or more pep-
tides (p < 0.05, fold change >2), which represents a fraction of
0.7%, 1.2%, and 5.4% of their respective immunopeptidome
diversity (Fig. 4C). In contrast to CALR, upregulated peptides
in the TAP1 and TAP2 KO cells were sampled with a bias
toward the source protein's N terminus (Fig. 4D), where signal
peptides are typically located (16). Interestingly, upregulated
peptides showed distinct allele distributions (Fig. 4E), under-
scoring a differential effect of perturbations on HLA alleles. A
GO enrichment analysis of source proteins of upregulated
peptides showed affected genes are enriched for metabolic
processing, structural function, membranal proteins for CALR,
TAP2, and TAP2, respectively (supplemental Fig. S3).
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Presentation Across Conditions in Relation to Presentation
Level and Source Protein Sampling

Our results show that the presented immunopeptidome in
APPM KOs is primarily a subset of the wildtype immuno-
peptidome (Fig. 4A). To further explore differences in the
immunopeptidome across conditions, we examined the
number of conditions in which peptides are detected and at
what abundances. Interestingly, the intensity of peptides in the
wildtype, CALR, and CALN KO cells decreases strictly the
fewer other conditions these peptides occur in (Fig. 5A). This
trend is severely overthrown for TAP1 and TAP2 KOs, whereas
ERAP1, GANAB, and PDIA3 KOs also deviate by flattening the
dynamic range of presented peptides (Fig. 5A). The narrower
dynamic range of GANAB, IRF2, PDIA3, and TAPBP KOs is
likely related to perturbations in peptide editing and loading,
whereas for TAP1 and TAP2 KOs, the dysfunctional peptide
translocation into the ER is limiting the available peptide pool.
ERAP1 KO also changes the available peptide pool, whereby
the decrease in lowly presented peptides might be due to the
limited presentation of peptides that are fully depend on
ERAP1 activity. The two factors at play here are the available
peptide pool and the capacity for peptide loading and editing,
and our data suggest that a functional APPM maintains a
degree of immunopeptidome diversity as well as dynamic
range of presentation levels.

To gain a better understanding of protein expression and
the sampling of proteins for HLA presentation, we generated
proteomics data from bulk tryptic digests of each individual
KO cell line (Fig. 1B). Proteins from genes that were knocked-
out in different clones were absent in the respective samples
(supplemental Fig. S4A). Hence, the proteomic analysis
confirmed the successful KO of APPM genes. As expected,
the number of presented proteins agrees with the total number
of identified peptides per sample (Figs. 3A and 5B). In line with
findings at the peptide level, proteins presented in KOs
overwhelmingly consist of subsets of proteins presented by
the wildtype cells (Fig. 5C). Significant GO enrichment terms of
proteins that are not presented in KOs compared with the
wildtype are scarce. We observe patterns in few instances, for
example that particularly transmembrane proteins are absent
in ERAP1 KO cells (supplemental Fig. S4B).

To compare the relation between protein expression and
protein presentability, we examined protein expression and
calculated the protein sampling density for each protein (21)
(supplemental Fig. S5, A and B). As expected, proteins with
higher expression levels are also more presented, and this
was consistent across all KO conditions, as exemplified for
the ERAP1, PDIA3, and TAP2 KOs and the wildtype (Fig. 5D).
Next, we explored potential differences in the processing of
source proteins, related to the sampling of peptides along the
protein sequence. First, we divided all protein sequences into
100 equidistant blocks to normalize protein lengths and the
associated positioning of derived immunopeptides. Next, by

identifying in what block the N-terminus of each immuno-
peptides lies, we identified presented regions across proteins
overall. We allocated immunopeptides by their N-terminus to
map them to a single amino acid coordinate on a protein, so
that each immunopeptide can be placed in a single length
block. Globally, immunopeptides originated from all possible
positions from the N- to the C-terminal regions of proteins
(Fig. 5E). Preferential presentation in the N-terminus signifi-
cantly stands out, as it is the most well presented in IRF2,
PDIA3, TAP1, TAP2, and TAPBP KO conditions. This obser-
vation is most pronounced for TAP1, TAP2, and TAPBP KOs,
where N-enriched peptides represent 2%, 3%, and 2% of
immunopeptides, respectively (Fig. 5E). Statistically, N-termi-
nus enrichment was only significant for TAP2 (p = 0.0497), in
agreement with the preferential presentation analysis
described previously (Fig. 4E). Importantly, the drop in pre-
sentation at the protein C-terminus reflects a computational
artifact, as peptides were assigned based on the location of
their N-terminus. Therefore, at a minimal peptide length of 8,
the N-terminal position cannot come closer than eight amino
acids away from the protein C-terminus.

