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Our immune system eliminates pathogenic microbes, toxins and allergenic proteins
on a daily basis, thereby allowing the day-to-day maintenance of homeostasis. It is
thus not surprising that the immune system is complex and well-coordinated with
multiple protective mechanisms. In general, all systems rely on detection of
pathogenic features and foreign proteins, which are distinct from endogenous
proteins of the host. In this way, pathogens are cleared effectively and specifically
without damaging the host tissue.

The Human Leukocyte Antigen (HLA) system

The human immune system consists of two different pathways. Firstly, the innate
immune system, the oldest evolutionary defense strategy known. It functions as a
first line of defense against bacteria, viruses and parasites by recruiting diverse
immune cells to the infection site through cytokines (1). In addition, the innate
immune system can activate the adaptive immune system through antigen
presentation by human leukocyte antigen (HLA) class | and class Il molecules.
Antigens presented by these systems are small peptides, of either endogenous or
exogenous origin, that can be recognized by T-cells through the T-cell receptor
(TCR). Subsequently, a distinct molecular cascade is triggered, depending on HLA
class | or class Il, in which immunological memory against the antigen is formed (2).
Thus, HLA functions at the intersection between innate and adaptive immune
responses.

HLA molecules can be divided into two classes: HLA class | and HLA class Il. For
each of these classes, there are six different loci in the genome. HLA-A/B/C
(classical) and HLA-E/F/G (non-classical) for HLA class | and HLA-DPA/B, HLA-
DQA/B and HLA-DRA/B for HLA class Il. On the cell surface, where the final
destination of the presented antigens is, the HLA class | a-chain is stabilized by one
molecule of B-2-microglobulin, whereas for HLA class Il, one a-chain and one -
chain form a stable molecule (Figure 1).

Although structurally and functionally related, the two classes of HLA molecules have
their own different biological function. HLA class | is important in maintaining ‘healthy’
cells and destroying potential cancer cells. HLA class Il on the other hand, is more
important in clearance of infected cells (3). The effector T-cells are also different for
both classes of HLA molecules. HLA class | presents antigens to CD8" T-cells
(cytotoxic T-cells) and HLA class Il presents antigens to CD4* T-cells (T-helper
cells). When a respective T-cell does not recognize an antigen as being ‘self (from
a host protein), the target cell will be eliminated.

Molecules of both HLA classes are extremely polymorphic (especially the classical
ones) at the gene and protein level, with several thousands of alleles found all over
the population (table 1 and table 2).
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Figure 1: Schematic representation of HLA molecules on the cell surface. HLA-A*02:01 (left)
presenting an antigen from the SARS-CoV-2 nucleoprotein (222 — 230, PDB: 7KGQ) and HLA-DRB1
(right) presenting an antigen from histone H2B (PDB: 6BIY).

Table 1: Number of alleles and proteins per HLA class | type assigned as of March 2021

HLA-A HLA-B HLA-C HLA-E HLA-F HLA-G

Alleles 6766 7967 6620 271 45 82
Proteins 4064 4962 3831 110 6 22

Table 2: Number of alleles and proteins per HLA class Il type assigned as of March 2021

HLA-DRA HLA-DRB HLA-DQA HLA-DQB HLA-DPA HLA-DPB
Alleles 29 3701 306 1991 258 1749

Proteins 2 155 7 86 7 88

The HLA polymorphisms are most frequently found in the peptide binding region,
which results in changes of the peptide binding groove, and thereby allowing a wide
range of distinct peptides to bind. In the peptide binding groove, antigens anchor
with specific amino acids (depending on the HLA allele) into the HLA molecule
(Figure 2). Changing these anchor residues results in changes in the HLA-bound
repertoire, which may then impact the defense against malignant cells and invading
pathogens.
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Figure 2: Antigenic peptide binding into the peptide binding groove of HLA class | and HLA class
Il molecules. A) HLA class | structure and schematic of the binding groove followed by three examples
of possible peptides with respective binding motif. B) HLA class Il structure and schematic of the binding
groove followed by three examples of possible peptides with respective binding motif.

Molecular mechanisms of HLA processing and presentation

Compared to other intricate aspects of HLA biology that are far from complete,
antigen processing and presentation have been most extensively studied. A wealth
of knowledge has been accumulated pertaining to the similarities and differences in
these two pathways.

Molecular mechanisms of HLA class | antigen presentation

HLA class | is present on the plasma membrane of every nucleated cell. The
antigens are predominantly sourced endogenously and presented to CD8* T-cells
(cytotoxic T-cells). The peptides originate from intracellular protein degradation by
the proteasome or from defective ribosomal products, which are derived from
translation errors and folding mistakes (4, 5) (Figure 3).

HLA class | antigens arise as by-products from intracellular protein homeostasis and
are created by proteasomes. Proteasomes can diffuse freely through the cytoplasm
and nucleus to find their ubiquitinated substrates by mere chance (6). Evolution of
the adaptive immune system led to evolution of alternate forms of proteasomes each
with their own specialized functions. For example the immunoproteasome has
different active subunits and is constitutively expressed only in dendritic cells and
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lymphocytes. The expression of immunoproteasome in other cell types is largely
induced by interferon-gamma signaling only upon infection (7-9).
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Figure 3: HLA class | characteristics. HLA class | is expressed by every nucleated cell. The antigens
are derived from endogenous proteins, using the ubiquitin-dependent proteasomal degradation pathway,
loaded in the endoplasmic reticulum and eventually recognized by CD8* T-cells.

The immunoproteasome’s differential active subunits can lead to differential
cleavage sites from the regular proteasome, thereby generating peptides with
different amino acid ends and composition compared to peptides generated by the
generic proteasome (10). After proteolysis by any of these proteasomes, the
peptides generated are released into the cytosol. Approximately 60% of all
proteasome-generated peptides are too small to be loaded on HLA class | molecules
(11); only 15% of these fragments are with the optimal length (8 to 12 amino acids).
The remaining pool of peptides are too long for loading and need to be further
trimmed by endogenous proteases in the cytosol before they fit into an HLA class |
molecule. Many different proteases like ERAP1 (12), are involved in this peptide
trimming, and each protease may have a unique specificity to create and/or destroy
antigenic peptides. The trimmed peptides can subsequently be then translocated
into the endoplasmic reticulum (ER) via the antigen transporter 1 and/or 2 in the ER
membrane (4, 13).

Once the peptides have entered the ER, loading on empty HLA class | molecules
proceeds via the peptide loading complex (PLC). This complex consists of the
proteins tapasin, calreticulin and ERp57 (14). Once peptides are loaded, the
peptides with high affinity towards the peptide binding groove constantly compete off
the peptides with low affinity towards the peptide binding groove. Upon loading of a
high affinity peptide, a glycan on the HLA class | molecules triggers release form the
ER whereby the formed complex moves towards the Golgi apparatus and
subsequently to the plasma membrane where the peptide is presented (15) (Figure
4). Only an estimated 0.02% of all generated peptides by the proteasome will
eventually survive long enough to be presented by HLA class | molecules on the
plasma membrane (16).
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Figure 4: Schematic representation of HLA class | antigen presentation. Proteins are degraded by
the proteasome. The resulting peptides are subsequently transported into the endoplasmic reticulum
where they are loaded on empty HLA class | molecules. After binding of a high affinity peptide, a glucose
is removed from the glycan at position N86 which triggers release from the ER towards the Golgi, where
the glycan is matured. Subsequently, the HLA class | complex is stably inserted on the plasma membrane.

Molecular mechanisms of HLA class Il antigen presentation

The HLA class Il antigen processing and presentation pathway is inherently different
from the HLA class | pathway. HLA class Il molecules are only expressed on immune
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cells such as dendritic cells and B-cells. Expression on epithelial cells can be induced
upon infection via interferon-gamma signaling. Since the HLA class Il peptide loading
groove is open on both sides, HLA class Il peptides can also extend out of the
peptide binding groove. The peptides are sampled from exogenous proteins through
the endosomal pathway and from endogenous proteins via autophagy. On the
plasma membrane, the antigens are presented to CD4* T-cells (T-helper cells) (17)
(Figure 5).
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Figure 5: HLA class Il characteristics. HLA class | is expressed on every nucleated cell. The antigens
are derived from endogenous proteins, loaded in the endoplasmic reticulum and eventually recognized
by CD4" T-cells.

Similar to HLA class |, HLA class Il complexes are assembled in the ER, where,
instead of binding a high affinity antigenic peptide, a fragment of the CD74 protein
(invariant chain) binds into the peptide binding groove and targets the HLA class I
molecule to the endosomal pathway (3, 18). Subsequently, the HLA class I
molecules encounter antigenic peptides in the MIIC compartment (19), where the
invariant chain is sequentially cleaved by the proteases legumain, cathepsin S,
cathepsin L and cathepsin F, leaving behind a small peptide fragment called CLIP.

This CLIP peptide that remains can be exchanged out of the HLA class Il molecule
for a high-affinity antigenic peptide with the help of the chaperones HLA-DM and
HLA-DO (20, 21). After loading, the HLA class |l complexes with antigenic peptides
are transported to the plasma membrane through vesicular transport, where they are
stably inserted (20, 22, 23) (Figure 6).
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Figure 6: Schematic representation of HLA class Il antigen presentation. Proteins from exogenous
or endogenous origin are cleaved in the endosome by a variety of proteases. The peptides are transported
to the MIIC complex where, with the chaperones HLA-DO and HLA-DM, the CLIP peptide fragment can
be exchange for a higher affinity antigen. Subsequently, the HLA class Il complex is stably inserted on
the plasma membrane.
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HLA cross-presentation

The HLA class | and HLA class Il pathways overlap via a process termed HLA cross-
presentation. Cross-presentation results in the presentation of exogenous peptides
by HLA class | molecules, instead of by HLA class Il molecules. Cross-presentation
can be achieved via a vacuolar or cytosolic route. In the cytosolic route,
phagocytosed proteins are exported to the cytosol where they are degraded by the
proteasome. Subsequently, they can follow the ‘standard’ HLA class | presentation
pathway or they can be transported into phagosomes and/or endosomes through
the TAP transporter and be loaded there (24, 25). HLA class | molecules reside in
endosomes after internalization of the molecule through invagination of the plasma
membrane (26), a process mediated by a conserved tyrosine residue in the
cytoplasmic tail of HLA class | molecules. In the vacuolar pathway, exogenous
proteins are directly processed by proteases (cathepsin S) in the phagosome and
subsequently loaded into HLA class | molecules (27, 28).

Antigenic peptide splicing

In addition to presentation of HLA class Il antigens by HLA class | molecules, spliced
peptides can be presented by HLA class | molecules (29-31). These peptides arise
after cleavage and subsequent ligation within the proteasome. When the spliced
peptides originate from a single protein it’s called a cis-proteasomal spliced peptide.
Ligation of the peptide fragments can be either from N-terminus to C-terminus
(normal) or from C-terminus to N-terminus (reversed). When the spliced antigenic
peptide is composed of peptide fragments from two different proteins, it is called a
trans-proteasomal spliced peptide. The frequency and abundance of such splicing
events are still heavily debated, whereby some groups have claimed that
approximately 10% to 30% of all antigens are spliced (32, 33), whereby it has been
shown that these spliced antigens could also be immunogenic (34, 35).

With extensive efforts in studying the molecular pathways underlying HLA class |
and HLA class Il antigen processing and presentation, many aspects of these
pathways are becoming more clearly understood. Nevertheless, the exact
mechanisms and function of HLA cross-presentation and the presentation of spliced
antigens, and the biology associated with these atypical processes, still remain to be
further defined.

HLA in human disease

HLA is one of the strongest predisposing factors in human diseases and is
associated with almost every autoimmune disease known to date. Such
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observations exemplify the importance of understanding HLA function, in the hope
of designing better therapeutic regimes to rectify or prevent these conditions.

HLA and autoimmune disease

The most well-known cases of HLA predisposition in autoimmune diseases are
diabetes type-1 (HLA-DQ6/8), arthritis (HLA-B27, HLA-DR4) and celiac disease
(HLA-DQ2). However, these diseases manifest themselves in very different ways.
The most common determinant is the presentation of aberrant antigens to the
immune system (36). For all three examples, the aberrant antigens arise differently.
In diabetes type-1 for example, “mimic” peptides are presented by pancreatic islet
cells which are recognized as ‘non-self after which the tissue is destroyed (37). On
the other hand, in arthritis, arginine residues in antigens are deamidated to
citrullinated residues. These residues are subsequently recognized as non-self,
resulting in destruction of the cells which present the antigen (38). In celiac disease,
a novel binding motif is created. Transglutaminase converts glutamines of the gluten
protein to glutamic acid allowing a whole new variety of antigens to be presented on
the cell surface. There is no T-cell tolerance towards these antigens and therefore
the presenting cells are destroyed (39).

HLA and infection

Apart from the crucial role in autoimmune diseases, the HLA mediated immune
response is also necessary for clearance of bacterial and viral infections. Different
pathways can lead to presentation of exogenous antigens. Upon infection, viral
and/or bacterial proteins that enter the host cell are processed similarly to host
proteins and therefore also get degraded by the host proteasome. After degradation,
these peptides will follow the host HLA class | antigen processing and presentation
pathway to be presented on HLA molecules on the cell surface. Exogenous antigens
can also be loaded directly onto HLA class Il molecules after elimination of
pathogens via autophagy in the endosomal pathway (40).

Presentation of pathogenic antigens from invading pathogens can be exploited for
the development of anti-viral/bacterial vaccines. In practice, a protein or peptide
mixture may be used to vaccinate healthy individuals. After vaccination, the
protein/peptides are internalized by antigen presenting cells (APCs) and
subsequently proteolyzed further and presented by HLA class Il molecules. Then,
CD4* T-cells recognize the pathogenic epitope and orchestrate expansion of the
reactive T-cells clone and will in parallel stimulate B-cells to produce antibodies, so
that upon subsequent infection with the same pathogen, it can be cleared quickly
and efficiently without systemic impacts (41).
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Methods to study HLA class | and HLA class Il antigens

Dissecting HLA biology in health and disease is crucial to understand HLA
associated diseases and treatments. Given the strong implications in human health,
two main approaches have emerged to investigate which peptides will be or are
presented by HLA molecules.

