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Abstract

The characterization of peptides bound to HLA (human leukocyte antigen) class | is of
fundamental importance for understanding CD8+ T cell-driven immunological processes and for
the development of immunomodulatory therapeutic strategies. However, until now, the mass
spectrometric analysis of HLA-bound peptides has typically required billions of cells, still
resulting in relatively few high-confidence peptide identifications. Capitalizing on the recent
developments in mass spectrometry and bioinformatics, we have implemented a methodology for
the efficient recovery of acid-eluted HLA peptides after purification with the pan-reactive antibody
W6/32 and have identified a total of 27,862 unique peptides with high confidence (1% false
discovery rate) from five human cancer cell lines. More than 93% of the identified peptides were 8
to 11 amino acids in length and contained signatures that were in excellent agreement with
published HLA binding motifs. Furthermore, by purifying soluble HLA class | complexes from
sera of melanoma patients, up to 972 high confidence peptides could be identified, including
melanoma-associated antigens already described in the literature. Knowledge of the HLA class |
peptidome should facilitate multiplex tetramer technology-based characterization of T cells, and
allow the development of patient selection, stratification and immunomodulatory therapeutic
strategies.
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Introduction

Immunotherapy is revolutionizing the treatment of cancer, particularly of metastatic
melanoma, one of the malignancies with highest mutational rate [1]. Evidence has shown
that melanoma cells present tumor rejection antigens on HLA class | molecules which can
be recognized by cytotoxic T cells [2]. This knowledge has led to clinical investigations
utilizing various immunostimulatory strategies, including cancer vaccines [3] and
monoclonal antibodies directed against the immunoregulatory CTLA-4 and PD1 proteins.
The latter have recently gained marketing authorization for the treatment of metastatic
melanoma [4]. With the knowledge of melanoma associated peptides [5], it is possible to
profile patient derived T cells for their reactivity towards melanoma lesions and gain insights
into the molecular mechanism of tumor rejection [6-8]. Atlases of melanoma rejection
antigens have been compiled for the last 20 years, but are still limited to the most common
HLA alleles [5]. A thorough characterization of the immunopeptidome recognized by
cytotoxic CD8+ T cells is urgently needed for the study of the tumor rejection process,
particularly for indications other than melanoma.

Since the first report on the mass spectrometric identification of HLA-eluted peptides in
1992 [9], enormous efforts have led to the characterization of HLA-specific motifs for a
variety of alleles revealing astonishing diversity in terms of peptide consensus sequences
[10, 11]. Mass spectrometry was also able to identify e.g. HLA peptides recognized by
melanoma-specific cytotoxic T cells [12] or peptides conferring protective immunity against
vaccinia virus [13], significantly contributing to immunology [14].

Advances in mass spectrometry have made it possible to identify a substantial number of
HLA-bound peptides from cultured cell lines [15-17]. Expression of recombinant soluble
HLA class | molecules allowed the characterization of HLA-specific motifs and the
demonstration that secreted and membrane-bound forms of HLA class | have similar peptide
repertoires [18-20].

There is additional experimental evidence suggesting that the level of soluble HLA class |
complexes is elevated in the blood of patients with cancer, autoimmunological disorders,
allergy or viral infections and that the HLA-peptide complex may remain intact in
circulation [21]. This led to the investigation of peptides eluted from soluble HLA (sHLA)
complexes, recovered from the blood of patients with hematological malignancies, such as
multiple myeloma, acute lymphoblastic leukemia or acute myeloid leukemia [21].
Furthermore, soluble HLA molecules complexed with disease-associated epitopes found in
the blood of breast cancer patients were proposed to serve as possible biomarkers and
companion diagnostics [22].

In this article, we describe the immunocapture of HLA class | complexes from pools of 100
million cells, resulting in a preparation of acid-eluted HLA class | peptides with high purity,
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as demonstrated by their length and consensus motifs. The methodology is based on a single
purification step of the acid-eluted peptides, allowing for high peptide recovery and thereby
facilitating the identification of a total of 27’862 unique peptides with high confidence from
five cell lines.