Qualitative and Quantitative Differences in the
Immunopeptidome are HLA Restricted

In wildtype samples, ~33% of peptides are predicted to
bind to HLA-A*02:01, ~50% to HLA-B*40:01, ~12% to HLA-
C*03:04, and 4% of identified peptides are considered non-
binders (Fig. 6A). TAP2 is the only KO condition that signifi-
cantly deviates in its respective fraction of binders for all three
HLA alleles. Changes in two of three HLA alleles were found
for IRF2 and TAPBP, where only B*40:01 and C*03:04 or
A*02:01 and C*03:04 remained unchanged, respectively. In
CALR, ERAP1, PDIA3, and GANAB KOs, only C*03:04 had a
significantly deviant fraction of binders compared with the
wildtype. No changes of statistical significance were observed
in CANX, SPPL3, and TAP1 KOs. Although the results do not
reach statistical significance, because of the reduced number
of identified peptides, there are notable findings for the TAP1
KO. Between 16% and 23% of the peptides are predicted to
bind to the A*02:01 allele, compared with 32% in the wildtype.
In contrast, 23% of peptides are predicted to bind to the
C*03:04 allele in the TAP1 KO, compared with 13% in the
wildtype.

Next, we explored quantitative differences in HLA allele
binding (Fig. 6B). For this, we calculated the intensity rank
distribution of each HLA allele, an estimation of their presen-
tation levels based on the intensity of the associated peptides.
In the wildtype, the intensity rank distribution of all three HLA
alleles is centered at almost equal levels according to the
median, with HLA-A-binder presentation levels lying 3 to 4%
lower than HLA-B- and HLA-C-binders. For 3 of 10 KOs,
CALR, CANX, and TAP1, HLA allele-related significant change
in presentation level was found for A*02:01 as well as B*40:01.
Interestingly, in ERAP1 and GANAB KOs, only B*40:01
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presentation levels changed significantly. Furthermore, while
the HLA allele binding composition of CALR looks similar to
the wildtype, the surface abundance of individual binders of
each HLA allele deviates strongly from those observed in the
wildtype.

To exemplify more subtle changes in the immunopepti-
dome, we compared TAP1, TAP2, and TAPBP KO conditions
for their allele-specific changes. Beyond macroscopic shift in
how many peptides are associated with each HLA allele,
closer inspection of these conditions' %-rank distribution of
each HLA allele-allocated population of immunopeptides
revealed shifts in the overall binding affinity (Fig. 6C). For
TAP1, TAP2, and TAPBP KOs, we found a strong shift in the
HLA allele-binding composition of the immunopeptidome.
Examination of the %-rank distribution of peptides assigned
to each HLA allele revealed also an overall shift in peptide
binding affinity compared with the wildtype. While affinity
distributions for A*02:01-binders remained unchanged for
TAP1 and TAPBP, we saw a clear shift to weaker binding
peptides for TAP2. This is accompanied by slight shifts to
weaker binding peptides for C*03:04-binders, which are also
observable for TAPBP. For B*40:01-binders, we do not
observe changing %-rank distributions for neither TAP1,
TAP2, nor TAPBP.

We also inspected changes in peptide length preference
of different HLA alleles in TAP1, TAP2, and TAPBP KO
models (Fig. 6D). B*40:01-binders, despite retaining their
%-rank distribution, show clear deviations in length prefer-
ence compared with the wildtype, with statistically signifi-
cant increased presentation of 8- and 9-mers for TAP2 and
TAPBP, and significant decrease in the fraction of 10- and
11-mers for TAP1, TAP2, and TAPBP KO conditions. For
A*02:01-binders, TAP1 and TAP2 KOs showed a similar
length distribution as the wildtype, whereas TAPBP KOs
resulted in a significant increase in the fraction of 9-mers,
whereas 10- and 11-mers were significantly decreased. We
also wanted to compare whether the sequence motifs of
HLA allele-binding peptide population looked different when
either TAP1, TAP2, or TAPB was knocked-out. By randomly
sampling 400 predicted binders per HLA allele per condi-
tion, we demonstrated that the motifs of 9-mers of each set
of HLA allele-binders for TAP1, TAP2, and TAPBP do not
deviate from the motifs seen for the wildtype. This, despite
the differences determined previously (Fig. 6E).

The observation that knocking-out components of APPM
affect peptide length preference and binding affinity of bound
peptides in an HLA allele—specific fashion can be extended to
all other KOs as well (Fig. 6F). While for B*40:01 APPM KOs
affect peptide length more than peptide binding affinity, for

C*03:04 the opposite is the case. Meanwhile, for A*02:01, we
found pronounced changes for the different KOs in both di-
mensions. Of note, shifts in %-rank distribution of peptides,
when comparing KOs to the wildtype, indicate a higher
tolerance of the APPM to present peptides with a poorer
binding affinity, possibly driven by a change in peptide avail-
ability. This highlights the biological impact upon the absence
of an APPM component.