The first approach is based on in silico antigen prediction. Based on the HLA allele
(thus antigen binding motif), peptides are predicted with computational tools that can
simulate proteasomal cleavage sites (42, 43) and with predictive tools that can
calculate binding affinity of a peptide towards each specific HLA allele (44-46).
Computational tools that calculate binding affinity are artificial neural networks
trained with empirical measurements from the immune epitope database (IEDB),
greatly increasing their potential (47). These predicted antigens can be directly used
in biological assays to determine their immunogenicity in vitro and in vivo. The major
advantage of in silico prediction of antigens is the enormous amount of peptides that
can be predicted at once. The major drawback of this high throughput method is that
a predicted peptides is not necessarily presented at the cell surface by HLA
molecules and therefore less accessible for T-cell targeting.

An alternative approach is to directly measure and sequence the peptide antigens
presented by affinity purification and mass spectrometry (47, 48). Before peptides
can be measured, the HLA molecules and bound peptides need to be purified from
a sample of interest. The gold standard to purify antigens is immuno-affinity
purification.

Immuno-affinity purification (IAP) utilizes antibodies against HLA to purify the
complexes, which enables specific enrichment of HLA class | and HLA class Il
allotypes. Furthermore, for IAP, cells are lysed prior to purification, which allows both
purification of frozen cells and purification of intracellular HLA complexes. After
purification, HLA complexes are separated by ultrafiltration (49, 50) (Figure 7).

There are also possibilities to directly elute bound antigens from the cell surface by
mild acid elution. This method is used by a small minority of labs in the community.
During mild acid elution, fresh cells are resuspended in an acidic buffer, which
releases HLA class | complexes and peptide ligands from the cells. By subsequent
ultracentrifugation and ultrafiltration, the peptide ligands and HLA complexes can be
separated from the cell suspension (51, 52) (Figure 7). All advantages and
disadvantages of mild acid elution and immuno-affinity purification are summarized
in table 3.
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Figure 7: Schematic overviews of the immune affinity purification mild acid elution methods for
isolation of HLA class | ligands. During mild acid elution, HLA complexes are released in an acidic
buffer and purified with subsequent ultracentrifugation and ultrafiltration. During immune affinity
purification, HLA complexes are purified with specific antibodies and eluted from those with an acidic
buffer. By subsequent ultrafiltration the complexes are separated from the antigens.

Table 3: Advantages and disadvantages of mild acid elution and immuno-affinity purification.

Immuno-affinity purification Mild acid elution
Costs ++ -
Equipment E +
Expertise + -
Sample size ++ -
Contaminants - -
Specificity + -
Frozen sample ++ -

After purification of the HLA bound peptide ligands, they are separated by liquid
chromatography (LC) and subsequently measured by mass spectrometry (MS).

LC-MS strategies for HLA peptide ligands

The inherent low abundance and enormous diversity of HLA peptide ligands makes
it very challenging to analyze them by LC-MS/MS. Fortunately, LC-MS/MS methods
have been substantially optimized for analyzing these samples.
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Due to low inherent abundance of HLA peptide antigens, sensitivity of the mass
spectrometer is a strong determinant of antigen sequencing depth. In this respect,
coverage of the highly complex immunopeptidome can also benefit from advances
made in shot-gun proteomics. With the advent of strong cation exchange (SCX) (53,
54) and high-pH reversed phase fractionation (55-59) for proteomics, these have
also been applied with great success to HLA peptide ligandomics, significantly
increasing the detection depth of the ligandome.

In addition to optimizing LC methods, it is crucial to select the most suitable mass
spectrometer to detect the peptide ligands. To overcome detection problems caused
by the inherent low abundance of the peptide ligands, it is preferred to measure with
an Orbitrap mass analyzer instead of a time of flight mass analyzer. This is because
the Orbitrap mass analyzer enables trapping and accumulation of ions before
analyzing them. In this way, more ions are detected allowing analysis of low
abundant peptides (59). Aside from the mass analyzer, the choice between an
untargeted and a targeted approach for precursor selection is important. In general,
the untargeted approach works best when analyzing a large repertoire of ligands and
when there is no specific interest for a particular peptide ligand. Despite the clear
advantage in antigen sequencing breadth, untargeted MS measurements tend to
rely on intensity-based precursor prioritization, which favors the sequencing of high-
abundance peptides. This biases against the detection of low-abundant neo-
antigens, which may be better picked up with scheduled parallel reaction monitoring
(PRM).

Finally, last but not least, a rational choice on the method of peptide fragmentation
can still be made to boost sequence confidence in the antigen peptides detected.
Fragmentation can be induced by higher collisional dissociation (HCD), which is a
very fast fragmentation method ideal for sequencing a large repertoire of ligands
quickly and in a high throughput manner (60). HCD fragmentation results in formation
of b-ions and y-ions (61). Since fragmentation efficiency is peptide-dependent, b-
ions and y-ions alone are sometimes not sufficient to unambiguously annotate the
full peptide sequence. This may be complemented by electron transfer dissociation
(ETD), which also generates c-ions and z-ions. When used in combination, for
instance in a dual fragmentation method, EThcD, the spectra obtained are richer in
information (62). Although EThcD is slower with a longer cycle time (63, 64), the gain
in diverse kinds of ions could still boost the confident identification of HLA peptides.

To achieve more information rich spectra, EThcD fragmentation can be used, though
it comes at the expense of a longer cycling time. EThcD is a dual fragmentation
method consisting of electron transfer dissociation (ETD) with supplemental HCD.
EThcD fragmentation results in generation of not only b-ions and y-ions, but also c-
ions and z-ions, which together make up an information rich mass spectrum.
Subsequently, these spectra are used for peptide sequence identification using
automated database searches.
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Post-acquisition data handling for HLA peptide ligands

The generated mass spectra are subsequently used for peptide sequence
identification. In short, a list of theoretical masses (m/z) based on the length of HLA
class | and HLA class Il peptide ligands, is calculated with in silico non-enzymatic
digestion. Then, the m/z values and charge states of the precursor masses are
compared to every in silico predicted sequences. Peptides that match with a certain
mass tolerance are kept for MS/MS comparisons. Theoretical fragment ion masses
are calculated for each peptide and compared the fragmentation spectra. Each
peptide is then assigned a probability score, and those with highest score are
reported as peptide spectrum match, which eventually will identify the peptide.

Mass spectrometry based peptide and protein identification relies on matching
measured spectra to theoretical spectra generated from a user specified database.
For exploratory studies with cell lines, a generic Swissprot protein database is a good
standard, which is sufficient to identify most peptides from a sample. Nonetheless,
Swissprot alone may be less than sufficient for studies from patient-derived material,
as the lack of representation for patient-specific SNPs in the generic Swissprot
database may cause such peptides harboring coding changes to be missed in the
database search altogether. As such, a patient-specific database is critically needed,
and especially so in neo-antigen discovery, where ideal HLA peptides contain a
tumor-specific change in sequence. This type of patient-specific databases can be
derived from whole genome sequencing of the same patient-derived material and
will therefore contain all single nucleotide polymorphisms specific to the patient
under investigation. Given the highly patient-specific nature of such an approach, it
is possible to identify antigens with personal mutational signatures as well.

Even with these two types of databases, it is not possible to for example identify
spliced peptides. Since these peptides are derived from different parts of proteins, it
is necessary to either create a specific database which covers all splice possibilities,
or a de novo peptide sequencing approach can be used.

Novel applications of HLA research

With the development of improved ultrasensitive LC-MS methods and search
strategies for HLA peptide ligands, it is now possible to translate HLA research into
a more clinical setting.

Recently, targeting cell-surface antigens became a potential way to treat certain
types of cancer. Tumors can present tumor associated antigens (TAA) at the cell
surface which may be derived from overexpressed proteins or other aberrantly
expressed, processed, or degraded cellular proteins. Antigen-based vaccines
targeting these TAA’s have already showed their potential in a clinical setting. For
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example, three antigen-based vaccines are currently explored to treat melanoma.
One vaccine is targeted against peptides from the MAGE-1 protein (65). The two
other vaccines are targeted against tyrosinase (66) peptides or MART-1 peptides
(67).

Capitalizing on these advances, and further incorporating rational thoughts on the
presence of tumor-specific coding mutations, it is also now possible to screen for
mutation-containing neo-antigens, which may further eliminate possible peripheral
tolerance during therapy. The medical potential of neo-antigens is tremendous, if
only the bottleneck on screening such low-abundant entities can be alleviated. In this
respect, targeted mass spectrometry on predicted neo-antigens based on tumor
whole genome sequencing may be a promising strategy in the near future.

Taken together, mass spectrometry based neo-antigen detection is increasingly
becoming the method of choice for future immune-therapy based personalized
cancer treatments.
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Scope of this thesis

In this thesis, | describe several advances | have made in isolation and measurement
techniques applied to HLA ligandomics, allowing us to obtain new mechanistic
insights into HLA loading, as well as the critical application of these techniques for
antigen peptide discovery.

In chapter 2, | describe the first technical advancement. | show that high-pH
reversed phase fractionation can be used to increase the detection depth of the HLA
ligandome. Using complementary SCX pre-fractionation, the detection depth is even
further increased. Furthermore, | show that high-pH fractionation is crucial for
detection of citrullinated residues and that the pre-fractionation method of choice
should always carefully be chosen based on the chemical properties of the HLA
peptides of interest.

In chapter 3, | describe the mechanism behind HLA class Il re-shaping of the
ligandome upon a ‘mimicked fever’. By applying a heat stimulus to B-cells, the
proteome is re-shaped in such a way that B-cells are prepared for infection.
Furthermore, we show that mainly the HLA class Il chaperone CD74 is greatly
affected upon this heat stimulus.

In chapter 4, we apply glycoproteomics to analyze the composition of HLA class |
glycans in three different B-cell lines. We show that the composition is depending on
the HLA type. Furthermore, we show that the glycan composition can be used as
localization marker of the HLA complex inside or at the surface of the cell.

In chapter 5, we use single-cell derived colorectal cancer organoids to study tumor
clonal heterogeneity at the proteome and ligandome level. We were able to
recapitulate the original single cell features, but also found clone specific changes at
the proteome and ligandome level. Furthermore, we believe the most promising
therapeutic targets arise from proteins that are actively degraded by tumor cells such
as DNA damage repair proteins.

In chapter 6, we discuss remaining challenges and future prospective in the field of
immunopeptidomics.
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Abstract

HLA class | molecules can present a range of cellular alterations (mutations,
changes in protein copy number, aberrant post-translational modifications or
pathogen proteins) to CD8* T lymphocytes, in the form of HLA peptide ligands. At
any given moment, tens of thousands of different self and foreign HLA class |
peptides may be presented on the cell surface by HLA class | complexes. Due to the
enormous biochemical diversity and low abundance of each of these peptides, HLA
ligandome analysis presents unique challenges. Even with advances in enrichment
strategies and MS instrumentation and fragmentation, sufficient ligandome depth for
identification of viral pathogens and immuno-therapeutically important tumor neo-
antigens is still not routinely achievable. In this study, we evaluated two pre-
fractionation techniques, high pH reversed phase and strong cation exchange, for
complementary analyses of HLA class | peptide ligands. We observe that pre-
fractionation substantially extends the detectable HLA class | ligandome, but also
creates an identification bias. We thus advocate a rational choice between high pH
reversed phase or strong cation exchange pre-fractionation for deeper HLA class |
ligandome analysis, depending on the HLA locus, allele or peptide ligand
modification in question.
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Introduction

One critical function of the immune system is to counteract cancer development by
identifying abnormal cells for destruction, through recognition of neo-antigens
presented on these cells by human leukocyte antigen (HLA) molecules. Promising
strategies in cancer immunotherapy target these neo-antigens, which arise from
proteolytic processing of tumor-specific and/or mutated proteins (1). While some of
these cancer signatures can be picked up by next generation sequencing at the DNA
or RNA level, mass spectrometry (MS) remains the method of choice that enables
direct measurement and identification of neo-antigens that are presented on the
tumor cell surface. Therefore, ultra-sensitive MS profiling methodologies are needed
to delve deeper into the HLA class | ligandome, to support the rational design of
immunotherapy at a personalized level (2, 3).

HLA class | peptide ligands are challenging to analyze due to enormous diversity in
the repertoire and the inherently low abundance of most of these species. Through
the advances in mass spectrometry over the recent decades, the HLA class | peptide
ligandome can now be analyzed in depth, reaching to the detection of hundreds up
to thousands of unique peptide ligands per cell line or tissue sample. We previously
demonstrated that the use of complementary peptide fragmentation techniques,
especially EThcD as an alternative ‘spectra-rich’ fragmentation method, can further
boost the identification of HLA class | peptide ligands, including those post-
translationally modified by arginine methylation, glycosylation and phosphorylation
(4-6). Sample pre-fractionation, notably by strong cation exchange (SCX), has also
been shown to further increase the detection depth of the HLA class | ligandome (7).
The outcomes of these deep HLA class | peptide ligand profiling experiments have
prominently altered the developmental path of immuno-therapeutics, but also
indicate that we still have plenty to gain by delving deeper into the HLA class |
peptide ligandome.

The analysis of HLA class | ligandomes benefit in general from advances in shot-
gun proteomics, as not all, but many experimental aspects of these analyses are
shared. Since the advent of high pH reversed phase (RP) fractionation in 2012 (8-
11) in shot-gun proteomics, it has become widely accepted as a robust and high-
performance alternative to SCX (12-14). Given the ideal compatibility of high pH RP
pre-fractionation to the second dimension, low pH RP-LC-MS, without the need for
additional desalting procedures, many laboratories have adopted high pH RP for
routine proteomics analyses. We reasoned that reducing purification steps between
HLA class | peptide ligand isolation and MS analysis could further minimize the loss
of low-abundant HLA class | peptide species and extend the identification depth. To
this end, we benchmarked the performance of high pH RP pre-fractionation and SCX
pre-fractionation against ‘no-fractionation’, by using an Epstein-Barr virus
transformed immortalized B lymphoblastoid cell line JY. This cell line is a routinely
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used model cell line in the field of immuno-peptidomics, that is homozygous for HLA-
A*02:01, HLA-B*07:02 and HLA-C*07:02.

We describe here high pH RP pre-fractionation on HLA class | peptide ligands as a
reliable alternative approach for detailed HLA class | ligandome profiling, that is
highly complementary to the conventional SCX. We observed that high pH RP
performed comparably to SCX in terms of total HLA class | peptide ligand
identification, but presents a distinct allele-specific identification bias, that could be
exploited for focused studies of hydrophobic peptide ligands and post-translationally
modified peptide ligands, especially for charge-reducing modifications such as
phosphorylation and citrullination. We conclude that the choice between these two
pre-fractionation methods will depend on rational consideration of the research
question surrounding a particular HLA locus, allele or peptide ligand post-
translational modification.