By purifying SHLA class | complexes from the serum of healthy volunteers and melanoma
patients, we provide evidence that melanoma-associated peptides can be recovered from
patients’ sera. The analysis revealed up to 972 peptides at high confidence from 5 ml of
serum. Several HLA peptides derived from tumor-associated antigens were among the
identified peptides, providing evidence that HLA complexes from solid tumors reach the
circulation and can be recovered with immunocapture reagents. We anticipate that the
serum-based analysis of the HLA class | peptidome may facilitate the development of
multiplex tetramer reagents to characterize the therapeutic activity of immunostimulatory
agents or the development of personalized medicine approaches, e.g. interventional
strategies based on cancer vaccines or engineered T cells [3, 23].

2 Material & Methods

2.1 Cell lines and Antibodies

RPMI8226, HL-60, THP-1 and HEK?293 cells used in this study were obtained from ATCC.
CA46 cells were obtained from Sigma (Sigma Aldrich). MAVER-1 cells [24] were a kind
gift of Prof. Alberto Zamo. MAVER-1, THP-1 (T1B-202) and RPMI18226 cells (CCL-155)
were cultivated in RPMI 1640 medium supplemented with 10% heat-inactivated FCS, whilst
HL-60 cells (CCL-240) were supplemented with 20% heat-inactivated FCS, and CA46 cells
were cultivated in RPMI 1640 medium supplemented with 10% heat-inactivated FCS and 2
mM glutamine. HEK293 cells (CRL-1573) were cultivated in Freestyle 293 Expression
medium with 0.1% Pleuronic F-68. W6/32 hybridoma cells (HB-95) were cultivated in CD
Hybridoma medium with 2 mM glutamine. All cell lines were cultivated in shaking
incubators at 37°C, 5% CO, and 120 RPM. The W6/32 antibody was purified from HB-95
hybridoma supernatant using Protein-A Sepharose and coupled to AminoLink Plus Coupling
Resin (Thermo Scientific) following the manufacturer’s instructions. Cell lines were HLA
typed by sequence-specific oligonucleotide (SSO) and sequence-specific primer (SSP)
technologies [Supporting Information Table 1].

2.2 Cell lysis and processing of human sera

Cells were harvested, washed trice in PBS and lysed on ice at a density of 5x107 cells per ml
with 0.5% IGEPAL CA-630, 0,25% sodium deoxycholate, 1 mM EDTA, 0.2 mM
iodoacetamide, 1 mM PMSF, Roche Complete Protease Inhibitor Cocktail. Lysates were
cleared by centrifugation at 21°000g for 30 min, 4°C.

HLA haplotypes, disease stage and tumor burden for the analyzed melanoma patients are
listed in Table 1. Sera from patients and healthy volunteers were cleared by centrifugation at
3’345¢ for 5 min, 4°C prior to HLA purification. All patients and control subjects were from
the Department of Dermatology (Tlbingen, Germany) and provided written informed
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consent for usage of serum and clinical data for scientific purposes. This project was
approved by the ethic committee of Tiibingen (ethic vote 243/2015B02).

2.3 Affinity purification of HLA class | molecules and enrichment of HLA-bound peptides

HLA class | complexes were purified from cleared lysate or human serum by incubation
with W6/32 antibody-coupled resin for 2 h at 4°C. The resin was washed at 4°C once with
lysis buffer, followed by buffer A (150 mM NacCl, 20 mM Tris, pH 7.4), buffer B (400 mM
NaCl, 20 mM Tris, pH 7.4), a second buffer A wash and finally with buffer C (20 mM Tris,
pH 8.0). Peptide-HLA complexes were eluted with 0.1 M acetic acid. The separation of
peptides from extraneous protein was achieved either by centrifugation through molecular
weight cutoff (MWCO) filters, or by stepwise elution from C18 resin.

For purification with MWCO filters, eluates were incubated for 10 min at 95°C, briefly
cooled on ice and centrifuged for 1 min at 18’000g. The peptides were then separated from
the proteins by centrifugation through 10 kDa cutoff columns (Amicon Ultra-0.5 Centrifugal
Filter Unit) at 10°000g, generating an HLA fraction containing the HLA class | molecules
and beta-2-microglobulin and a peptide fraction. The peptides were further concentrated and
desalted on C18 resin (OMIX tips, Agilent) following the manufacturer’s instructions, dried
and stored at -20°C. For purification with C18 resin, eluates were loaded on C18 Macro
SpinColumns (Harvard Apparatus). Differential elution with 30 and 80% ACN generated a
peptide fraction and an HLA fraction. Peptides were dried and stored at -20°C.