KO of APPM Genes Can Restrict Access to
Immunopeptides from Noncanonical Sources

To understand whether the KO of APPM genes changes the
presentation of noncanonical peptides, we searched the
immunopeptidome data against a reference database
comprising canonical and noncanonical sequences (e.g., long
noncoding RNAs and pseudogenes), found to be expressed in
HAP1 transcriptomics data (15), applying group-specific FDR
thresholds of 3% (17). In total, excluding the B2M KO, we
identified between 9 and 130 noncanonical sequences, repre-
senting 151 unique peptides in total (Fig. 7A). Like for canonical
peptides, APPM KOs result in the presentation of a subset of
noncanonical peptides that are presented in the wildtype.

The relative fraction of noncanonical peptides among all
identified peptides differs significantly from the wildtype in
TAP1, TAP2, and ERAP1 KOs (p = 0.05, p = 0.02, p = 0.05,
respectively), with all three conditions exhibiting a decrease
(Fig. 7B). These conditions directly impact the available pep-
tide pool in the ER, suggesting that this change is primarily
driven by altered peptide accessibility rather than modifica-
tions in peptide loading and editing.

The varying tendency of different HLA alleles to present
noncanonical peptides has been previously reported (35). We
also observed this pattern in the allele distribution of nonca-
nonical peptides in our HAP1 panel (Fig. 7C). Interestingly,
when we compared the fraction of noncanonical peptides to
the fraction of canonical peptides bound by an allele, we
found multiple significant differences between KOs and wild-
type conditions (Fig. 7C). This shows that the changes in allele
distribution upon APPM KOs changes differently for the ca-
nonical and noncanonical immunopeptidome.

DISCUSSION

In this study, we conducted a systematic, comparative, and
in-depth immunopeptidomics analysis of PAKC, a panel of
isogenic HAP1 cell lines, each carrying a single KO of an
APPM protein. This panel is a validated collection of cell line
models of APPM deficiency. Our in-depth analysis of these
KOs revealed detailed ramifications that the silencing of APPM

Bonferroni-corrected p values <0.05 when comparing a respective KO condition to the wildtype. F, average peptide length as well as median
%-rank of peptides found in individual samples (each dot a sample), peptide populations divided by which HLA allele peptides
bind. Lines connecting samples indicate groups of replicates. APPM, antigen processing and presentation machinery; HLA, human leukocyte

antigen.
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entire immunopeptidome per sample. Asterisks indicate Bonferroni-corrected p values <0.05 when comparing a respective KO condition to the
wildtype. C, differences in allele distribution between immunopeptides derived from canonical (PC) and NC peptides. “|-|” indicates Bonferroni-
corrected p values <0.05 when comparing fractions of PC and NC immunopeptides for a given allele within a condition. HLA, human leukocyte
antigen; PAKC, panel of APPM KO cell.
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genes has. For each of the investigated KOs, direct impacts
on the immunopeptidome were measurable. The effects
ranged from minor reductions in immunopeptidome diversity
(CALR) to complete obliteration of the immunopeptidome
(B2M). The individual functions of each APPM proteins were
reflected in multiple dimensions of the immunopeptidome,
such as presentation capacity, antigen length preference,
binding affinity, sampling localization, and allele dependency.

Regarding the canonical immunopeptidome, a principal
phenomenon we observed is that knocking-out an APPM
component led to the presentation of a subset of peptides that
were also presented on the wildtype. This rule was consistent
except for a few exceptions like TAP2, where the overlap with
the wildtype was lower and mildly deviated from the wildtype
immunopeptidome. Similarly, most source proteins that were
found presented in KOs were also detected in wildtype sam-
ples. This indicates that a compromised APPM leads to
compromised access to the pool of presentable peptides,
resulting in decreased peptide diversity. Remarkably, despite
knocking-out APPM components that are deemed crucial for
presentation like TAPBP (36) and GANAB (37), it did not lead
to the absence of presentation, which suggest a degree of
redundancy within the APPM. This redundancy could arise
from overlapping functions among different components or
compensatory mechanisms that mitigate the loss of individual
proteins. For example, while TAP1/TAP2 are critical for pep-
tide translocation into the ER, other components involved in
peptide loading and editing—such as TAPBP, PDIA3, and
CALR—may have partially redundant roles, allowing for some
level of functional compensation. In addition, compensation
through chaperone networks or regulatory feedback loops
could play a role in fine-tuning antigen processing and pre-
sentation, providing additional stability despite the loss of
specific components (38).