Materials and Methods

Cell culture

The HLA class | homozygous cell line JY (HLA-A*02:01, HLA-B*07:02, HLA-
C*07:02) was cultured in RPMI 1640 supplemented with 10% fetal bovine serum,
10mM L-glutamine, 50U/ml penicillin and 50ug/ml streptomycin in a humidified
atmosphere at 37°C with 5% CO..

Immuno-affinity purification

Per immuno-affinity purification (IP), 5*108 cells were harvested by centrifugation and
washed three times with cold PBS. Cells were lysed for 1,5h at 4°C in 10ml lysis
buffer per gram cell pellet. The lysis buffer consisted of Pierce IP lysis buffer (Thermo
Fischer Scientific) supplemented with 1x complete protease inhibitor cocktail (Roche
Diagnostics), 50ug/ml DNase | (Sigma-Aldrich) and 50ug/ml RNase A (Sigma-
Aldrich). Subsequently, the lysate was cleared by centrifugation for 1h at 18,0009 at
4°C. Protein concentration was determined with the Bradford assay (Bio-Rad). HLA
class | complexes and peptide ligands were immunoprecipitated using 0.5mg W6/32
antibody (15) coupled to 125pl Protein A/G beads (Santa Cruz) from 25mg whole
cell lysate. Antibodies were crosslinked to protein A/G beads to prevent co-elution.
Incubation took place at 4°C for approximately 16h. After immunoprecipitation, the
beads were washed with 40ml cold PBS. HLA class | complexes and peptide ligands
were subsequently eluted with 10% acetic acid. Peptide ligands were separated from
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HLA class | complexes using 10kDa molecular weight cutoff filters (Millipore). The
flowthrough containing the HLA class | peptide ligands was dried by vacuum
centrifugation.

Peptide fractionation

HLA class | peptide ligands from six IPs were mixed and divided into two equal
samples for either C18 reversed-phase fractionation at high pH or strong cation
exchange. In high pH reversed phase fractionation, peptides were loaded on C18
STAGE-tips in 200mM ammonium formate pH 10, and eluted into 12 fractions with
11-100% acetonitrile. For strong cation exchange, peptides were loaded on SCX
SPE cartridges (1mg, Supelco) in 20% acetonitrile with 0.1% formic acid, and eluted
into 12 fractions with 50-500mM ammonium acetate. All samples were dried by
vacuum centrifugation, and reconstituted in 10% formic acid prior to LC-MS/MS
analyses.

LC-MS/MS

The data was acquired with an UHPLC 1290 system (Agilent) coupled to an Orbitrap
Fusion Lumos Tribrid mass spectrometer (Thermo Fischer Scientific). Peptides were
trapped (Dr Maisch Reprosil C18, 3uM, 2cm x 100uM) for 5 min in solvent A (0.1%
formic acid in water) before being separated on an analytical column (Agilent
Poroshell, EC-C18, 2.7um, 50cm x 75um). Solvent B consisted of 0.1% formic acid
in 80% acetonitrile. For high pH reversed phase samples (fraction 1 and 2), the
gradient was as follows: first 5 minutes trapping, followed by 85 minutes gradient
from 12-30% solvent B and subsequently 10 minutes wash with 100% solvent B and
10 minutes re-equilibration with 100% solvent A. For fraction 3 and 4 the gradient
was from 15-32% solvent B. For fraction 5 and 6 the gradient was from 18-36%
solvent B. For fraction 7 to 10 the gradient was from 20-38% solvent B and for
fraction 11 and 12 from 22-44% solvent B. For the SCX fractions, the gradient was
as follows: first 5 minutes trapping, followed by 85 minutes gradient from 7-35%
solvent B and subsequently 10 minutes wash with 100% solvent B and 10 minutes
re-equilibration with 100% solvent A. The mass spectrometer operated in data-
dependent mode. Full scan MS spectra from m/z 400-650 were acquired at a
resolution of 60,000 after accumulation to a target value or 4*10° or a maximum
injection time of 50ms. Up to 3 most intense precursors with a charge state of 2+ or
3+ starting at m/z 100 were chosen for fragmentation. EThcD fragmentation was
performed at 35% normalized collision energy on selected precursors with 18s
dynamic exclusion after accumulation of 5*10* ions or a maximum injection time of
250ms. MS/MS spectra were acquired at a resolution of 15,000.
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Data analysis

Raw files were searched using Sequest HT in Proteome Discoverer 2.2, against the
Swissprot human database (20258 entries, downloaded on 02-02-2018) appended
with the 20 most abundant FBS contaminants (16). The search was set to unspecific
with @ minimum precursor mass of 797 Da to a maximum precursor mass of 1950
Da corresponding to peptides between 8 and 12 amino acids long. Identified
peptides were filtered to a 1% false discovery rate (FDR) using the percolator
algorithm, 5% peptide FDR and Xcorr > 1. Cysteine cysteinylation and methionine
oxidation were set as variable modifications. Serine phosphorylation and arginine
citrullination were set as variable modifications in separate workflows. From the
identified peptides, FBS contaminants were removed. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE (17) partner repository with the dataset identifier PXD011257. Binding affinity
of HLA class | peptide ligands was predicted using the NetMHC 4.0 algorithm (18)
with a stringent binder cutoff of IC50 <500nM. The data was visualized with
Graphpad PRISM 7.

Results

To compare the effectiveness of offline high pH reversed phase and strong cation
exchange pre-fractionation in extending coverage of the HLA class | ligandome, we
started with a ‘master pool’ ofimmuno-affinity purified peptide ligands, and separated
each half into 12 fractions for further LC-MS/MS analyses (Figure 1).

Fractionation reaches deeper into the HLA class | ligandome

Without any pre-fractionation, we identified approximately 6500+100 peptides per
single LC-MS injection, of which 5700+100 were HLA class | peptide ligands.
Repeated injections of the same unfractionated sample did not substantially increase
the cumulative identification further; with an excellent identification overlap of >95%
between injection replicates, the same peptide ligand species were fragmented over
12 repeated injections (Figure 2A-B). This implied that the limit in identification was
not due to stochastic sampling (Figure 2A), making it also very clear that for deeper
analysis of the HLA class | ligandome, sample pre-fractionation is essential.
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Figure 1: Experimental workflow applied for HLA class | peptide ligand analysis. A) Cell harvest
and lysis steps for lysate preparation for HLA class | immuno-affinity purification. B) HLA class | complex
and peptide ligand immuno-affinity purification using W6/32 antibodies coupled to protein A/G beads. C)
HLA peptide ligand purification, fractionation and identification.

By pre-fractionation of the immuno-purified HLA class | ligandome into 12 fractions,
with either SCX or high pH RP, we were able to extend the number of identifications
to above 10,000 peptides, of which about 8600 were HLA class | peptide ligands
(Figure 2C-D). Considering the total number of identifications, either pre-
fractionation method could increase identifications by ~50% compared to without
fractionation. However, the overlap in identified peptide ligands between high pH RP
fractionation and SCX fractionation turned out to be only ~40%, alluding to the idea
that these fractionation methods are very complementary in ligandome analyses
(Figure 2E). Indeed, when we combined the data from both fractionation methods,
we identified 13,500 peptides, of which 11,200 HLA class | peptide ligands (Figure
2F), representing an increase of ~100% in identified HLA class | peptide ligands
compared to the analysis of the same samples but unfractionated. Therefore, we
demonstrate here for the first time that high pH reversed phase fractionation is a
good alternative to SCX for deeper analysis of HLA class | peptide ligands. High pH
reversed phase and SCX fractionation also appear to be complementary in the
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analysis of HLA class | peptide ligands, both reaching much deeper into the HLA
class | peptide ligandome, when compared to unfractionated analysis.
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Figure 2: HLA class | peptide ligand identification. A) Cumulative unique peptides (black), predicted
peptide ligands (green) and PSM counts (grey) over repeated injections of the same unfractionated
sample. B) Peptide identification overlap between repeated injections of the same unfractionated sample.
C) Cumulative unique peptides (black), predicted peptide ligands (red) and PSM (grey) counts over all
analyzed high pH RP fractions. D) Cumulative unique peptides (black), predicted peptide ligands (blue)
and PSM (grey) counts over all analyzed SCX fractions. E) Overlap between identified peptides in high
pHRP (n=10737, red) and SCX (n=10511, blue). F) Cumulative unique peptides (black), predicted peptide
ligands (orange) and PSM (grey) count over combined high pH RP and SCX fractions.

Boosting HLA class | peptide ligand extraction

While pre-fractionation boosts identification of HLA class | peptide ligands
considerably (Figure 2), more starting material is also needed than in single-shot LC-
MS analyses. This is often a limiting bottleneck, especially in the context of
ligandome profiling from patient material. Since obtaining larger biopsies is not
feasible, maximizing the extraction of HLA class | complexes and peptide ligands
from limited material is then crucial to maximize ligandome coverage, for more in-
depth patient-specific analyses.

It has been demonstrated that immuno-affinity purifications cannot fully deplete
target protein complexes in one cycle, largely due to affinity characteristics of
antibody-based capture and equilibrium dissociation (19, 20). Therefore, we further
tested if recycling the flowthrough from immuno-affinity purification for sequential
enrichments could still increase the yield of HLA class | peptide ligands. We
performed sequential immuno-affinity purifications using the same starting cell
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lysate, injected these samples in separate LC-MS runs with the same parameters
and then analyzed the purity of HLA class | peptide ligands measured. As shown in
Figure 3A and 3B, approximately 5000 peptides were identified from the 1st and 2nd
IP, of which about 4500 were HLA class | peptide ligands. In the 3rd IP, the purity
was still good, albeit the total identification number was about 10% lower than in the
first two IPs. By the 4th reuse of the same lysate, peptide ligand identification
declined to approximately 2600, with a marginal increase of unassigned peptides
(15%), suggesting the lysate was starting to become depleted of HLA class |
complexes. Collectively, these data demonstrate that the same starting material for
HLA class | peptide ligand immuno-affinity purification may be re-used for several
times for repeated extraction of the same HLA class | complexes. We further verified
that the HLA class | peptide ligands identified in sequential IPs share a large overlap
of ~80%, validating that repeated use of the same starting material does not
introduce profiling bias or sampling artifacts associated with extended incubation
times (Figure 3C).

Peptide characteristics of HLA class | peptide ligands detected with high pH
reversed phased or SCX pre-fractionation

By pooling HLA class | peptide ligands obtained from two sets of immuno-affinity
purifications, each performed for three sequential times, we created a common pool
of HLA class | peptide ligands which was then used to compare and contrast the
properties of peptide ligands identified by either high pH RP or SCX fractionation.
The goal was to rationalize the substantial non-overlap in the HLA peptide ligand
identifications between these two complementary pre-fractionation approaches
(Figure 2E).
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Figure 3: HLA class | peptide ligand identification in sequential immuno-affinity purifications using
single LC-MS/MS runs. A) Unique peptide (black) and predicted peptide ligand (grey) identifications. B)
Proportion of HLA-A*02:01, HLA-B*07:02 and HLA-C*07:02 peptide ligands. C) Identification overlap of
the first three sequential IPs.
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Specifically, we examined peptide characteristics within predicted ligands for each
HLA allele (HLA-A*02:01, HLA-B*07:02, HLA-C*07:02), to check for potential bias in
peptide lengths (Figure 4A) and sequence motifs (Figure 4B). HLA class | peptide
ligands are typically between 8 and 12 amino acids long, with 9-residue ligands being
the most frequent. By comparing the peptide ligands identified with and without pre-
fractionation, we found no significant difference in the peptide length distribution
(Figure 4A). Amongst HLA-A*02:01 peptide ligands, ~70% were 9-mers, ~20% 10-
mers and <10% were 11-mers regardless of pre-fractionation approach. Comparable
trends were also observed in HLA-B*07:02 and HLA-C*07:02. In addition, Gibbs
clustering sequence logos (21) of the peptide ligands identified with or without pre-
fractionation were almost indistinguishable, with strong conservation of anchor
residues at position 2 and the C-terminus (Figure 4B). Regardless of the fractionation
approach used, HLA-A*02:01 ligands anchor with leucine at position 2 and a C-
terminal leucine/valine; HLA-B*07:02 ligands show enrichment for proline at position
2 and a C-terminal leucine/valine; whereas HLA-C*07:02 ligands over-represent
arginine at position 2 and a C-terminal leucine/phenylalanine.

Taken together, our data suggest that within ligands of the same HLA allele,
increased identification through pre-fractionation is not related to unique peptide
properties that induce preferential binding and/or separation in either high pH RP or
SCX.

High pH reversed phase or SCX fractionation each introduces an allele-specific
identification bias

We next sought to explain the substantial non-overlap in HLA class | peptide ligand
identification in high pH RP or SCX, by calculating the contribution of peptide ligands,
from each allele, to total ligand identification in the JY cell line (Figure 5). Specifically,
we examined separately the proportion of HLA-A*02:01, HLA-B*07:02 and HLA-
C*07:02 peptide ligands in high pH RP or SCX fractionation to check for any allele-
specific bias. Using binding affinity of peptides, predicted by NetMHC 4.0 with a
stringent cutoff of IC50 <500nM, we binned identified peptide ligands by allele
specificity. As shown in Figure 5, except for a small percentage of HLA-C*07:02
ligands and 11% non-assigned peptides, HLA-A*02:01 and HLA-B*07:02 ligands
were represented almost evenly without pre-fractionation (41.0% and 44.1%
respectively), using the data from 12 repeated injections of the same sample (Figure
5A). However, with pre-fractionation, HLA-A*02:01 ligands appear to be over-
represented in high pH RP while HLA-B*07:02 ligands appear to be identified more
frequently with SCX. Since HLA-C*07:02 ligands represent only a small and
consistent proportion in either fractionation approach, we visualized only the binary
distribution of HLA-A*02:01 and HLA-B*07:02 ligands in figure 5B, where a clear bias
in HLA allele specificity was observed compared to without pre-fractionation.
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Figure 4: Comparable HLA class | peptide ligand characteristics in high pH RP, SCX and no-
fractionation. A) Length distribution of HLA-A*02:01 peptide ligands (high-pH RP n=4705, SCX n=3419,
no fractionation n=2921), HLA-B*07:02 peptide ligands (high pH RP n=4075, SCX n=4825, no
fractionation n=2804) and HLA-C*07:02 peptide ligands (high-pH RP n=389, SCX n=290, no fractionation
n=252). B) Gibbs clustering sequence motifs for HLA-A*02:01, HLA-B*07:02 and HLA-C*07:02 peptides
identified with high-pH RP, SCX or without pre-fractionation.