Purification efficiency was assessed by Western Blot analysis using the rabbit monoclonal
anti-human HLA A antibody EP1395Y (ab52922, Abcam) and a goat anti-rabbit HRP-
conjugated antibody (#170-6515, Bio Rad) for detection. B-Actin was probed as a loading
control using the HRP-coupled mouse monoclonal anti-beta Actin antibody [AC-15]
(ab49900, Abcam).

2.4 Analysis of HLA class | peptides by UHPLC MS

Peptides were analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS)
using a Q Exactive Mass Spectrometer fitted with an EASY-nLC 1000 (both Thermo
Fisher). Peptides were resolved with an Acclaim PepMap RSLC C18, 50 pm x 150 mm, 2
um analytical column (Thermo Fisher) at a flow rate of 0.3 pL/min by running a linear
gradient from 0% to 24% ACN over 90 min. All buffers contained 0.1% formic acid. MS
spectra were recorded in full ion scan mode from 250-2"000 m/z, with a resolution of
70’000 and a maximum injection time of 80 ms. MS/MS were recorded at a resolution of
17’500 and an injection time of 240 ms. The ten most intense masses with charges of two
and three were selected for higher collisional energy dissociation fragmentation. Dynamic
exclusion was set to 15 seconds.

Resulting spectra were processed and analyzed using the Proteome Discoverer software
(Thermo Scientific, Version 1.4.1.14) and the MaxQuant software (Version 1.4.1.2 [25]).
MS/MS data were searched against the human reference proteome databases of 89’649
human proteins downloaded from the UniProt homepage on the 20" January 2015. The
following analysis settings were used with SEQUEST: i) No-Enzyme (Unspecific) (ii)
precursor mass tolerance 4 ppm, (iii) fragment mass tolerance 0.02 Da, (iv) one variable
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modification (oxidation of methionine). False discovery rates were calculated with the
Percolator plug-in. An independent SEQUEST search was performed for the assessment of
potential post translationally modified peptides by allowing for additional variable
modifications: (i) phosphorylation of serine, threonine and tyrosine, (ii) cysteinylation of
cysteine, (iii) deamidation of asparagine, and (iv) cyclization of n-terminal glutamine. A
maximum of three equal modifications was allowed for each peptide. MaxQuant parameters
were set essentially as described [15]: i) digestion mode: Unspecific, (ii) first search 20 ppm;
main search 4.5 ppm, (iii) fragment mass tolerance 20 ppm, (iv) one variable modification
(oxidation of methionine), (v) no specific amino acids for the creation of decoy databases,
(vi) peptide FDR 1%, protein FDR 100%, (vii) peptide length allowed: 7 to 20 amino acids.
From the “peptide.txt” output file, reverse hits and contaminants were eliminated.

To identify melanoma associated antigens from the sHLA analysis, a list of melanoma
associated antigens was retrieved from literature [5] and compared to the identified peptides
at the gene level.

2.5 DeepQuanTR analysis

2.6

For a graphical representation of the bioinformatics pipeline see Supporting Information
Figure 1. The DeepQuanTR [26] software suite was modified to accept MaxQuant feature
lists as input. MaxQuant uses a highly sophisticated feature detection algorithm, including
the calculation of feature intensity, and is therefore ideally suited as a basis for peptide
quantification. MS data for each cell line was individually processed within DeepQuanTR.
Andromeda and SEQUEST identifications were annotated to features according to their
respective m/z ratio and retention time. Samples were aligned and sequence identifications
removed if different sequences were annotated to aligned features, improving data quality.

In Solution digestion and MS analysis of HLA fraction

The HLA fraction containing the purified proteins was subjected to tryptic digestion and
LC-MS/MS analysis. From the MaxQuant software analysis, only those identified peptides
which could be annotated to the respective HLA alleles were taken into account. MaxQuant
intensity was used for the relative quantification of HLA alleles.

2.7 HLA binding prediction of identified peptides

Unique peptides with a length between 8 and 11 amino acids were subjected to binding
prediction analysis using NetMHCpan 2.8 [27]. A predicted 1C50 of less than 500 nM as
determined by NetMHCpan was used to classify the peptides as putative HLA binders. The
analysis was performed on a cell line by cell line basis. For the binding prediction analysis
of CA46 cells, peptides with a BindLevel of SB or WB were annotated as putative HLA
binders.