Among our most remarkable findings are the changes in
HLA allele-specific contributions to the immunopeptidome in
the absence of TAPBP, TAP1, or TAP2. TAPBP plays a crucial
role in peptide editing, a process that selects only the highest-
affinity peptides to occupy the HLA groove before the HLA-I
complex is transported to the cell surface. Our results clearly
show the differential dependency of HLA alleles on different
APPM players, and how their absence reshapes immuno-
peptidome composition in an HLA allele-dependent fashion.
Of note, several HLA-I alleles are strongly linked with patho-
logical conditions. For example, HLA-B alleles are known to
have strong influences on acquired immunodeficiency syn-
drome progression, where several HLA-B alleles, such as
HLA-B*57 and HLA-B*27, are protective in HIV infections,
whereas other alleles, such as HLA-B*35, are linked to rapid
progression (39). Another example of HLA-disease associa-
tions is ankylosing spondylitis, which is associated with spe-
cific HLA-B*27 variants (40). Furthermore, polyfunctional CD8
T-cell responses against HIV-1, cytomegalovirus, Epstein—
Barr virus, and influenza were predominantly driven by virus

epitopes restricted by HLA-B alleles (41), suggesting that
allelic shifts because of APPM defects could impact the
overall immunogenic potential of a sample. Further analyses
across different HLA allotypes are needed to better under-
stand the extent and implications for immune recognition of
these shifts in allele distribution while factoring in changes in
overall presentation levels.

We further elaborate on previous observations of varying
degrees of TAP dependency by HLA allele (42). Individually
knocking out either of the two TAP subunits resulted in varying
degrees of impact on the immunopeptidome. For example,
while the reduction in immunopeptidome diversity was signif-
icant in TAP1 KOs, it was even more pronounced in TAP2 KOs.
A possible explanation for this is the capability of TAP2 to form
homodimers. Upon knocking-out TAP1, TAP2 homodimers
can substitute structurally for functional TAPs regarding their
interaction with HLA (26). Despite lack of evidence for func-
tional peptide transport by TAP2 homodimers, the interaction
with HLA might suffice to support the PLC's ability to conduct
peptide loading and editing for TAP-independent ligands.
Similarly, the structural similarity, implying functional redun-
dance, of CALR and CANX could explain why the immuno-
peptidome remained largely intact when either CALR or CANX
was knocked-out. CANX and CALR are homologous, apart
from CANX bearing a transmembranal domain (43).

One remarkable KO condition is ERAP1, in which the
immunopeptide diversity dropped by more than half, indi-
cating the significance of ERAP1 for the APPM. This is all the
more relevant as ERAP1 inhibitors become increasingly rele-
vant compounds of interest for cancer therapy research and
development (44). This includes compounds already being
tested in clinical trials (GRWD5769). Understanding the sys-
temic effects of ERAP1 malfunction will prove valuable in
assessing risks and benefits of future drugs.

The noncanonical immunopeptidome is of major interest to
the cancer research community because a high fraction of
cancer-specific immunopeptides originate from noncanonical
sources and are shared between individuals (45, 46). In
addition to previously reported findings that noncanonical
peptides are presented at different rates by different HLA-I
alleles (35), we shed light on changes of the noncanonical
immunopeptidome upon APPM perturbation. APPM KOs
present a subset of the immunopeptidome of the wildtype, for
canonical and noncanonical immunopeptides alike. Hereby,
the fraction of presented peptides that is noncanonical re-
mains mostly the same, though noncanonical peptides
depend more strongly on TAP translocation as well as trim-
ming by ERAP1. We also show that the allele distribution of
canonical and noncanonical immunopeptides can differ and
react differently when the APPM is perturbed. Given the
relatively low number of identified noncanonical immunopep-
tides, further research is needed to confirm this finding
regarding changes in allele distribution within the noncanoni-
cal immunopeptidome.
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Defects in the APPM are clinically relevant in different dis-
eases. CALR defects, for instance, are associated with pre-
neoplastic myeloproliferation in cancer (47). In colorectal
cancer, TAP expression does not only closely correlate with
HLA-I antigen expression but loss of TAP also correlates with
decreased inflammatory responses by CD8" tumor-infiltrating
lymphocytes in the tumor (48). Under the light of our results
and in agreement with previous studies (49), decreased in-
flammatory responses CD8* tumor-infiltrating lymphocytes
are expected upon TAP deficiency, considering the immense
reduced immunopeptidome diversity. These examples show-
case the relevance of understanding APPM mechanics.

Overall, this work represents the first systematic analysis of
how the absence of individual APPM components change the
immunopeptidome. Given the substantial variability in the ef-
fects of KOs on different HLAs, which exhibit varying degrees
of reliance on the APPMs, it is crucial to investigate a broadeer
range of HLAs under similar conditions. This approach could
facilitate the creation of predictive tools capable of prioritizing
HLA-bound peptides likely to be presented when presentation
defects occur, such as in cancer and viral infections.
Furthermore, such strategies could eventually help develop
predictive methods to identify presentation defects, such as
chromosomal aberrations combined with mutations in APPM
key proteins, directly from bulk immunopeptidome samples.

DATA AVAILABILITY

DDA and DIA files of immunopeptidomics and proteomics
experiments as well as the FASTA, library.tsv, report.tsv, and
psm.tsv files were deposited on the ProteomeXchange Con-
sortium via the PRIDE repository (50), dataset identifier
PXD056426.