By following cumulative peptide ligand identification over either 12 high pH RP or 12
SCX fractions, we further rationalized the lower identification of HLA-A*02:01 ligands
in SCX. As shown in Figure 5C, the cumulative increase in unique HLA-A*02:01
ligands was restricted to the first 3 SCX fraction in a linear salt gradient, while HLA
class | peptide ligands continue to be identified over the 12 fractions (Figure 2D,
cumulative PSM count). This indicates that HLA-A*02:01 binders are not optimally
separated by using the charge selective SCX gradient, likely due to higher peptide
hydrophobicity attributed to the leucine anchor and prevalent leucine/valine C-
terminus. We assessed the isoelectric point distribution of HLA-A*02:01 peptides,
which revealed a striking majority of peptides with an isoelectric point between 3 and
7. These peptides would be negatively charged at pH 3 and therefore not optimally
separated on a positive-charge selective SCX gradient (Figure 5D). On the other
hand, HLA-B*07:02 ligands feature prominently arginine residues flanking the proline
anchor at position 2. This makes HLA-B*07:02 ligands more charged in low pH SCX,
and therefore better separated and consequently better identified in SCX across all
12 fractions when compared to high pH RP (Figure 5E). Assessment of the

PRE-FRACTIONATION BIASES THE DETECTABLE HLA LIGANDOME 45



isoelectric point distribution of these peptides again confirms that more HLA-B*07:02
peptide ligands have isoelectric points between 8 and 12 (Figure 5F). Based on
these observations we therefore conclude that in high pH RP there is preferential
identification of HLA-A*02:01 peptide ligands, whereas SCX performs better in the
analysis of HLA-B*07:02 peptide ligands.
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Figure 5: Bias in allele-specific HLA class | peptide ligand identification in high pH RP, SCX
compared to no fractionation. A) Identification of HLA-A*02:01, HLA-B*07:02 and HLA-C*07:02 peptide
ligands per fractionation method. B) Identification bias in HLA-A*02:01, HLA-B*07:02 peptide ligands
when using high pH RP fractionation, SCX fractionation or no fractionation. C) Cumulative unique HLA-
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Isoelectric point distribution of all identified HLA-A*02:01 peptide ligands. E) Cumulative unique HLA-
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Isoelectric point distribution of all identified HLA-B*07:02 peptide ligands.
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High pH reversed phase fractionation enables in-depth profiling of HLA class |
peptide ligands containing serine phosphorylations

Serine phosphorylation on HLA class | peptide ligands have been reported
previously and can be viewed as neo-antigens arising from aberrant phosphorylation
in tumors (6, 22, 23). Since serine phosphorylation reduces the charge of peptides
at low pH, we reasoned serine phosphorylated HLA class | peptide ligands would be
better separated and identified using high pH RP pre-fractionation compared to SCX
(24). We therefore attempted to detect and localize serine phosphorylation on HLA
class | peptide ligands with either high pH RP or SCX fractionation (Figure 6A-C). In
total, we detected 45% more phosphopeptides using the high pH RP workflow than
SCX (90 phospho-HLA peptides vs 62 respectively; Supporting Table S1), in strong
agreement with our theoretical understanding. Remarkably, the SCX workflow even
provided a lower number of phosphorylated peptide ligands than the unfractionated
workflow (62 phospho-HLA peptides versus 74 respectively, Supporting Table S1).
Also shown in Figure 6A, serine phosphorylation occurs predominantly on HLA-
B*07:02 peptide ligands and is indeed most frequently detected in high pH RP
fractionation.

We next focused on the characteristics of the phosphorylated HLA-B*07:02 peptide
ligands detected with high pH RP. Interestingly, although positions 1 and 8 of HLA-
B*07:02 peptide ligands are most often occupied by serine residues, almost no
phosphorylations are observed at these sites (Figure 6B). On the contrary,
phosphorylated serines are most frequently localized to position 4; in ~50% of all the
serine phosphorylated HLA-B*07:02 peptides. Deeper analysis of serine
phosphorylated peptides revealed the presence of two distinct kinase motifs (Figure
6C). Hence, it seems that the majority of phosphorylated peptide ligands for loading
on HLA-B*07:02 may have been provided by proline-directed kinases with SP
consensus and basophilic kinases with RxxS consensus motif (25).

Pre-fractionation is essential for detection of citrullinated HLA class | peptide ligands

Extending the depth in analysis of the HLA class | ligandome by pre-fractionation
leads not only to increased identification of phosphorylated HLA class | peptide
ligands, but has also been shown to improve detection of HLA class | peptide ligands
containing other post-translational modifications, e.g. OGIcNAcylation (4) or arginine
(di)methylation (5). In our data, we next looked for HLA class | peptide ligands
harboring arginine citrullination, another important modification linked to rheumatoid
arthritis (26-30). In contrast to serine phosphorylation, arginine citrullination is
detected rather poorly without pre-fractionation. In our analysis, we were able to
detect 48 and 34 citrullinated HLA-B*07:02 peptide ligands with high pH RP and SCX
respectively compared to 16 in unfractionated samples (Figure 6D, Supporting Table

PRE-FRACTIONATION BIASES THE DETECTABLE HLA LIGANDOME 47



S2). This implies that pre-fractionation is almost a necessity for detailed study of this
modification. In our data, arginine citrullination is mostly detected on HLA-B*07:02
peptide ligands. This is not surprising as binders of HLA-B*07:02 contain more
arginine residues on average.
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Figure 6: Serine phosphorylation and arginine citrullination on JY HLA class | peptide ligands are
preferred on HLA-B*07:02. A) HLA assigned peptides containing phosphoserine distributed per allele
per fractionation method. B) Serine phosphorylation per position in HLA-B*07:02 peptide ligands identified
with high pH RP compared to overall serine percentage per position in HLA-B*07:02 peptide ligands. C)
Gibbs cluster sequence logo from HLA-B*07:02 phosphorylated peptides (n = 66) and motifs specific for
proline directed kinases (n = 32) and basophilic kinases (n= 34). D) HLA assigned peptides containing
citrullinated arginine distributed per allele per fractionation method. E) Arginine citrullination per position
in HLA-B*07:02 peptide ligands identified with high pH RP compared to overall arginine percentage per
position in HLA-B*07:02 peptide ligands. F) Gibbs cluster sequence logo from HLA-B*07:02 citrullinated
peptides (n = 39).

In contrast to the preference for serine phosphorylation at position 4, the distribution
of arginine citrullination per position in the peptide ligands followed largely the overall
arginine frequency per position in HLA-B*07:02 peptide ligands (Figure 6E-F).
Cumulatively, we detected here the highest number of citrullinated HLA peptide
ligands reported to date (Supporting table S2). Notably, some of these citrullinated
peptides originate from the filaggrin source protein, which has been reported to
harbor several citrullinated rheumatoid arthritis-specific epitopes (31). Some of
citrullinated peptides detected in this work overlap with the rheumatoid arthritis
epitopes reported earlier, while we also detect novel arginine citrullination sites on
filaggrin.
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Discussion

Here, we profiled HLA class | peptide ligands from the HLA homozygous cell line JY
to benchmark the utility of two complementary fractionation approaches, namely high
pH RP and SCX. Compared to without fractionation, each of these strategies
expanded the HLA class | ligandome coverage by about 50%, but significant non-
overlap between these two strategies also provides a cumulative gain in peptide
identification of >100% compared to without fractionation. This significant boost in
ligandome coverage is however highly dependent on intrinsic properties of peptide
ligands. Hence, we clearly demonstrate that the choice of pre-fractionation approach
can introduce an allele specific analytical bias. We showed experimentally that HLA
class | peptide ligands with largely hydrophobic residues (e.g. HLA-A*02:01, motif
xLxxxLLx(V/L)) are better pre-fractionated on a less charge selective high pH
gradient, whereas charged HLA class | peptide ligands containing arginines (HLA-
B*07:02, motif RPRxxRxx(L/V)) are better pre-fractionated and thus detected with
SCX. Since this bias is strongly influenced by conserved properties of the HLA class
| peptide ligands, we think there is a critical need to rationalize which fractionation
approach to use, depending on both the HLA locus to be investigated and the allele
specificity within the locus.

On the other hand, this apparent bias presents an opportunity to further improve
allele-specific ligandome coverage. For instance, a large majority of HLA-A*02
alleles have hydrophobic ligands that feature predominantly in leucine and valine
residues (e.g. HLA-A*02:03, motif xLAxx(L/V)xx(L/V)l HLA-A*02:06, motif
(XLLxxLxx(V/L)). This implies that high pH RP pre-fractionation would also be the
better choice for most HLA-A*02 peptide ligands to maximize specific coverage in
the respective ligandomes (Supplementary Figure S1). Conversely, just like for HLA-
B*07:02, ligands of other HLA-B alleles (e.g. HLA-B*27:02, motif RRLxxxxxL; HLA-
B*27:20, motif RRxxxxxRL) or HLA-A alleles with affinity for charged peptides (e.g.
HLA-A*30:01, motif RPRxxRxx(L/V); HLA-A*31:01, motif RTRxxxxxR) would also be
better analyzed by using SCX. In view of these considerations, we put forth high pH
RP as a valuable alternative analytical strategy to choose from, to further expand the
coverage of hydrophobic HLA class | peptide ligands. It is key to note that employing
high pH RP alone instead of SCX already profiles the ligandome to similar depth with
comparable total identifications, but in addition with a bigger proportion of
hydrophobic peptide ligands. This further implies that by choosing the appropriate
strategy between high pH RP and SCX, the allele-specific ligandome space could
be expanded.

In addition, post-translation modifications on HLA class | peptide ligands can also
alter the biophysical and electrostatic properties of these peptides, to further impact
the ideal choice of analytical strategy. For instance, phospho-modifications will
reduce the net charge of peptide ligands, and theoretically makes these peptides
better retained and separated on a non-charge selective high pH RP gradient. We
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validated this experimentally with indeed more phosphorylated peptides detected
using the high pH RP workflow. In fact, fractionating phosphorylated peptide ligands
on a sub-optimal charge-selective gradient results in even fewer identifications
compared to without any pre-fractionation. This further affirms the importance of a
rational choice of pre-fractionation method, and shows that an inappropriate strategy
will defeat the purpose of fractionation altogether. With the same rational thought,
modifications that involve removal of a charge, such as citrullination, would also be
better analyzed on high pH RP, as we documented here experimentally.

While pre-fractionation offers distinct advantages in allele-specific and PTM-specific
HLA peptide ligand identification, more starting material is inherently needed to
harness these benefits when compared to the unfractionated workflow. To tackle
this, we show here that it is possible to obtain more HLA peptide ligands by re-using
the flowthrough from immuno-affinity purifications, without increasing the initial input
material. This can also further relieve the specimen bottleneck on patient-specific
HLA peptide ligand analyses. We verify here that repeated use of the lysate does
not compromise the quality and purity of the immuno-affinity purification, even to the
point of HLA complex depletion, and that a large overlap of >80% in MS identification
is still possible between sequential re-use.

Utilizing all strategies and considerations described above, we deeply profiled the
phosphorylated HLA-B*07:02 ligandome by high pH RP, to examine the preferred
site of serine phosphorylation against serine occupancy in the peptide ligand
sequence. We found a strong preference for phospho-serine at position 4, but not at
positions 1 and 8, despite higher occurrence of serine in the latter. This, we further
rationalized against the loading model proposed previously; HLA-B antigens are
collectively stabilized at position 1 by m-1 stacking at position 1 with the R62
guanidinium group, hydrophobic interaction with the W167 indole group and the salt
bridge with the N163 carboxyl group on the HLA-B backbone (6). Phosphorylation at
serine in position 1 is likely to critically destabilize these docking interactions, such
that peptides serine-phosphorylated at position 1 can no longer be loaded, whereas
serine phosphorylations at position 4 can be stabilized through contact with R62 and
a water-mediated reaction with the carboxyl group of E163 in the HLA-B backbone
(6), and thus are more prominently observed. Thus our data strongly supports the
loading preference of HLA-B peptide ligands reported previously, where a phospho-
serine neo-antigen at P4 can extend out of the binding groove, to bind putatively to
T-cells in a PTM-dependent manner (22, 23, 32-34).

Taken together, we show in this work that detection of HLA class | peptide ligands
can be improved tremendously by a carefully deliberated choice, or complementary
use of high pH RP and SCX fractionation. We demonstrate here that the physical
and chemical properties of HLA class | peptide ligands can strongly influence the
choice of analytical strategy, and that with a research question in mind surrounding
a particular HLA locus, allele or peptide ligand PTM, a rational consideration of which
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pre-fractionation to adopt will meaningfully expand coverage in the ligandome space
of interest, and potentially boost identification of the much sought-after tumor neo-
antigens.
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HLA-A*02:01 HLA-A*02:03 HLA-A*02:06

HLA-B*07:02 HLA-B*27:05 HLA-B*27:20

HLA-A*30:01 HLA-A*31:01

Supplementary Figure S1: Gibbs clustering motifs for nine different HLA types.
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Abstract

HLA class | and HLA class Il molecules play critical roles in our adaptive immune
system by signaling a cell's health status to the immune system, through
presentation of small peptides. Understanding HLA biology is important due to its
prominent implication in auto-immune diseases and role in cancer immuno-therapy.
Although both the HLA class | and class Il antigen processing and presentation
pathways have been studied extensively, the fundamental rules in HLA class I
antigen presentation still remain less understood. To clarify the mechanistic and
adaptive differences between the HLA class | and class Il systems, we challenged a
B lymphoblast cell line (JY), widely used as model system in studying antigen
presentation, with a high temperature treatment, to mimic a ‘fever-like state’,
representing one of the most common physiological responses to infection. In the
absence of real invading pathogenic peptides to present, we could focus on
delineating the intrinsic HLA pathway adaptations in response to high temperature
in this particular cell line. Following a three-pronged approach we performed
quantitative analyses of the proteome, the HLA class | ligandome, as well as the HLA
class Il ligandomes. The data reveal that elevated temperature may already prepare
these cells for an immune-like response, through increased HLA class Il presentation
capacity and specific release of, from the invariant chain originating, CLIP peptides.
Interestingly, at high temperature, prominent changes in the composition of the CLIP
repertoire were observed, with enrichment of peptides containing C-terminal
extensions beyond the CLIP-core region. Collectively, these illustrate intriguing
temperature sensitive adaptations in this B cell line.
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Introduction

Human leukocyte antigen (HLA) class | and class |l molecules are transmembrane
proteins that present small peptide ligands (8- to 12-mers, and 13- to 18-mers
respectively) from either endogenous or exogenous proteins to the immune system.
Thereby, they play a crucial role in our adaptive immune defense (1). These peptides
also reflect the health status of the presenting cells. Usually, the presentation of a
‘self’ peptide can be tolerated by the immune system, whereas cells presenting a
‘non-self peptide, such as viral, bacterial or mutated peptide, will be destroyed when
the immune system is triggered. This prevents the further propagation of viral and/or
bacterial infections and puts a stop to cancer initiation. Since failure to eliminate such
diseased cells can lead to severe consequences, it is critical to fully understand HLA
class | and HLA class Il peptide ligand processing and presentation.