2.8 Gibbs clustering of HLA class | peptides

Nine-mers identified from the cell lines were subjected to GibbsCluster-1.0 Server [28]
analysis using the default settings without alignment (1-9 clusters, “use trash cluster to
remove outliers” enabled and Blossum90 matrix (MAVER-1, HL-60, RPMI8229 and
THP-1) or Blossum30 matrix (HEK?293) selected). The cluster with the highest Kullback—
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Leibler distance was selected for each cell line and resulting motifs were compared to
previously described HLA class | motifs [29, 30].

3 Results

3.1

Isolation, identification and analysis of HLA | complexes and cognate peptidomes

from cell lines

A schematic depicting the protocol used for affinity-purification of membrane-bound HLA
class | complexes from cells or soluble complexes from sera is shown in Figure 1A. The
procedure, which relied on the W6/32 monoclonal antibody [31], is compatible with a large
variety of different HLA class | molecules [32]. Additionally, protocols which featured a
selective peptide recovery were explored, either through the use of MWCO filters or a direct
peptide purification on C18 spin columns followed by differential elution. The single step
purification over C18 spin filters was found to yield the largest number of peptides and was
therefore applied to purify HLA peptides from cell lines. HLA class | complexes and
cognate peptides presented by human embryonal kidney cells (HEK293), mantle cell
lymphoma cells (MAVER-1), acute monocytic leukemia (THP-1), acute myeloid leukemia
cells (HL-60) and multiple myeloma cells (RPMI18226) were efficiently isolated from cell
lysates of as few as 108 cells [Figure 1B]. Consecutive elutions from C18 spin columns with
30 and 80% acetonitrile yielded a peptide fraction and an HLA fraction containing HLA
class I alpha chain, allowing for the probing of the HLA fraction for recovered HLA alpha
chain molecules [Figure 1C and Supporting Information Table 1], while avoiding
contamination of the peptide fraction with protein, which might interfere with downstream
peptidome analysis.

The recovered peptides were analyzed by LC-MS/MS on a Q Exactive mass spectrometer
and the resulting spectra were searched independently with Proteome Discoverer and
MaxQuant, to evaluate the impact of the employed search engines on the number of HLA
peptides identified, against the human UniProt reference proteome set applying a stringent
1% FDR [see Supporting Information Tables 3-7]. Figure 1D shows the number of unique
peptide identifications for each cell line from both software tools. Between 3056 and 6669
peptides were identified using MaxQuant, while between 3211 and 6654 peptides could be
identified with Proteome Discoverer. Figure 1E presents the overlap of the two peptide
identification methods, demonstrating an excellent agreement for the two methodologies in
general. A certain complementarity was observed for HEK293, RPMI8226 and THP-1 cells,
with 43% of HEK293 peptides exclusively being identified with Proteome Discoverer.

3.2 Bioinformatics processing establishes reliable and exhaustive HLA peptidomes

To reduce the bias of the applied search engine on peptide identifications, HLA class |
peptidome identifications from Proteome Discoverer and MaxQuant were aggregated using
the DeepQuanTR software suite [26] [see Supporting Information Figure 1 A-C for a
graphical representation of the bioinformatics pipeline]. After alignment of the three to five
replicates of a given cell line, we observed an excellent reproducibility in terms of peptide
identifications [Figure 2A]. Figures 2B-F present the length distribution of identified
peptides for the five cell lines. Reassuringly, peptide length peaked at nine amino acids, with
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the majority of peptides ranging between 8 and 11 amino acids. Futhermore, the majority of
identified sequences were predicted to bind to the cognate HLA class | molecules by
NetMHCpan 2.8 [27] [Figure 2G]. Consensus HLA-specific motifs [Figure 3] were
produced by clustering 9-mers using the GibbsCluster-1.0 server [28], demonstrating
excellent agreement with HLA binding motifs presented in the literature [29, 30].