Supplemental data— This article contains supplemental data
(figures and tables).

Acknowledgments—We thank Antonius de Waard and
Marlieke Jongsma for the help with generating HAP1 cell lines.

Funding and additional information—This study was sup-
ported by the Ludwig Institute for Cancer Research, by grants
KFS-4680-02-2019 and KFS-5637-08-2022 from the Swiss
Cancer Research Foundation (to M. B.-S.), the Swiss National
Science Foundation PRIMA grant PROOP3_193079 (to M. B.-
S.), and the Swiss Bridge Foundation Award (to M. B.-S.).

Author contributions—R. S. and M. B.-S. conceptualization;
ILE.S.,C.M.,,J.M.,H.P,,L.W,, T.V,, and R. S. methodology;
M. B.-S. validation; I. E. S. formal analysis; I. E. S., C. M., R. S,,
and M. B.-S. investigation; T. V. resources; I. E. S., C. M., J.
M., and H. P. data curation; I. E. S. and M. B.-S. writing-
original draft; I. E. S., R. S., and M. B.-S. writing-review &

editing; L. W. visualization; R. S. and M. B.-S. supervision; M.
B.-S. funding acquisition.

Conflict of interest—R. S. currently works at Neogene
Therapeutics, a member of the AstraZeneca Group. All other
authors declare no competing interests.

Abbreviations—The abbreviations used are: ACN, acetoni-
trile; AGC, automatic gain control; APPM, antigen processing
and presentation machinery; DDA, data-dependent acquisi-
tion; DIA, data-independent acquisition; ER, endoplasmic re-
ticulum; FA, formic acid; FDR, false discovery rate; GO, Gene
Ontology; HLA, human leukocyte antigen; HLA-I, human
leukocyte antigen class [; IT, injection time; PAKC, panel of
APPM KO cell; PLC, peptide loading complex.

Received October 23, 2024, and in revised form, March 7, 2025
Published, MCPRO Papers in Press, March 18, 2025, https://doi.org/
10.1016/j.mcpro.2025.100951

REFERENCES

1. Lang, F., Schrérs, B., Léwer, M., Tireci, O., and Sahin, U. (2022) Identifi-
cation of neoantigens for individualized therapeutic cancer vaccines. Nat.
Rev. Drug Discov. 21, 261-282

2. Pishesha, N., Harmand, T. J., and Ploegh, H. L. (2022) A guide to antigen
processing and presentation. Nat. Rev. Immunol. 22, 751-764

3. Jongsma, M. L. M., Neefjes, J., and Spaapen, R. M. (2021) Playing hide and
seek: tumor cells in control of MHC class | antigen presentation. Mol.
Immunol. 136, 36-44

4. Matsushita, H., Vesely, M. D., Koboldt, D. C., Rickert, C. G., Uppaluri, R.,
Magrini, V. J., et al. (2012) Cancer exome analysis reveals a T-cell-
dependent mechanism of cancer immunoediting. Nature 482, 400-404

5. Jhunjhunwala, S., Hammer, C., and Delamarre, L. (2021) Antigen presen-
tation in cancer: insights into tumour immunogenicity and immune
evasion. Nat. Rev. Cancer 21, 298-312

6. Sade-Feldman, M., Jiao, Y. J., Chen, J. H., Rooney, M. S., Barzily-Rokni, M.,
Eliane, J. P., et al. (2017) Resistance to checkpoint blockade therapy
through inactivation of antigen presentation. Nat. Commun. 8, 1136

7. Bussey, K. A., and Brinkmann, M. M. (2018) Strategies for immune evasion
by human tumor viruses. Curr. Opin. Virol. 32, 30-39

8. Banerjee, P., Feuer, G., and Barker, E. (2007) Human T-cell leukemia virus
type 1 (HTLV-1) p12 ' down-modulates ICAM-1 and -2 and reduces
adherence of natural killer cells, thereby protecting HTLV-1-infected pri-
mary CD4 * T cells from autologous natural killer cell-mediated cytotox-
icity despite the reduction of major histocompatibility complex class |
molecules on infected cells. J. Virol. 81, 9707-9717

9. Hislop, A. D., Ressing, M. E., van Leeuwen, D., Pudney, V. A., Horst, D.,
Koppers-Lalic, D., et al. (2007) A CD8+ T cell immune evasion protein
specific to Epstein-Barr virus and its close relatives in Old World primates.
J. Exp. Med. 204, 1863-1873

10. Chong, C., Marino, F., Pak, H., Racle, J., Daniel, R. T., Mdiller, M., et al.
(2018) High-throughput and sensitive immunopeptidomics platform re-
veals profound interferony-mediated remodeling of the human leukocyte
antigen (HLA) ligandome. Mol. Cell Proteomics 17, 533-548