HLA peptide processing and presentation is increasingly studied in view of its
potential therapeutic role in personalized anti-cancer therapy (2-5). While similarities
exist between the HLA class | and HLA class Il presentation pathways, there are
also key differences that distinguish these pathways. HLA class | peptide ligands are
presented to CD8" T-cells and predominantly sourced endogenously, from peptides
that arise from intracellular protein degradation or from defective ribosomal products
(6, 7). Some of these peptides may then be translocated to the endoplasmic
reticulum (ER) via antigen peptide transporter 1 and/or 2 in the ER membrane (6, 8).
In the ER, the peptide loading on empty HLA class | molecules proceeds via a
complex containing tapasin, calreticulin and ERp57 (9), but also higher affinity
peptides constantly compete off lower affinity ones. Upon loading of a high affinity
peptide, the glycan on the HLA class | molecule triggers release from the ER towards
the Golgi apparatus and subsequently to the plasma membrane to present its
peptide (10). Recently, a tapasin analogue, TAPBPR has been reported. Although
these proteins are analogues, TAPBPR does not associate with the peptide loading
complex, does not have to reside in the ER and is mutually exclusive with tapasin
and therefore plays an alternative role in peptide loading (11). The fact that this
pathway is only recently discovered highlights that, despite intense past
investigations, there is still much more to discover about HLA peptide processing
and presentation.

The HLA class |l presentation pathway is inherently different. HLA class Il peptide
ligands are presented to CD4" T-cells and predominantly sampled from exogenous
proteins and endogenous proteins produced via autophagy in the endosomal
pathway (12). HLA class Il complexes are assembled in the ER, where, instead of
binding of a high affinity antigenic peptide, a part of CD74 (invariant chain) binds into
the peptide binding groove and targets the molecule into the endosomal pathway
(13, 14). HLA class Il molecules come in contact with antigenic peptides in the MIIC
compartment (15), where the invariant chain is cleaved sequentially by legumain
(LGMN), cathepsin S, cathepsin L and cathepsin F, leaving behind a smaller peptide
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fragment called CLIP. This HLA class Il bound CLIP peptide can be exchanged out
for a higher affinity antigenic peptide with help of the chaperones HLA-DM and HLA-
DO (16, 17). After loading, the HLA class Il complexes with peptide ligands are
transported to the plasma membrane through vesicular transport where they are
stably inserted (18-20).

While these HLA class | and class || mechanisms have been studied for a long time
in normal homeostatic conditions, still very little is known about how specific cellular
stress conditions could alter these pathways, similarly or distinctively. Therefore, we
induced heat stress on JY B-cells by a three-day exposure to high temperature, to
monitor how HLA processing and presentation are affected. Physiologically, this
would be akin to a fever state (21), without actual invading pathogens. From this, we
discovered that heat-induced cellular stress alone seemed to re-shape the B-cell
proteome and prepares B-cells for an immune response, thereby specifically
modulating the ultimate step in HLA class Il presentation, and stimulating release of
specific CD74 CLIP peptides.

Materials and Methods

Cell culture

The B-lymphoblastoid cell line JY (HLA-A*02:01, HLA-B*07:02, HLA-C*07:02, HLA-
DPA1*01:03, HLA-DPB1*02:01/04:02, HLA-DQA1*01:03/03:01, HLA-
DQB1*03:02/06:03, HLA-DRA*01, HLA-DRB1*04:04/13:01, HLA-DRB4*04, HLA-
DRB5*02) was cultured in RPMI 1640 medium (+glutamine, Gibco, United States)
supplemented with 10% fetal bovine serum, 50 U/ml penicillin and 50ug/ml
streptomycin in a humidified incubator at 37°C with 5% CO:2. Three days before
harvest, the cells were split and grown at either 37°C or 40°C in a humidified
incubator with 5% CO:a.

Proteomics

JY cells were lysed in 8M Urea in 50mM ammonium bicarbonate supplemented with
1x complete EDTA-free protease inhibitor cocktail (Roche Diagnostics, Switzerland),
50ug/ml DNAse | (Sigma-Aldrich, United States) and 50ug/ml RNAse A (Sigma-
Aldrich). The lysate was cleared by centrifugation for 1h at 18000g at 15°C. The
protein concentration was determined with the Bradford assay (Bio-Rad, United
States). For each sample, 50ug of whole cell lysate was reduced, alkylated and
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digested sequentially with Lys-C (1:100) and trypsin (1:75). The digested peptides
were acidified to 0.1% formic acid and purified by SepPak C18 columns (Supelco,
United States). Peptide elution was performed with 80% acetonitrile in 0.1% formic
acid. The samples were dried by vacuum centrifugation and reconstituted in 2%
formic acid prior to LC-MS/MS analysis. Per sample, three technical replicates were
measured by LC-MS/MS.

HLA class | and HLA class Il ligandomics

Per condition, 5x108 cells were harvested by centrifugation and washed three times
with phosphate-buffered saline (PBS) which had been incubated at the respective
growth temperatures. The pelleted cells were disrupted in 10ml lysis buffer per gram
cell pellet for 1.5h at 4°C, on gentle end-to-end rotation. The lysis buffer consisted of
Pierce IP lysis buffer (Thermo Fischer Scientific, United States) supplemented with
1x complete protease inhibitor cocktail (Roche Diagnostics), 50ug/ml DNAse |
(Sigma-Aldrich) and 50ug/ml RNAse A (Sigma-Aldrich). The lysate was then cleared
by centrifugation for 1h at 18000g at 4°C. The protein concentration of the
supernatant was determined with the BCA assay (Pierce, United States).

HLA class | immuno-affinity purification was performed as previously described (22).
Briefly, HLA class | complexes were purified from 25 mg of lysate, using 0.5mg
W6/32 antibody (23) coupled to 125ul protein A/G beads (Santa Cruz, United
States). To prevent co-elution, the antibodies were cross-linked to protein A/G
beads. For retrieval of HLA class Il complexes, we used an HLA-DR specific antibody
(B8-11-2, Bioceros/Polpharma Biologics, The Netherlands), and performed the
pulldown using the HLA class | depleted lysate as input. For both immuno-affinity
purifications, incubation took place at 4°C for approximately 16h. After immuno-
affinity purification, the beads were washed with 40ml of cold PBS. HLA class | and
HLA class Il complexes and peptide ligands were eluted with 10% acetic acid. The
peptide ligands were separated from the HLA molecules using 10kDa molecular
weight cutoff filters (Millipore, United States) for HLA class | and 30kDa molecular
weight cutoff filters (Millipore) for HLA class Il. The flowthrough containing the HLA
class | or HLA class Il peptide ligands was freeze-dried, reconstituted in 0.1% formic
acid for further cleanup by C18 STAGE tips (Thermo Fischer Scientific), and eluted
from C18 STAGE tips with 80% acetonitrile, 0.1% formic acid. The samples were
dried by vacuum centrifugation and reconstituted in 2% formic acid prior to LC/MS-
MS analysis. Per sample, three technical replicates were measured by LC-MS/MS.
The 10kDa and 30kDa retentate containing HLA class | and HLA class Il proteins
were resuspended in 8M Urea, and retained for gel analyses.
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Proteome LC-MS/MS analysis

The data was acquired with an UHPLC 1290 system (Agilent) coupled to a Q-
Exactive HFX mass spectrometer (Thermo Fischer Scientific). The peptides were
trapped (Dr Maisch Reprosil C18, 3uM, 2cm x 100uM) for 5min in solvent A (0.1%
formic acid in water) before being separated on an analytical column (Agilent
Poroshell, EC-C18, 2.7uM, 50cm x 75uM). Solvent B consisted of 80% acetonitrile
in 0.1% formic acid. The gradient was as follows: 5min trapping, followed by 155min
gradient from 10% to 36% solvent B. Subsequently, 10min of washing with 100%
solvent B and 10min re-equilibration with 100% solvent A. The mass spectrometer
operated in data-dependent mode. Full scan MS spectra from m/z 375-1600 were
acquired at a resolution of 60,000 to a target value of 3x108 or a maximum injection
time of 20ms. MS/MS spectra were acquired at a resolution of 15,000. The top 15
most intense precursors with a charge state of 2+ to 5+ were chosen for
fragmentation. HCD fragmentation was performed at 27% normalized collision
energy on selected precursors with 16s dynamic exclusion at a 1.4m/z isolation
window after accumulation to 1x10° ions or a maximum injection time of 50ms.

Ligandome LC-MS/MS analysis

The data was acquired with an UHPLC 1290 system (Agilent) coupled to an Orbitrap
Fusion Lumos Tribrid mass spectrometer (Thermo Fischer Scientific). Peptides were
trapped (Dr Maisch Reprosil C18, 3 uM, 2 cm x 100 pM) for 5 min in solvent A (0.1%
formic acid in water) before being separated on an analytical column (Agilent
Poroshell, EC-C18, 2.7 um, 50 cm x 75 ym). Solvent B consisted of 80% acetonitrile
in 0.1% formic acid. The gradient was as follows: first 5min of trapping, followed by
90min gradient from 7% to 35% solvent B. Subsequently 10min of washing with
100% solvent B and 10min re-equilibration with 100% solvent A. The mass
spectrometer operated in data-dependent mode. Full scan MS spectra from m/z 400-
650 (HLA class I) or m/z 300-1500 (HLA class IlI) were acquired at a resolution of
60,000 after accumulation to a target value of 4x10° or a maximum injection time of
50ms (HLA class |) or 250ms (HLA class Il). Tandem mass spectrometry (MS/MS)
spectra were acquired at a resolution of 15,000. Up to three most intense precursors
with a charge state of 2+ or 3+ starting at m/z 100 (HLA class I) or charge state 2+
to 5+ (HLA class Il) were chosen for fragmentation. For peptide identification EThcD
fragmentation (24) was performed at 35% normalized collision energy on selected
precursors with 18s dynamic exclusion (HLA class |) or 60s dynamic exclusion (HLA
class Il) after accumulation of 5x10* ions or a maximum injection time of 250ms (HLA
class I) or 1500ms (HLA class II).
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Proteome data analysis

Raw files were searched using MaxQuant version 1.6.10.0 and the Andromeda
search engine against the human Uniprot database (20431 entries, downloaded in
December 2019) edited with the JY-specific HLA proteins. Enzyme specificity was
set to trypsin and up to 2 missed cleavages were allowed. Cysteine
carbamidomethylation was set as fixed modification. Methionine oxidation and N-
terminal acetylation were set as variable modifications. Precursor mass tolerance
was set to 20ppm. Fragment ion tolerance was set to 4.5ppm. False discovery rate
(FDR) was restricted to 1% in both protein and peptide quantification. For
quantitative comparisons, label-free quantification (based on unique + razor
peptides) was enabled with “match between runs”. For HLA protein quantification,
the label-free quantification was based on unique peptides only. Data normalization
and statistics were performed with Perseus version 1.6.7.0. Gene ontology (GO)
analysis was performed with Database for Annotation, Visualization and Integrated
Discovery version 6.8 (DAVID (25)). The data was visualized with Graphpad Prism
8.0.

Ligandome data analysis

Raw files were searched using Sequest HT in Proteome Discoverer 2.2 against the
Swiss-Prot human database (20258 entries, downloaded in February 2018) edited
with JY specific HLA proteins and 20 most abundant FBS contaminants (26). The
search was set to unspecific with a minimum precursor mass of 797Da to a maximum
precursor mass of 1950Da (HLA class |) or a minimum precursor mass of 350Da to
a maximum precursor mass of 5000Da (HLA class IlI) with a mass tolerance of
10ppm. Fragment ion tolerance was set to 0.02Da. The identified peptides were
filtered against 1% FDR using the Percolator algorithm, 5% peptide FDR and Xcorr
>1. Cysteine cysteinylation and methionine oxidation were set as variable
modifications. From the identified peptides, FBS contaminants were removed.
Binding affinity of HLA class | peptide ligands was predicted with NetMHCpan-4.0
(27) with a binder cutoff at rank 2. Binding affinity of HLA class Il ligands was
predicted with NetMHClIpan-4.0 (28) with a binder cutoff of <1000nM. Alignments
were made using the msa R package. The data was visualized with Graphpad Prism
8.0.

Experimental design and statistical rationale

For each proteome and HLA peptidome biological sample, three technical replicates
were measured. These samples were injected from separate injection wells to
prevent evaporation and thereby concentration of the samples. Proteome LFQ
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intensities were extracted by MaxQuant and were Log2 transformed in Perseus. The
proteome identifications were filtered for at least 2 valid values in at least one of the
conditions. Missing values were imputed based on a normal distribution. Pairwise
comparisons were performed using a student’s t-test (two-sided, adjusted p-value
<0.0%5).

Results

Composition of JY HLA class | and class Il ligandomes

To investigate how the B-cell proteome and ligandome changes upon cellular stress,
JY cells were grown at 37°C and subsequently split into two and further grown for
three days at either 37°C or at 40°C before analysis. From these paired materials,
we purified HLA class | and HLA class Il complexes and peptide ligands sequentially
from the JY cell line, grown at 37 °C. The JY cell line is homozygous for HLA-
A*02:01, HLA-B*07:02, HLA-C*07:02, which simplifies the interpretation of HLA
class | peptide presentation, and makes it a widely used benchmarking cell line in
immunopeptidomics (22, 29-35). In terms of HLA class Il, JY cells have the alleles
HLA-DPA1*01:03, HLA-DPB1*02:01/04:02, HLA-DQA1*01:03/03:01, HLA-
DQB1*03:02/06:03, HLA-DRA*01, HLA-DRB1*04:04/13:01, HLA-DRB4*04 and
HLA-DRB5*02, as verified by HLA typing via next generation sequencing. By means
of Coomassie staining, we verified the specific immunoaffinity capture of HLA class
| and HLA class Il proteins on SDS-PAGE at the respective molecular weights
(Figure 1A). This gave us confidence that sequential purification of HLA class | and
class Il complexes from the same lysate was feasible, with a detectable yield.