Investigations on post translationally modified antigens presented by tumor cell lines

For some HLA alleles, it has been proposed that post-translational modifications may
influence peptides binding [33-35]. To identify if this might also be the case for some of the
23 different alleles in this study, we performed a separate search with SEQUEST and
allowed for (i) phosphorylation of serine, threonine and tyrosine, (ii) oxidation of
methionine, (iii) cysteinylation of cysteine, (iv) deamidation of asparagine, and (v)
cyclization of n-terminal glutamine [Supporting Information Table 2]. No significant bias
concerning the number of identified modifications was observed for any of the alleles.
However, 56.5% of all phosphorylations were found at position P4, which is in line with a
recent publication indicating that a phosphate at this position can interact with arginine 65 of
the HLA-A*02:01 alpha chain [34]. This is not surprising, as all of the HLA-A alleles from
the investigated cell lines carry this highly conserved residue. In addition, 48 (73%) of the
65 epitopes phosphorylated at P4 carry a proline at P5. Proline at P5, however, is not a
known anchor residue for any of the HLA alleles in this study, indicating this might be a
direct result from the phosphorylation on the peptide sequence. Finally, 66-88% of
cysteinylated residues were found at the C-terminal side of the peptides (i.e. at position P5-
P8 for 9mers).

3.4 The HLA-B*27:04 peptidome and ankylosing spondylitis

Of the many diseases proposed to be associated with certain HLA variants, ankylosing
spondylitis is a particular case, as 90-95% of patients present themselves with HLA-B*27
alleles [36]. Until today, it is not fully understood why alleles such as B*27:05 and B*27:04
are associated with the disease, while B*27:06 and B27:09 are weakly or not associated
[37]. One theory is the presentation of specific bacterial peptides, which mimic self-
peptides. Such a phenomenon could be observed for a Yersinia hsp60 peptide, which
induced reactive arthritis [38].

For some B*27 alleles, specific binding motifs have been established, however, with limited
numbers of peptides [37]. Only for HLA-B*27:05, a recent study identified >1200 HLA-
eluted peptides with high confidence [39]. To identify if the HLA-peptidome analysis
pipeline described above would also be applicable for the comparison of peptidomes from a
variety of HLA-B*27 alleles, we purified HLA complexes from the CA46 cell line, which is
positive for A*26:03, B*27:04 and C*12:02 [40]. After mass spectrometric characterization
of eluted peptides and bioinformatics analysis, 1847 of the identified peptides were
predicted to bind to B*27:04 and GibbsCluster-1.0 server analysis demonstrated excellent
agreement between the experimental and literature HLA motif for B*27:04 [Supporting
Information Figure 2 and Supporting Information Table 8].
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3.5 Identification and analysis of the soluble HLA class | peptidome from serum of
melanoma patients

Having established HLA class | peptidome analysis from cell lines, we moved our attention
to study the SHLA peptidome recovered from sera of melanoma patients compared to
healthy volunteers. This work was inspired by previous studies on the characterization of the
sHLA peptidome of leukemia and multiple myeloma patients [21]. We purified sHLA class |
complexes from 4-5 ml serum of eight melanoma patients and four healthy volunteers [see
Table 1 for more information] following the procedure described in Bassani-Sternberg et al.
[21]. Peptides were separated from proteins using 10 kD cutoff columns and, after acid
elution and incubation for 10 min at 95°C, further purified over C18 resin before LC-
MS/MS analysis. MS data was processed in analogy to the cell lines leading to the
identification of between 306 peptides (patient 8) and 972 peptides (patient 3) [Table 1 and
Supporting Information Table 9]. Length distribution analysis demonstrated that a majority
of the peptides ranged between 8 and 11 amino acids [Table 1] indicating that a significant
portion of the sequenced peptides were eluted from sHLA molecules. Interestingly,
substitution of acetic acid with formic acid for peptide elution lead to the recovery of longer
peptides with an increase of C-terminal aspartic acid residues under these conditions,
indicating an unspecific proteolytic activity [Supporting Information Figure 3].

Analysis of identified peptides revealed the presence of three MAGE peptides, as well as a
number of peptides deriving from previously reported tumor-associated antigens, such as
PLIN2 and RPSA [5]. Some of these sequences are reported in Table 2 and include seven
peptides, which have been patented for tumor vaccination.

4 Discussion

In this study, we have shown that the immunocapture of HLA class | complexes followed by
high resolution mass spectrometry analysis leads to the reproducible high-confidence
identification of thousands of HLA-eluted peptides from cell lines. The methodology was
also used for the experimental analysis of soluble HLA class | complexes from the serum of
melanoma patients and healthy volunteers, leading to the identification of hundreds of
peptides including many from previously known melanoma-associated antigens.