11. Koumantou, D., Barnea, E., Martin-Esteban, A., Maben, Z., Papakyriakou,
A., Mpakali, A., et al. (2019) Editing the immunopeptidome of melanoma
cells using a potent inhibitor of endoplasmic reticulum aminopeptidase 1
(ERAP1). Cancer Immunol. Immunother. 68, 1245-1261

12. Gfeller, D., and Bassani-Sternberg, M. (2018) Predicting antigen presenta-
tion—what could we learn from a million peptides? Front. Immunol. 9,
1716

13. De Waard, A. A., Verkerk, T., Jongsma, M. L. M., Hoefakker, K., Sethu-
madhavan, S., Gerke, C., et al. (2021) PAKC: a novel panel of HLA class |
antigen presentation machinery knockout cells from the same genetic
origin. Eur. J. Immunol. 51, 734-737

SASBMB

Mol Cell Proteomics (2025) 24(5) 100951 15


http://doi.org/https://doi.org/10.1016/j.mcpro.2025.100951
http://doi.org/https://doi.org/10.1016/j.mcpro.2025.100951
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref1
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref1
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref1
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref2
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref2
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref3
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref3
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref3
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref4
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref4
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref4
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref5
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref5
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref5
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref6
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref6
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref6
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref7
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref7
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref8
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref8
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref8
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref8
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref8
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref8
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref8
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref8
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref9
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref9
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref9
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref9
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref10
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref10
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref10
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref10
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref10
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref11
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref11
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref11
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref11
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref12
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref12
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref12
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref13
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref13
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref13
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref13

Defects in the Cellular Machinery Impact the Immunopeptidome

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

Jongsma, M. L. M., de Waard, A. A., Raaben, M., Zhang, T., Cabukusta, B.,
Platzer, R., et al. (2021) The SPPL3-defined glycosphingolipid repertoire
orchestrates HLA class |-mediated immune responses. Immunity 54,
132-150.e9

Goh, C. G., Bader, A. S., Tran, T.-A., Belotserkovskaya, R., D’Alessandro,
G., and Jackson, S. P. (2025) TDP1 splice-site mutation causes HAP1 cell
hypersensitivity to topoisomerase | inhibition. Nucleic Acids Res. 53,
gkae1163

Owiji, H., Nezafat, N., Negahdaripour, M., Hajiebrahimi, A., and Ghasemi, Y.
(2018) A comprehensive review of signal peptides: structure, roles, and
applications. Eur. J. Cell Biol. 97, 422-441

Ferreira, H. J., Stevenson, B. J., Pak, H., Yu, F., Almeida Oliveira, J., Huber, F.,
et al. (2024) Immunopeptidomics-based identification of naturally presented
non-canonical circRNA-derived peptides. Nat. Commun. 15, 2357

Gfeller, D., Schmidt, J., Croce, G., Guillaume, P., Bobisse, S., Genolet, R.,
et al. (2023) Improved predictions of antigen presentation and TCR
recognition with MixMHCpred2.2 and PRIME2.0 reveal potent SARS-
CoV-2 CD8+ T-cell epitopes. Cell Syst. 14, 72-83.e5

Kraemer, A. I., Chong, C., Huber, F., Pak, H., Stevenson, B. J., Mller, M.,
et al. (2023) The immunopeptidome landscape associated with T cell
infiltration, inflammation and immune editing in lung cancer. Nat. Cancer
4, 608-628

Hoof, I., Van Baarle, D., Hildebrand, W. H., and Kesmir, C. (2012) Proteome
sampling by the HLA class | antigen processing pathway. PLoS Comput.
Biol. 8, e1002517

Bassani-Sternberg, M., Pletscher-Frankild, S., Jensen, L. J., and Mann, M.
(2015) Mass spectrometry of human leukocyte antigen class | pepti-
domes reveals strong effects of protein abundance and turnover on an-
tigen presentation. Mol. Cell Proteomics 14, 658-673

Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y. (2012) clusterProfiler: an R
Package for comparing biological themes among gene clusters. OMICS
J. Integr. Biol. 16, 284-287

Forlani, G., Michaux, J., Pak, H., Huber, F., Marie Joseph, E. L., Ramia, E.,
et al. (2021) ClITA-transduced Glioblastoma cells uncover a rich reper-
toire of clinically relevant tumor-associated HLA-II antigens. Mol. Cell
Proteomics 20, 100032

Gonzalez-Galarza, F. F., McCabe, A., Santos, E. J. M. D., Jones, J., Take-
shita, L., Ortega-Rivera, N. D., et al. (2019) Allele frequency net database
(AFND) 2020 update: gold-standard data classification, open access
genotype data and new query tools. Nucleic Acids Res., gkz1029. https://
doi.org/10.1093/nar/gkz1029