From HLA class | purification, we identified >10,000 unique peptide ligands (10380
1 24, Figure 1B), over three technical replicates. Within this, 93% of all peptides were
predicted to bind to HLA-A*02:01, HLA-B*07:02, or HLA-C*07:02. The smaller
number of HLA-C binders is likely due to lower protein copy number of HLA-C
relative to the other class | HLAs (36, 37). In contrast to the large identification of
HLA class | peptide ligands, only about 2100 HLA class Il peptides (2173 + 10, Figure
1C) were identified. This lower identification number, though still with high specificity
of 81%, is expected and consistent with the lower expression level of HLA class Il
on JY cells. Here we only predicted the binding affinity against HLA-DR alleles, since
we performed the HLA class Il immunoaffinity purification with a DR-specific
antibody, unlike in the HLA class | purification where a pan-HLA class | antibody
(W6/32) was used. The combined peptide numbers for HLA-A/B/C and HLA-DRB1
exceed 100% as the binding motifs for the alleles can be similar. In that way,
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peptides can be assigned to multiple alleles. As expected, HLA class Il peptide
ligands were also substantially longer with a mode of 15 residues, compared to 9
residues for HLA class | (Figure 1D).

Interestingly, HLA class Il peptides sampled from the top ten source proteins made
up almost 70% in intensity in each measurement, suggesting that fragments of these
ten source proteins heavily dominate the HLA class Il peptide ligandome, in the
absence of pathogenic peptides to present. Amongst these was CD74, the invariant
chain precursor protein of the CLIP peptide(s), which is known to bind and aid the
folding of HLA class Il molecules. Peptides originating from class | HLA proteins were
also amongst the top contributors to HLA class Il ligandome presentation. This is
likely due to the obligatory retrograde recycling of plasma membrane HLA class |
molecules during HLA class Il presentation (38, 39). In a striking cross comparison,
the top ten source proteins only contributed about 10% of the HLA class | peptide
ligands (Figure 1E), reflecting fundamental differences in the sampling space of HLA
class | and class Il peptide presentation.
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Figure 1: HLA class | and class Il peptide ligand characteristics. A) Coomassie stained gel of
immunoprecipitated HLA class | and HLA class Il proteins. The HLA class | and HLA class Il bands are
visible at 41kDa and 30kDa respectively. B) Total number of HLA class | peptide ligands identified. First
bar shows the total number, the other bars the distribution per HLA type. C) Total number of HLA class Il
peptide ligands identified and their distribution over the different HLA types. D) HLA class | (grey) and
HLA class Il (black) peptide ligand length distributions. E) Abundance based top 10 source proteins
contributing to the HLA class | and HLA class Il peptide ligandomes.
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The CD74 peptide cluster is the most sampled self-protein in the HLA class Il
repertoire

Given the high occupancy of CD74 peptides on HLA class Il molecules (~20%,
Figure 1E), we examined the sequence features and intensities of all these CD74
peptides more closely. CD74 is a 296 amino acid protein that plays a key role in HLA
class Il peptide loading. During the early steps of HLA class Il peptide loading, the
CLIP region of CD74 (Figure 2A) is known to be inserted into the HLA class Il binding
groove to stabilize the complex and prevent unspecific binding of other peptides,
until the molecule has reached the endosomal compartment where the intended
peptide cargo is picked up(14, 40-42). With an open HLA class Il peptide groove that
can accommodate both N-terminal and C-terminal peptide protrusions(43), the HLA
class Il binding groove was reported to contain four anchoring positions (P1, P4, P6
and P9) where M107, A110, P112 and M115 from the CLIP core region are
supposed to bind (17, 44).

In our JY HLA class Il peptide ligandome, a total of 32 different peptides from the
CD74 CLIP region were detected (Figure 2B). By aligning these peptides against the
CD74 CLIP sequence, we noticed that only M115 (out of the four documented anchor
positions) is perfectly conserved in all the CLIP peptides detected, whereas almost
half of the peptides (15 out of 32) did not include M107. This affirms that what is
classically described as the ‘CLIP peptide’ is not a single sequence, but a set of
different sequences. Moreover, almost all the peptides from CD74 featured
extensions outside the core region; 17 peptides were detected with N-terminal
extensions, whereas 15 were C-terminally extended. By means of NetMHClIpan
predictions, we further verified that all these 32 peptides detected could bind to
DRB1*04:04/13:01, and that each of these peptides can bind to at least one of the
two DRB1 alleles of the JY cell line, with <1000nM affinity. Despite apparent
sequence laddering, the intensity distribution of these 32 CLIP peptides was far from
uniform. For instance, a LPKPPKPVSKMRMATPLLMQALPM peptide contributed
about 50% in intensity, and 8 other peptides together constitute another 38% in
intensity (Figure 2C, Supplementary Table 1), suggesting that in addition to sequence
variation, intensity, which may be used as a proxy for HLA class Il groove occupancy,
could also differ. Collectively this data consolidates the CLIP peptide repertoire and
proportion in normal growth conditions at 37 °C.
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High temperature prepares B cells for an HLA class Il imnmune response

With extensive HLA class | and class Il peptide ligandome characterization of the JY
cell line, and resting characteristics of the CLIP peptide repertoire fully documented,
we next challenged the model system with a three-day heat treatment at 40°C, to
simulate a prolonged fever response though in the absence of real invading
pathogens. We then analyzed the total proteome together with the HLA class | and
class Il peptides, for temperature-induced changes along the antigen presentation
pathway and consequences on the ligandome. Without the competition for loading
and interference of foreign antigens, we aimed to better focus on the intrinsic
response and adaptations on antigen presentation.

As shown in the volcano plot (Figure 3A, Supplementary Table II) summarizing
changes in 3478 proteins that were quantifiable in at least 2 out of 3 technical
replicates, relatively few proteins were regulated by drastic fold-changes, suggesting
proteome changes were not widespread but likely quite specific in JY cells subjected
to high temperature. Indeed, the proteins that did change in abundance by more than
2-fold (177 upregulated; 103 down-regulated) were significantly enriched for
functional processes involving regulation of T cell proliferation and activation, and
interferon-gamma mediated signaling, both of which are consistent with the
biological function of B cells during an infection (45-47) (Figure 3B-C). Amongst the
upregulated proteins, numerous cell surface localized cluster of differentiation (CD)
proteins indicating B cell functional activation were also detected (Figure 4A-B). The
presence of CD20 and CD22 has been linked to B-cell activation and differentiation
(48-50), while CD86, CD48, CD70, CD47 and CD166 are markers of functional B
cells that can engage in T cell co-simulation (51-55). CDS9 is the major protective
protein against the membrane attack complex (complement system), ensuring that
only invading pathogens are lysed (56) and CD40 is required for immunoglobulin
production (57). In the gene ontology enrichment performed on up-regulated proteins
(Figure 3B), the most significant enrichment was found in the biological process of
HLA class Il antigen presentation (Figure 3B-C). This affirmed the relevance of heat
treatment and our model system to study temperature-induced changes in antigen
presentation.

A detailed examination of specific changes in HLA class Il antigen processing and
presentation pathway revealed that only the abundance of HLA class Il molecules
seemed to change significantly (>2-fold) on heat treatment, while no significant
changes were observed elsewhere along the HLA class Il antigen presentation route
(Figure 5A). A mild elevation in CD74 protein level (of 1.6 fold) might also have
correlated additionally with the need to bind more copies of HLA class Il proteins en
route to the endosome. Collectively, this demonstrates that the adaptations in JY
cells, induced by high temperature, likely occur in the final step of HLA class Il
presentation, but not earlier in the capacity to invaginate and breakdown exogenous
pathogens (for instance LGMN, IFI30, CTSS, Figure 5A).
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In contrast, the HLA class | pathway appeared to be minimally altered at the elevated
temperature (Figure 5B), both at the processing and presentation levels. Although a
marginal increase in ER transporter BCAP31 was detected, the ER transporter
function of BCAP31 is not specific only to the export of loaded HLA class |
complexes, but also involving general export of many other membrane proteins. This
proteome comparison of the presentation machinery thus provides clear evidence
that the regulation of HLA class | and class Il pathways are controlled distinctly and
independently, such that either system may be triggered separately. In addition, the
specific up-regulation of HLA class Il proteins and CD74 appear to be priming steps
following high temperature that might have consequences such as boosting HLA
class Il presentation when pathogens are indeed present in the system.

To evaluate this adaptation in high temperature further, at the level of HLA peptides
presented, we overlapped either class | or class Il peptide ligand species identified
at 37°C and 40°C (Figure 6A-B). Since the temperature adaptation did not involve
increased expression of HLA class | proteins, it was logical that the total number of
HLA class | peptide ligands presented did not change significantly (9589 + 71 peptide
ligands), and a large peptide species overlap of 91% was observed. HLA class Il
peptide ligand species on the other hand were increased by 17% in total (2547 + 12
peptide ligands). Considering that the abundance of every HLA class Il protein
increased by more than 100% (Figure 5A), the increase in HLA peptide species
seemed low. This implies that at 40°C, more HLA class Il proteins are loaded with
seemingly the same repertoire of peptide ligands. This is also evident from Figure
6C, where the top 10 source proteins contributing peptides to HLA class | and class
Il presentation remain largely the same as in the case of normal growth at 37°C
(Figure 1F). Specifically, EIF4G and TMED? (for class |) and FCER2 (for class Il) in
Figure 6C were not amongst the top 10 source proteins at 37°C (Figure 1E), but all
still within the top 40 major source proteins providing peptides for HLA class | and
class Il loading. Collectively, these data lead us to conclude that at 40°C, more HLA
class Il proteins are made, but the HLA class Il peptide ligandome repertoire does
not change drastically with expanded sampling from more proteins.

C-terminal extended CLIP-core peptides are overrepresented at 40°C

As shown earlier, 34 different laddered CLIP peptides were detectable in the HLA
class Il peptidome of cells cultured at 37°C (Figure 2B), making CD74 one of the
most heavily sampled self-proteins in JY cells. Intriguingly, high temperature induced
shifts in sampling from CD74, both in terms of individual CLIP peptide intensity, as
well as the composition of the CLIP repertoire. As shown in Figure 7A, the total
occupancy of CLIP on the HLA class Il molecules decreased from 20% to 10% on
exposure to high temperature. The most abundant species out of the CLIP repertoire
at 37°C, LPKPPKPVSKMRMATPLLMQALPM (51%), remained the most abundant
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at 40°C, but its total contribution to the CLIP repertoire was halved to 28% (Figure
7B). In addition, the next six most abundant CLIP variants contributed instead 60%
of the intensity to the CLIP cluster. As such, the CLIP repertoire at 40 °C was more
balanced, and consisted of multiple equally abundant variants (Figure 7B) instead of
the at 37 °C dominant LPKPPKPVSKMRMATPLLMQALPM peptide (Figure 2C).
Quantitatively, N-terminal and C-terminal extended CLIP peptides were also
differentially presented by HLA class Il proteins when cells were exposed to high
temperature (Figure 7C-E). Collectively, these data outline both the qualitative and
quantitative changes in the HLA class Il associated CLIP peptide repertoire when JY
cells are exposed to high temperature.
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Figure 6: HLA class | and class Il peptide ligand characteristics at 40°C compared to 37 °C. A)
Overlap of identified HLA class | peptide ligands between 37°C and 40°C. B) Overlap of identified HLA
class Il peptide ligands between 37°C and 40°C. C) Top 10 source proteins of HLA class | and HLA class
Il peptide ligandomes at 40°C.

Taken together, the up-regulation in HLA class Il proteins (Figure 5A) together with
decreased total CLIP occupancy seems to suggest additional priming mechanisms
in preparation to present peptides from exogenous pathogens. It is intriguing that
elevated temperature alone is sufficient to trigger these changes. The peculiar skew
towards C-terminal extension on the other hand seemed to imply that CLIP peptide
trimming may be influenced by temperature.
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Figure 7: Temperature induced changes in the HLA bound CLIP peptide repertoire. A) Contribution
of CD74 CLIP peptides to the total HLA class Il ligandome at 37°C and 40°C. B) Pie chart of all identified
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Discussion

In this study, we returned to some of the basics of in HLA peptide presentation to
expand our understanding of the fundamental rules underlying this process. By
analyzing the proteome and the HLA class | and class Il peptide ligandomes from
the same batch of JY cells, we could directly compare and contrast the antigen
presentation via class | and class Il mechanisms in the same biological system. This
enabled over 10,000 HLA class | and more than 2100 HLA class Il peptide ligands
to be purified and identified from the same batch of JY material (Figure 1). While the
resting HLA class | ligandome consisted of diverse peptide fragments from many
more intracellular proteins, the HLA class Il ligandome is dominated by peptide
ligands originating from only a dozen different source proteins, contributing ~70% to
the total MS intensity. In concordance with a previous report (58), we also observed
that the dominant peptides loaded on HLA class Il molecules were derived from
mostly membrane proteins and HLA class | proteins, as well as CD74, thereby
reflecting the unique biochemical processing and loading paths specific to HLA class
Il presentation.

In the absence of invading pathogens, peptide fragments of CD74 dominate the HLA
class Il ligandome of resting JY cells. While the contribution of the CLIP peptide was
estimated to be ~60% in previous reports (44, 59), we found this proportion to be
much more modest, at about 20% in our experiment. We believe this discrepancy
arises largely from the lack of instrument sensitivity, such that other low-intensity
class Il ligands were not detectable, leading to a skewed quantitative estimate of
CLIP peptide contribution. Indeed, with significantly increased MS detection
sensitivity, we now also discover a larger repertoire of CLIP peptides, characterized
by sequence laddering, particularly with both N-terminal and C-terminal extensions
in addition to the CLIP-core sequence (Figure 2).This supports the notion that CLIP
is a set of different sequences centered around a di-leucine motif (13, 60). Even
though CLIP was classically thought to anchor in the open peptide groove of HLA
class Il via four residues, we found M107 amongst these four to be dispensable in
half of the CLIP peptides detected from our model system. On the contrary, the di-
leucine sequence is conserved in 31 out of 32 CLIP peptides, suggesting that this
region may be way more critical for binding to HLA class Il molecules, and that these
four additional anchor positions may only play a subsidiary role to assist in the
loading of the CLIP peptide repertoire. The importance of these additional anchor
sites may then also vary depending on the HLA class Il allele and specific peptide
loading groove. Indeed, in support of our model, CLIP peptide sliding and flipped
docking have been sporadically reported (61).