The identification of HLA class I-eluted peptides poses a number of additional challenges
compared to shotgun proteomics experiments, including the low abundance of peptides and
the absence of protease-determined N- or C-terminal specificities. Only high resolution,
accurate mass and stringent FDR-based filters can ensure the quality of reported peptide
identifications, particularly given the significant increase in search space. With modern mass
spectrometers, it is finally possible to identify thousands of HLA-eluted peptides from 108
cells with high confidence. The high numbers of identified peptides raise questions on the
complexity of the HLA peptidome presented by individual cell lines. In analogy to a recent
investigation of the complexity of a tryptic digest of a cell lysate [41], we investigated the
number of observed peptides eluted from MAVER-1 cells. A total of 48’064 peptidic
features could be detected, indicating that the HLA peptidome of a cell is indeed extremely
complex and that additional developments in the speed and sensitivity of mass spectrometers
may lead to higher numbers of peptide identifications.
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The physicochemical properties of HLA-bound peptides strongly depend on their cognate
alleles, all of which differ significantly in the composition of their peptide binding pocket.
Interestingly, we have observed that even though MaxQuant and Proteome Discoverer lead
to peptidomes which are in excellent agreement with one another, on occasion one of the
software tools may lead to a significantly higher number of identifications in a cell line-
specific (and therefore HLA allele-specific) manner. We therefore propose combining the
two approaches using software suites such as DeepQuanTR to address inherent differences
in database search tools and to maximize the quality and the number of identified peptides.
This is especially important in situations where a limited amount of material is available.

The HLA peptidome of the five cell lines in this study was also probed for post-translational
modification of epitopes. In total, 0.5% of peptides were found to be phosphorylated, 3%
were cysteinylated, 0.7% were deamidated and 0.3% carried an n-terminal pyroglutamate.
This analysis is in line with prior reports on the presentation of post translationally modified
peptides, which might indeed be important for T cell recognition [33-35].

The analysis of the HLA peptidome of the CA46 cell line further revealed the B*27:04-
specific motif, an allele which is associated with ankylosing spondylitis [36]. It is interesting
to note that the B*27:04-specific motif featured only hydrophobic residues at position P9,
while the previously characterized B*27:05-specific motif demonstrates additional
preference for basic amino acids at P9 [39]. This preference of basic residues has been
attributed to aspartate at position 77 of the HLA alpha chain [37]. Other amino acid
substitutions are unique to B*27:06 and B*27:09, which may influence the peptidomes. A
more systematic characterization of the peptidomes of different B*27 alleles might proof
useful in further understanding the pathological mechanisms underlying the disease.

The study of the sHLA peptidome of melanoma patients compared to healthy volunteers
revealed between 306 and 972 peptides, the majority of which displayed a length compatible
with HLA-bound peptides. A total of 22 peptides deriving from known tumor associated
antigens were identified, 15 of them exclusively in melanoma patients’ sera. While a priori
we do not know the relevance of individual HLA class I-bound peptides as tumor rejection
antigens, knowledge of their sequence will allow the implementation of multiplex tetramer
technology to probe for T cell reactivities [5]. Importantly, a systematic analysis of T cell
specificities is now being applied to analyze response to immunostimulatory treatments [6].
The opportunity to retrieve HLA-bound peptides from serum samples dramatically expands
the possibility to study patient-derived samples for peptide identification purposes. It is
encouraging to see that the initial reports of the SHLA peptidome of patients with
hematological malignancies could be extended to solid tumors.

In oncology, knowledge of “atlases” of HLA class I-bound peptides will not only allow the
study of individual T cell specificities over the course of a disease, but might also be useful
for vaccination strategies [42, 43], or for the engineering of therapeutic T cells. We and
others have developed anti-cancer antibody-cytokine fusion proteins (immunocytokines),
which display a potent therapeutic activity in mouse models of cancer and encouraging
results in patients [44]. A detailed molecular knowledge of putative tumor rejection antigens
may represent an invaluable set of biomarkers for the prediction and monitoring of response
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to therapy [6, 45]. Recent evidence suggests that mutated HLA peptides are important
determinants of response to immunotherapy [7, 8, 46]. In a recent study, Kalaora et al.,
combined exome sequencing analysis of healthy and diseased tissue of a melanoma patient
with HLA peptidome analysis, allowing the experimental identification of two mutated
peptides that were presented on HLA class |, demonstrating that the identification of neo-
epitopes by MS is possible, but is a rare event [47]. Considering the observed depth of our
peptidome analysis, a combination with high throughput sequencing data of individual
patients could enable the identification of mutated peptides from patient serum in the future,
thus generating patient- and tumor-specific HLA peptidomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significance