Tadros, D. M., Eggenschwiler, S., Racle, J., and Gfeller, D. (2023) The MHC
Motif Atlas: a database of MHC binding specificities and ligands. Nucleic
Acids Res. 51, D428-D437

Antoniou, A. N., Ford, S., Pilley, E. S., Blake, N., and Powis, S. J. (2002)
Interactions formed by individually expressed TAP1 and TAP2 poly-
peptide subunits. Immunology 106, 182-189

Johnsen, A. K., Templeton, D. J., Sy, M.-S., and Harding, C. V. (1999)
Deficiency of transporter for antigen presentation (TAP) in tumor cells
allows evasion of immune surveillance and increases tumorigenesis. J.
Immunol. 163, 4224-4231

Kriegsman, B. A., Vangala, P., Chen, B. J., Meraner, P., Brass, A. L., Garber,
M., and Rock, K. L. (2019) Frequent loss of IRF2 in cancers leads to
immune evasion through decreased MHC class | antigen presentation
and increased PD-L1 expression. J. Immunol. 203, 1999-2010

Trowitzsch, S., and Tampé, R. (2020) Multifunctional chaperone and quality
control complexes in adaptive immunity. Annu. Rev. Biophys. 49, 135-161

Simsek, E., Sinnathamby, G., Block, T. M., Liu, Y., Philip, R., Mehta, A. S.,
and Norton, P. A. (2009) Inhibition of cellular alpha-glucosidases results in
increased presentation of hepatitis B virus glycoprotein-derived peptides
by MHC class I. Virology 384, 12-15

Guasp, P., Lorente, E., Martin-Esteban, A., Barnea, E., Romania, P., Fruci,
D., et al. (2019) Redundancy and complementarity between ERAP1 and

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45.

46.

47.

48.

49.

50.

ERAP2 revealed by their effects on the behcet's disease-associated HLA-
B*51 peptidome*[S]. Mol. Cell Proteomics 18, 1491-1510

Mavridis, G., Mpakali, A., Zoidakis, J., Makridakis, M., Vlahou, A., Kalou-
menou, E., et al. (2021) The ERAP1 active site cannot productively access
the N-terminus of antigenic peptide precursors stably bound onto MHC
class I. Sci. Rep. 11, 16475

Chen, H., Li, L., Weimershaus, M., Evnouchidou, I., Van Endert, P., and
Bouvier, M. (2016) ERAP1-ERAP2 dimers trim MHC I-bound precursor
peptides; implications for understanding peptide editing. Sci. Rep. 6,
28902

Papakyriakou, A., Reeves, E., Beton, M., Mikolajek, H., Douglas, L.,
Cooper, G., et al. (2018) The partial dissociation of MHC class I-bound
peptides exposes their N terminus to trimming by endoplasmic reticu-
lum aminopeptidase 1. J. Biol. Chem. 293, 7538-7548

Bedran, G., Gasser, H. C., Weke, K., Wang, T., Bedran, D., Laird, A., et al.
(2023) The immunopeptidome from a genomic perspective: establishing
the noncanonical landscape of MHC class |-associated peptides. Cancer
Immunol. Res. 11, 747-762

Domnick, A., Winter, C., Susac, L., Hennecke, L., Hensen, M., Zitzmann, N.,
et al. (2022) Molecular basis of MHC | quality control in the peptide
loading complex. Nat. Commun. 13, 4701

Wearsch, P. A., and Cresswell, P. (2008) The quality control of MHC class |
peptide loading. Curr. Opin. Cell Biol. 20, 624-631

Pamer, E., and Cresswell, P. (1998) Mechanisms of MHC class |-restricted
antigen processing. Annu. Rev. Immunol. 16, 323-358

Carrington, M., and Walker, B. D. (2012) Immunogenetics of spontaneous
control of HIV. Annu. Rev. Med. 63, 131-145

Braun, J., and Sieper, J. (2023) Fifty years after the discovery of the as-
sociation of HLA B27 with ankylosing spondylitis. RMD Open 9,
003102

Harari, A., Cellerai, C., Bellutti Enders, F., Kostler, J., Codarri, L., Tapia, G.,
et al. (2007) Skewed association of polyfunctional antigen-specific CD8 T
cell populations with HLA-B genotype. Proc. Natl. Acad. Sci. U. S. A. 104,
16233-16238

Lorente, E., Infantes, S., Barnea, E., Beer, |., Barriga, A., Garcia-Medel, N.,
et al. (2013) Diversity of natural self-derived ligands presented by different
HLA class | molecules in transporter antigen processing-deficient cells.
PLoS One 8, 59118

Thomas, C., and Tampé, R. (2021) MHC | assembly and peptide editing —
chaperones, clients, and molecular plasticity in immunity. Curr. Opin.
Immunol. 70, 48-56