By employing a pathogen-free and artificially-induced high temperature treatment in
culture, we mimicked a three-day fever state (21) to probe changes to the HLA class
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| and class Il antigen presentation systems in B cells. This experimental setup may
seem simplistic, but was put together with much thought to focus on identifying host
adaptations at the proteome and antigen levels. Even in the absence of real invading
exogenous pathogens, we observed that our model system became adapted in three
days for B-cell activation, and various B-cell specific functions (Figure 3, Figure 4),
suggesting that temperature alone could trigger the cells and partly prepare them to
tackle infections by means of upregulation of HLA class Il proteins. In addition, the
absence of real invading exogenous pathogens allowed us to observe the
spontaneous loss of CLIP peptide binding to HLA class Il proteins, as opposed to
these peptides being competed off the HLA class || molecules by peptides originating
from pathogenic proteins. Such a spontaneous loss of CLIP peptide binding would
not have been discernable in a pathogen challenged system. We thus believe,
conceptually, this is a very interesting observation and physiologically intriguing
adaptation in the immune system that we show here to be highly specific to HLA
class Il presentation.

More intriguingly, we also observed that the CLIP peptide repertoire loaded on HLA
class Il proteins can change in composition at elevated temperatures (Figure 7B). In
our opinion, this is unlikely due to global changes in the class Il peptide processing
pathways, since a very large proportion of the other HLA class Il peptide ligands
remain unchanged (Figure 6B), the HLA class Il peptide processing proteins remain
largely un-regulated (Figure 5A) and the top 10 source proteins also did not change
substantially (Figure 6C). In fact, amongst these top 10 proteins, CD74, the precursor
to the CLIP peptide repertoire is the only protein to become significantly less sampled
at the higher temperature (Figure 7A). By aligning these pieces of evidence, high
temperature appears to specifically increase the expression of HLA class Il proteins
(Figure 5A), and change the occupancy of specific CLIP peptides on HLA class Il
molecules. This is also consistent with the critical role of CLIP in protecting the
peptide loading groove from pre-mature antigen loading before HLA class Il proteins
reach the endosome (13, 60). As such, the release of CLIP peptides at high
temperature may indeed signal a preparatory step to present peptides of exogenous
pathogens. Moreover, not only is the collective occupancy of CLIP peptides on HLA
class Il proteins halved at 40 °C (from ~20% to ~10%), the distribution of CLIP
variants within the CLIP repertoire was also altered, in favor of peptides with C-
terminal extensions beyond the CLIP-core (Figure 7D). Specifically, the proportion
of C-terminally extended CLIP peptides increased from 39% to 61% during high
temperature treatment. This may further hint at temperature-induced changes in HLA
class Il peptide trimming, which may be interesting to explore in the future.

To further examine the coherence of our CLIP repertoire against other HLA class |l
ligandomes, we also analyzed the ligands from three publicly available HLA class I
datasets (PXD004894(4); PXD020011(62); PXD012308(63)). PXD004894 contains
HLA class Il ligandomes of 21 different melanoma cell lines. PXD020011 contains
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immature and mature dendritic cell ligandomes from three different donors as well
as the paired CD19+ B cells and CD4+ and CD8+ T cells. PXD012308 contains HLA
class Il ligand data from 7 different B cells (also JY), one T-cell line and 15 different
meningioma cell lines. In all cases where CLIP peptides were documented, they
were derived from N-terminal extended CD74 peptides, in agreement with our
observation that these CLIP species dominate in normal temperature conditions.

Although still marginally when compared to work on HLA class | ligandomes, in
recent years also quite a few mass spectrometry-based HLA class Il peptide profiling
studies have been reported (64-69). This growing interest may be linked in view of
the strong disease correlation. Nonetheless, the fundamental rules in HLA class Il
antigen presentation still remain much less clear than for HLA class |. The fever state
is one of the most common physiological responses that accompany infections,
which may be accompanied by changes in preference for the CLIP repertoire, as we
show here. However, the current study is limited to a single commonly-used B cell
line grown in vitro. In addition, HLA-DO and HLA-DM proteins were also below
detection in the JY cell line, which precluded further investigations into the
mechanism and efficiency of CLIP peptide exchange in this cell line system. Future
work should establish if these temperature adaptations are conserved in more cell
lines, and look into if these HLA-II proteins loaded with C-terminal CLIP are still
inserted in the cell surface, although the approach we take here requires a significant
input of cell material, which may not be compatible with tissue-level profiling. More
fundamentally, it would be interesting to identify the mechanism of shift in CLIP
presentation, as such information may enable a specific boost to the presentation of
foreign antigens to intensify the trigger of the host immune system. This may lead to
quicker natural clearance of such disease-causing pathogens, without too much
interference on the normal HLA class | and class Il peptide ligandome.
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Figure S1: HLA class | and class Il peptide ligand characteristics at 40°C. A) Total number of HLA
class | peptide ligands identified and their distribution over the different HLA class | types. B) Total number
of HLA class Il peptide ligands identified and their distribution over the different HLA class Il types. C)
HLA class | (grey) and HLA class Il (black) peptide ligand length distributions.
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Abstract

Presentation of antigens by human leukocyte antigen (HLA) complexes at the cell
surface is a key process in the immune response. The a-chain, containing the
peptide binding groove, is one of the most polymorphic proteins in the proteome. All
HLA class | a-chains carry a conserved N-glycosylation site, but little is known about
its nature and function. Here, we report an in-depth characterization of N-
glycosylation features of HLA class | molecules. We observe that different HLA-A a-
chains carry similar glycosylation, distinctly different from the HLA-B, HLA-C and
HLA-F a-chains. Whereas HLA-A displays the broadest variety of glycan
characteristics, HLA-B a-chains carry mostly mature glycans, HLA-C and HLA-F a-
chains carry predominantly high-mannose glycans. We expected these glycosylation
features to be directly linked to cellular localization of the HLA complexes. Indeed,
analyzing HLA class | complexes from crude plasma and inner membrane enriched
fractions confirmed that most HLA-B complexes can be found at the plasma
membrane, while most HLA-C and HLA-F molecules reside in the ER and Golgi
membrane and HLA-A molecules are more equally distributed over these cellular
compartments. This allotype-specific cellular distribution of HLA molecules should
be taken into account when analyzing peptide antigen presentation by
immunopeptidomics.
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Introduction

Major histocompatibility complex (MHC) class | molecules, in humans termed human
leukocyte antigen (HLA) complexes, play a key role in our immune system, as they
provide a means to present foreign peptide antigens at the cellular surface, providing
a signal to our T-cells to eliminate them. Following their initial discovery as main
factor in defining successful organ transplants, HLA complexes and peptide
presentation processes have been studied extensively over the last decades (1-3).
As a result of this large body of research, we have quite a coherent picture of how
HLA class | molecules function, and largely understand their critical role in
transplantation (4, 5), autoimmunity (6-9), bacterial and viral infections (10-13), and
more recently tumor immunotherapy (14, 15).

The cellular processes underlying HLA class | antigen presentation are well
understood (16). Briefly, the endogenously synthesized class | peptide ligands of
antigens are generated primarily by cytosolic and nuclear proteasomes. These
peptides are translocated to the endoplasmic reticulum (ER) where they are loaded
into the peptide binding groove of HLA class | molecules by means of the peptide-
loading complex (PLC). After an antigen has been loaded, the stable and functional
HLA class | complex comprises a heavy a-chain, a 2-microglobulin (2m) chain and
the loaded peptide. These complexes traverse out of the ER, into the Golgi, en route
to the cell-surface. Upon incorporation into the plasma membrane, the peptide can
be presented to CD8* T cells, thereby allowing the T cells to identify and eliminate
pathogen-infected cells or cancer cells (17, 18).

Beyond this generic description, HLA class | complexes are actually extremely
diverse. This diversity starts at the DNA level, as in the human genome 6 genes
encode for 6 different HLA class | heavy chains; the more abundantly expressed
classical genes A, B, and C and the non-classical genes E, F, and G. The classical
HLA-A, B and C genes are highly polymorphic, where several thousands of alleles
have been identified across the population (19). The most frequent polymorphisms
are found in the sequence regions that encode the peptide-binding groove,
highlighted by green boxes (20, 21) (see Figure 1A). These polymorphisms allow for
a wide range of specificities for peptide binding, which consequently allows a diverse
set of peptides to be presented at the cell-surface. Figure 1A summarizes sequence
polymorphisms that are observed in some of the most common HLA A, B and C
allotypes (22). The sequence homology of these proteins is also visualized through
the phylogenetic tree (depicted in Figure 1B), from which it is clear that allotypes
belonging to separate classical genes do cluster more together. A much more
extensive phylogenetic tree analysis of HLA allotypes is provided in Figure S1.

Notwithstanding these widespread and frequently occurring polymorphisms, a
particular region in the sequence, conserved over all reported alleles (19) is
highlighted in purple in Figure 1A. This highlighted NxS/T motif is a well-known motif
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for N-linked glycosylation. It has been established that the asparagine 86 site is
indeed glycosylated (23), however the nature of the glycans attached and their
functional role have not been extensively studied. In Figure 1C a structural model of
the HLA class | complex is depicted, with attached to it, modeled to scale, a
commonly observed mature glycan structure. It is apparent from this structural model
that the N-glycan is localized in the proximity of the peptide binding groove, and likely
when the molecule is at the plasma membrane the glycan can be exposed to the
outside of the cell and interact with external factors, including of T cell origin.

Cellular protein N-glycosylation is a complex multi-step process in which many
enzymes in the ER and Golgi are involved. Therefore, HLA complexes will undergo
their glycosylation while traversing through the ER and Golgi compartments. The
rate of this traversal has been studied by pulse-chase assays which use
endoglycosidase H (Endo H), an enzyme that digests specifically high-mannose and
hybrid/asymmetric glycans (on HLA) to assess the rate through the ER and early
Golgi (24-27). To describe the N-glycosylation pathway in short, during this process
a Glc3Man9GIcNAc2 glycan is first transferred to the target protein, during or shortly
after protein synthesis and translocation into the ER (28). Subsequently, this
structure is trimmed, losing two Glc residues to form Glc1Man9GIcNAc2. Next, if the
protein is folded correctly the last Glc residue is removed, and the protein can
continue to the Golgi. In the ER or early cis-Golgi, additional Man residues can be
removed. This leaves only the Man3GIcNAc2 core that is found in nearly all N-linked
glycans. Subsequently in the medial- and trans-Golgi, processing occurs to form
complex type glycans with antennae that can include several GlcNAc, Fuc, Gal and
SA residues (29-31). It is expected that a protein is transported to the cell-surface
only after full glycan maturation has occurred.

Here, we monitored in detail the HLA gene specific glycosylation patterns of HLA
class | molecules of three different cell lines, all homozygous for the classical HLA
genes A, B and C. The cell lines and the allotypes they harbor are shown in Figure
1C. Using a glycopeptide-centric proteomics approach for each distinct HLA heavy-
chain, unique glycopeptides could be identified harboring distinct glycoforms.
Quantifying these different glycoforms revealed that each of the HLA allotypes was
modified with a distinct glycoform profile, which we expected to be directly linked to
their differential cellular distribution. When further dissected with subcellular
fractionation, we could indeed observe distinctive glycosylations that correlate with
differential plasma membrane presentation. In the studied JY cells for instance, our
data indicate that HLA-B complexes reside nearly exclusively at the plasma
membrane, whereas a large part of the HLA-A complexes are also observed in inner
membrane compartments. This correlates with our findings that HLA-B has
exclusively mature bisected and extended glycans, while HLA-A has a considerable
fraction of immature high-mannose glycans. As far as we know, this is the first time
that HLA class | glycoform profiling is taken as an indicator to assess HLA cellular
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localization. Although the correlation between glycosylation and localization was
expected, our approach allows us to directly sample subcellular localization of each
HLA allotype considering glycosylation as localization marker, and shows that each
HLA allotype can have a unique subcellular distribution despite their very high
molecular and structural similarities.

A a, chain
A%01.01 1 GSHS i VSRPGRGEPRFIAG VDDTQFVYRFDSDAASQKMEPRAPWIEQEGPEY G| 91
A02:01 1 GSHS i VSRPGRGEFRFIAG VDDTQFVRFDSDAASQRMEPRAPWIEQEGPEY AG| 91
A%03:01 1 GSHSMR VSRPGRGEPRFIAG VDDTQFVRFDSDAASQRMEPRAPWIEQEGPEY AG| 91
B*07:02 1 GSHSMR VSRPGRGEF‘RFISG VDDTQFVRFDSDAASPREEPRAPWIEQEGPEY AG| 91
B*08:01 SMR MSRPGRGEPRFISG VDDTQFVRFDSDAASPREEPRAPWIEQEGPEY G| 91
B*57.01 SMR MSRPGRGEPRFIAG VDDTQFVRFDSDAASPRMAPRAPWIEQEGPEY G| 91
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Figure 1: Sequence and Structural Characteristics of HLA class | molecules. A) Multiple sequence
alignment of the mature form of several common classical HLA A, B and C genes and HLA F*01:01. The
a1 and a2 domains of the sequences are shown starting at position 1 of the mature sequence and ending
at position 182. Above the amino acid sequence, the a1 and a2 domains are highlighted in blue and
orange. Positions that display amino acid variation between allotypes are highlighted in red with darker
tints indicating a higher degree of sequence variation. The conserved N-linked glycosylation site motif is
highlighted in purple. Amino acids involved in forming the peptide binding groove are boxed in green B)
Phylogenetic tree visualization of the multiple sequence alignment depicted in 1A. Although all HLA class
| genes display high homology, the allotypes still cluster per distinct classical gene type. See Figure S1
for a much more extensive phylogenetic analysis of HLA class | heavy chain allotypes. C) Structural
model of the HLA-A*02:01 molecule (PDB: 114F). Chains within the HLA molecule are colored: a1-Blue,
a2-Orange, a3-Green, 32m-Grey and Binding Peptide-Red. Attached to Asn86 is modeled on scale a
reported detected bisected glycan structure.
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Materials and Methods

Cell culture

The B-lymphoblastoid cell line JY (containing HLA-A*02:01, HLA-B*07:02, HLA-
C*07:02) was cultured in RPMI 1640 medium (+glutamine, Gibco) supplemented
with 10% fetal bovine serum, 50 U/ml penicillin (Gibco) and 50 ug/ml streptomycin
(Gibco) in a humidified atmosphere at 37 °C with 5% COz. The B-lymphoblastoid cell
lines DEM (containing HLA-A*02:01, HLA-B*57:01, HLA-C*06:02) and DBB
(containing HLA-A*02:01, HLA-B*57:01, HLA-C*06:02) were cultured in RPMI 1640
medium (+glutamine) supplemented with 15% fetal bovine serum, 1 mM sodium
pyruvate (Gibco), 50 U/ml penicillin and 50 pg/ml streptomycin in a humidified
atmosphere at 37 °C with 5% CO:..