Immunotherapy is increasingly being used in clinical practice with the recent approval of
checkpoint inhibitors such as Ipilimumab and Pembrolizumab. The aim of such therapy is
to stimulate the host’s immune system to fight cancer cells. An important mediator of this
therapeutic effect is the recognition of tumor associated antigens presented on tumor cells
by CD8+ cytotoxic T lymphocytes. Our molecular understanding of the recognition
process is reliant upon a detailed knowledge of which peptides are presented by tumor
cells, and of atlases of peptides presented in health and disease. The methodologies
described in this publication allow for a rapid and detailed characterization of the HLA
peptidome which will then facilitate the study of the tumor rejection process both /n vitro
and /n vivo, e.g. by interrogation of T cell specificities with HLA tetramer reagents.
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Figure 1. Isolation of HLA class | complexes and mass spectrometric identification of HLA-
eluted peptides.

(A) Schematic representation of the purification of HLA class | peptides. HLA class |
complexes are purified from cell lysates and sera using anti-HLA class | antibody W6/32-
conjugated resin. After elution of HLA complexes from resin with 0.1 M acetic acid,
peptides are separated from proteins either by filtration through 10 kDa MWCO filters or by
stepwise elution from C18 resin. Peptides are further desalted over C18 resin after MWCO
filtration. Desalted peptides are analyzed by LC-MS/MS. (B) Anti-HLA class | Western blot
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demonstrating the successful purification of HLA class | complexes. HLA class | complexes
were purified from HEK293 cell lysates using anti-HLA class | antibody W6/32-conjugated
resin. HLA class | complexes were released by addition of SDS loading buffer and
incubation for 5 minutes at 95°C. Equal fractions of input, flowthrough (FT) and eluate were
loaded. B-Actin was used as loading control. The original Western blots were cropped to the
relevant mass range using the Photoshop software. (C) Proteomic analysis of the HLA
fraction after elution of proteins from C18 spin columns with 80% acetonitrile and tryptic
digestion. Accumulated mass spectrometric signal intensities from peptides corresponding to
the different HLA class | alleles expressed by MAVER-1, HEK293, HL-60, RPMI18226 and
THP-1 cells are plotted as an approximation of protein abundance. (D) Total number of
unique HLA-eluted peptides identified from the MS data of the respective cell lines with
Proteome Discoverer (light gray) or MaxQuant (dark gray). (E) Unique HLA-eluted
peptides identified by either Proteome Discoverer (light gray) or MaxQuant (dark gray), or
by both software tools (white).
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Figure 2. Characteristics of the HLA peptidomes from human cell lines.
(A) Unique peptide identifications per cell line after DeepQuanTR analysis. Proteome

Discoverer and MaxQuant data from Figure 1D was annotated to MaxQuant feature lists in
DeepQuanTR. Samples from each of the cell lines were aligned in DeepQanTR individually.
Aggregation of Proteome Discoverer and MaxQuant data in DeepQuanTR removes
unreliable identifications, as features annotated to different sequences after retention time
alignment are discarded. It further becomes possible to use the MaxQuant intensity to
quantify peptides identified with Proteome Discoverer. (B-F) Length distribution of
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identified peptides presented in (A). The number of identified peptides between 7 and 20
amino acids is plotted in relation to their length. Peptides were isolated from (B) MAVER-1,
(C) HEK293, (D) HL-60, (E) RPMI18226 and (F) THP-1 lysates. (G) Binding prediction of
identified 8 to 11-mers with netMHCpan 2.8 [27]. Peptides were annotated as being
predicted to bind if the 1C5q received from netMHCpan was below 500 nM for at least one
of the alleles of the cell line.
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Figure 3. Definition of HLA-specific motifs from the HLA peptidomes of human cell lines.
Unique peptides with a length of nine amino acids were subjected to Gibbs clustering with

the GibbsCluster-1.0 server [28]. Identified motifs were annotated to HLA alleles by
comparing the experimental motifs with literature data [29, 30]. HLA specific motifs are
presented for (A) MAVER-1, (B) HEK293, (C) HL-60, (D) RPMI18226 and (E) THP-1.
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