Fougiaxis, V., He, B., Khan, T., Vatinel, R., Koutroumpa, N. M., Afantitis, A.,
et al. (2024) ERAP inhibitors in autoimmunity and immuno-oncology:
medicinal chemistry insights. J. Med. Chem. 67, 11597-11621

Chong, C., Miiller, M., Pak, H., Harnett, D., Huber, F., Grun, D., et al. (2020)
Integrated proteogenomic deep sequencing and analytics accurately
identify non-canonical peptides in tumor immunopeptidomes. Nat.
Commun. 11, 1293

Kina, E., Larouche, J.-D., Thibault, P., and Perreault, C. (2025) The cryptic
immunopeptidome in health and disease. Trends Genet. 41, 162-169

Fucikova, J., Spisek, R., Kroemer, G., and Galluzzi, L. (2021) Calreticulin and
cancer. Cell Res. 31, 5-16

Kasajima, A., Sers, C., Sasano, H., Johrens, K., Stenzinger, A., Noske, A.,
et al. (2010) Down-regulation of the antigen processing machinery is
linked to a loss of inflammatory response in colorectal cancer. Hum.
Pathol. 41, 1758-1769

Marijt, K. A., and Van Hall, T. (2020) To TAP or not to TAP:
alternative peptides for immunotherapy of cancer. Curr. Opin. Immu-
nol. 64, 15-19

Perez-Riverol, Y., Bai, J., Bandla, C., Garcia-Seisdedos, D., Hewapathirana,
S., Kamatchinathan, S., et al. (2022) The PRIDE database resources in
2022: a hub for mass spectrometry-based proteomics evidences. Nucleic
Acids Res. 50, D543-D552

16 Mol Cell Proteomics (2025) 24(5) 100951

SASBMB


http://refhub.elsevier.com/S1535-9476(25)00049-0/sref14
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref14
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref14
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref14
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref15
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref15
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref15
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref15
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref16
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref16
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref16
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref17
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref17
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref17
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref18
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref18
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref18
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref18
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref19
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref19
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref19
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref19
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref20
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref20
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref20
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref20
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref21
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref21
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref21
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref21
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref22
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref22
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref22
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref23
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref23
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref23
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref23
https://doi.org/10.1093/nar/gkz1029
https://doi.org/10.1093/nar/gkz1029
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref25
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref25
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref25
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref26
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref26
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref26
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref27
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref27
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref27
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref27
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref28
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref28
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref28
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref28
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref29
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref29
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref29
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref30
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref30
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref30
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref30
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref31
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref31
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref31
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref31
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref32
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref32
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref32
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref32
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref33
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref33
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref33
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref33
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref34
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref34
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref34
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref34
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref35
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref35
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref35
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref35
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref36
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref36
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref36
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref36
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref37
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref37
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref38
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref38
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref39
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref39
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref40
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref40
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref40
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref41
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref41
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref41
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref41
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref42
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref42
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref42
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref42
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref43
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref43
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref43
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref43
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref44
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref44
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref44
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref45
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref45
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref45
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref45
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref46
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref46
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref47
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref47
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref48
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref48
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref48
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref48
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref49
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref49
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref49
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref50
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref50
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref50
http://refhub.elsevier.com/S1535-9476(25)00049-0/sref50

	Deleterious KOs in the HLA Class I Antigen Processing and Presentation Machinery Induce Distinct Changes in the Immunopeptidome
	Experimental Procedures
	Experimental Design and Statistical Rationale
	Statistical Tests
	Reagents
	Cell Culture
	Pan-HLA Flow Cytometric Staining on HAP1 Cells
	Immunopeptidomics—Immunoprecipitation
	Immunopeptidomics—Mass Spectrometry Measurement
	Immunopeptidomics—Spectral Matching and Peptide Quantification
	Immunopeptidomics—Data Analysis
	Proteomics—Sample Preparation for Shotgun Proteomics
	Proteomics—MS Measurement
	Proteomics—Spectral Matching and Peptide Quantification
	Proteomics—Data Analysis
	Data Analysis—Overlap Coefficients
	Data Analysis—Intensity Rank Scores

	Results
	In-Depth Immunopeptidomics
	Differences in Diversity of the Immunopeptidome in HAP1 APPM KO Cells
	The Immunopeptidome of KO Conditions is a Subset of the Wildtype Immunopeptidome
	Presentation Across Conditions in Relation to Presentation Level and Source Protein Sampling
	Qualitative and Quantitative Differences in the Immunopeptidome are HLA Restricted
	KO of APPM Genes Can Restrict Access to Immunopeptides from Noncanonical Sources

	Discussion
	Data availability
	Supplemental data
	Funding and additional information
	Author contributions
	References