HLA class | immuno-affinity purification and protein digestion

Per cell line, 5x108 cells were harvested by centrifugation and washed three times
with phosphate-buffered saline (PBS). The cells were lysed in 10 ml Pierce IP lysis
buffer (Thermo Scientific) supplemented with 1x complete protease inhibitor cocktail
(Roche Diagnostics), 50 pyg/ml DNAse | (Sigma-Aldrich) and 50 pg/ml RNAse A
(Sigma-Aldrich) per gram cell pellet for 1.5 h at 4 °C. The lysate was cleared by
centrifugation for 1 h at 18000 g at 4 °C. The protein concentration was determined
using the BCA assay (Pierce). HLA class | immuno-affinity purification was
performed as described by Demmers et al. (32). In short, HLA class | complexes
were immunopurified using 0.5 mg W6/32 antibody (33) coupled to 125 pl protein
A/G beads (Santa Cruz) from 25 mg whole cell lysate. For the plasma membrane
and inner membrane fractions 0.16 mg W6/32 antibody coupled to 40ul protein A/G
beads was used for ~160 ug and ~60 ug input respectively. To prevent co-elution,
the antibodies were cross-linked to protein A/G beads. Incubation took place at 4 °C
for approximately 16 h. After immuno-affinity purification, the beads were washed
with 40 ml of cold PBS. HLA class | complexes and peptide ligands were eluted with
10% acetic acid. The peptide ligands were separated from the HLA molecules using
10 kDa molecular weight cutoff filters (Millipore). The HLA molecules were denatured
in 8 M Urea in 500 mM ammonium bicarbonate with 1x complete EDTA-free protease
inhibitor cocktail (Roche Diagnostics). The HLA proteins were reduced, alkylated and
digested with 50 ng trypsin. The digested peptides were loaded onto C18 SEPPAK
columns (Supelco) in 0.1% formic acid and eluted after clean-up with 80%
acetonitrile in 0.1% formic acid. The samples were dried by vacuum centrifugation
and reconstituted in 2% formic acid prior to LC-MS/MS analysis.
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Cellular Fractionation

Plasma membrane fractionation was performed by gentle homogenization in an
isotonic environment, in the absence of detergents. Homogenized JY cells were
applied to a dextran gradient for phase-separation (by differential partitioning) into
the plasma membrane fraction (low density top fraction) or inner membrane fraction
(high density bottom layer. Intermediate fractions where liquid-liquid mixing could
occur were carefully and generously discarded. A similar approach has been
published previously (34).

Mass spectrometry analysis

Glycoproteomics data were acquired using an Agilent 1290 UHPLC (Agilent)
coupled to an Orbitrap Fusion™ Lumos™ Tribrid™ mass spectrometer (Thermo
Scientific). Proteomics data was acquired using an equivalent UHPLC setup on a Q-
exactive™ HF (Thermo Scientific). Peptides were first trapped on a 2cm x 100 ym
Reprosil C18 trap column (3 um particle size), followed by separation on a 50 cm x
75 pym Poroshell EC-C18 analytical column (2.7 pym). Trapping was performed for 5
minutes 0.1% formic acid (solvent A) and eluted with a gradient using 80% ACN with
0.1% formic acid (Solvent B). Gradient: 13% B to 40% B over 48 min. 40% B to 100%
over 1 min holding at 100% B for 4 min.

For proteomics the mass spectrometer was operated in data dependent mode using
a top 15 method. Full MS scans were captured using 60000 resolution at 200 m/z,
mass range 310 - 1600 m/z, with an AGC target of 3e6, and max injection time of 20
ms. MS/MS scans were triggered on charge states 2 — 5 and excluded for 12 sec
after selection. A selection window of 1.4 m/z was used followed by HCD
fragmentation at 27 normalized collisional energy. Fragmentation scans were
captured at 30000 resolution, with a fixed first mass of 120 m/z, with an AGC target
of 1e5 and 50 ms max injection time.

For glycoproteomics the mass spectrometer was operated in a product ion triggered
data dependent mode using a 3 sec cycle type. Full MS scans were captured on the
Orbitrap at 60000 resolution at 200 m/z, mass range 350 — 2000 m/z, with an AGC
target of 4e5, and max injection time of 50 ms. MS/MS scans were triggered on
charge states 2 — 8 and excluded for 30 sec after selection. A selection window of
1.6 m/z was used followed by fragmentation used HCD at 30% collisional energy.
Fragmentation scans were captured on the Orbitrap at 30000 resolution, with mass
range 120 - 4000 m/z. For stepping HCD and EThcD triggering methods a targeted
mass trigger was configured with a mass list of common glycan oxonium ion
fragments as reported by Reiding, K.R., et al. (35). When at least 3 ions were
detected another MS/MS scan was triggered on the same precursor. These scans
used the same isolation and resolution parameters. For EThcD calibrated charge
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dependent ETD parameters were used and 25% supplemental activation, stepping
HCD used collisional energies of 10, 25 and 40%. EThcD and Stepping HCD scans
used AGC target of 400% and 250 ms max injection time.

Data analysis

Data analysis of proteomics data was performed using MaxQuant (v.1.6.17.0) and
the Andromeda search engine. Data was searched against a Swissprot human
database (20431 entries, downloaded on Sept 18, 2019) appended with the specific
HLA allotypes found in each cell line. Enzyme specificity was set to trypsin and up
to 2 missed cleavages were allowed. Fixed modification of carbamidomethyl at C
and variable modifications oxidation at M and N-terminal acetylation were used. An
FDR rate of 0.01 was set for both protein and peptide identification. Label free
quantification was performed using IBAQ (36, 37).

Data analysis of glycoproteomics data was performed using PMi-Byonic (Protein
Metrics) (v3.6). Byonic settings were as follows, fully specific c-terminal of RK with
up to 2 missed cleavages. 10 ppm precursor mass tolerance both HCD and EThcD
were applicable with fragment mass tolerance of 20 ppm. Modifications, oxidation
variable at M, carbamidomethyl fixed at C, and using the Byonic N-glycan 132 human
database for identification of glycosylation. Precursor isotope off by x was set to “Too
high or low (narrow)’ with a maximum precursor mass of 10,000 Da. Precursor
assignment was computed from MS with a maximum of 2 precursors per MS/MS. A
1 % FDR (or 20 reverse count) cutoff was used with decoys added in the database.
For the protein database, a fasta file was created containing all HLA class | and class
Il allotypes for the specific cell lines. Subsequent analysis was performed with
Python 3.8 using Pandas 1.1.3 (38), Numpy 1.19.2 (39), Matplotlib 3.3.2 (40) and
Seaborn 0.11. Glycopeptides were selected with a minimum Byonic score of 150
and absolute log probability higher than 1. In addition, a glycan needed to be
detected at least 6 times per HLA protein per cell line. Glycans were assigned
categories based on compositional requirements. Paucimannose: HexNAc < 2, Hex
< 3. High mannose: HexNAc = 2, Hex > 3, Hybrid/Asymmetric: HexNAc = 3,
Diantennary: HexNAc = 4, Bisected: HexNAc = 5, Hex < 5, Extended: HexNAc = 5,
Hex > 5. Distributions of glycan categories were calculated based on glycan peptide
spectral match (PSM) counts.
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Results

Abundances of HLA class | proteins and their glycosylation profiles in whole cell
lysates

To investigate the glycosylation of HLA class | heavy chain molecules in detail, we
selected a panel of three human cell lines namely DBB, DEM and JY. These cell
lines are all Epstein-Barr virus transformed immortalized B lymphoblastoid cells of
the ECACC HLA-Typed collection, and were selected as they all express HLA class
| at a reasonably high level. All three cell lines are homozygous for HLA Class |,
meaning that each only expresses a single A, B and C allotype. DBB and DEM both
express HLA-A*02:01, B*57:01 and C*06:02. JY expresses HLA-A*02:01, B*07:02
and C*07:02 (Figure 1C). These allotypes are amongst some of the most common
allotypes found in the Caucasian population and these cell lines are routinely used
as model systems for studying HLA molecules and their peptide ligandomes (41-43).

The analysis was started by enriching all HLA class | molecules from whole cell
lysates by immuno-affinity purification using the pan-HLA class | W6/32 antibody
(33). The purified HLA complexes were digested by trypsin and all resulting peptides
were subjected to LC-MS/MS. In a first set of shotgun proteomics analyses, the
relative abundance of the different HLA molecules was assessed in the 3 studied
cell lines, using only the unique non-glycosylated HLA peptides. To achieve relative
quantification, the IBAQ intensities of the HLA proteins in a sample were summed
and the intensity of each HLA protein in that sample was normalized to this summed
intensity. Clearly, this data revealed that in all cell lines the order of abundance in
the whole cell lysates was HLA-A > HLA-B > HLA-C > HLA-F (see Figure 2A and the
Supplementary Tables S1-S3, unique peptides used for quantification are shown in
Supplementary Tables S6-S8). In contrast to the typical data-dependent shotgun
proteomics approaches, a glycopeptide targeted product-ion triggered fragmentation
strategy was next employed. Precursor ions were selected and fragmented using
higher-energy collisional dissociation (HCD) as is also the case in standard shotgun
methods. However, if the resulting MS/MS scan contained glycan specific oxonium
ions, an additional EThcD or stepping-energy HCD scan was triggered on the same,
likely glycopeptide, precursor ion (35). In this targeted approach and enabled by the
high sequence coverage, we could confidently assign a variety of glycopeptides for
each HLA allotype, based on the small but unique protein sequence features. Since
the HLA class | molecules were amongst the most abundant proteins in the sample,
as a result of the immuno-affinity enrichment, no further enrichment of glycopeptides
was needed to analyze the glycopeptides.

Based on the mass shift induced by the glycans to the peptide backbone, combined
with the known biosynthetic knowledge about human protein glycosylation, we next
annotated glycan compositions to all identified HLA glycopeptides, which were
assigned to a smaller number of categories as depicted and color-coded,
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schematically in Figure 2B. Among these 6 categories high-mannose glycans
(green) are characterized by having only Man residues extending the Man3GIcNAc2
core shared by all N-glycans. Complex type glycans instead have branches
extending the core that are initiated by GIcNAc, which can still be further elongated.
Additionally, complex type glycans often contains one or more Fuc and SA residues.
Hybrid/asymmetric glycans (purple) display one Man extended branch and one
complex type branch. Diantennary glycans (light blue) instead have two complex
type branches. Extended glycans (red) have more than two complex type branches.
Bisected glycans (orange) are complex type glycans carrying a bisecting GIcNAc
residue attached to the B-Man of the core. Finally, paucimannose and truncated
glycans (dark blue) are small mannose glycans or truncated glycans that do not have
the complete N glycan core.
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Figure 2: HLA abundances and glycosylation in the cell lines DBB, DEM and JY. A) Normalized
protein abundances of different HLA class | molecules immunopurified from whole cell lysates determined
by proteomics, using solely unique non-glyco peptides for quantification. Within the bars, the non-
normalized values are depicted. B) Categorization and color-coding of glycan classes. The 6 glycan
categories are paucimannose (dark blue), high-mannose (green), hybrid/asymmetric (purple),
diantennary (light blue), bisected (orange) and extended (red). C) Stacked bar plots depicting the
distribution of glycans for each HLA class | gene in each cell line. Within the bars, the horizontal white
depicts the standard deviation averaged over 9 injection replicates. On the right of each bar, values
indicate the cumulative number of glycopeptides detected across all injection replicates.
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We next assessed the relative abundance of these different categories per individual
HLA glycopeptide based on the number of spectral counts (peptide-spectra matches;
PSMs) we observed in our LC MS/MS analysis (27), the detected glycopeptides and
glycans are listed in Supplementary Tables S11-S13 and S16-S18 respectively.
These results are depicted in Figure 2C using the color codes for the different glycan
categories, with errors bars obtained from replicate measurements. A more detailed
overview of the observed glycan compositions is provided in Figure S2. At first
glance, although there is some similarity, this analysis revealed that glycoprofiles of
allotypes can be quite distinct, even when they are expressed in the same cell. It
should be noted that the site occupancy of the glycan is 100%, a fact we could also
reproduce by measuring the intact mass of HLA-A by LC-MS. Consequently, non-
glycosylated versions of the glycopeptides were not detected in any experiments.

HLA-A*02:01 is abundantly expressed by all three cell lines we investigated. Our
data reveal that the glycosylation profile on HLA-A*02:01 is nearly identical in all
three cell lines and dominated by bisected (orange) and extended (red) glycans.
However, a considerable fraction (25-30% based on spectral counts) of the HLA-A
molecules carry smaller and/or simpler glycans, mostly high mannose (green) but
also some paucimannose (dark-blue) glycans. The DBB and DEM cell lines express
B*57:01, the glycosylation of which in these two cell lines is nearly identical and
resembles closely that of HLA-A*02:01. In sharp contrast, HLA-B*07:02 in JY cells
did harbor a distinct glycosylation pattern, that features almost exclusively bisected
(orange) and extended (red) glycans. Distinctively, many more HLA-C molecules,
i.e. HLA-C*07:02 in JY cells, and HLA-C*06:02 in both DBB and DEM cells
(estimated to be around 50% based on spectral counts), are detected with high-
mannose glycans (green). The HLA-C glycosylation patterns are quite similar in all
three studied cell lines, but different from the other HLA genes. Finally, we also
detected, while substantially less abundant, unique glycopeptides originating from
HLA-F in all three cell lines. However, we were not able to annotate the exact HLA-
F allele. HLA-F, being one of the non-classical HLA genes, is much less polymorphic
(only 6 different forms have been reported), and all these variants share the same
sequence for the part covering the tryptic glycopeptides studied here. In addition,
according to our proteomics data, HLA-F expression is quite low, with the DBB cell
line forming a noticeable exception (Figure 1A). HLA-F independent from the source
cell of origin was found to be nearly exclusively harboring high-mannose type
glycans (green). We did not consider the two other non-classical HLA genes; HLA-
E and HLA-G. Sporadically a few unique peptides of HLA-E were detected in our
analyses, although their abundance were substantially lower compared to the other
HLAs. No unique glycopeptides were detected for HLA-E. No unique peptides for
HLA-G were detected in any of our analyses.
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Annotation of glycan structures on HLA glycopeptides

LC-MS/MS on glycopeptides is well suited to determine the most likely glycan
composition. How these carbohydrate moieties are linked together in the glycan
structure, however, is much harder to reveal by mass spectrometric means.
Nonetheless, in exceptional cases LC-MS/MS can also shed light on how a glycan
is structured, as nicely described for bisecting glycans by Dang et al. (44), using
diagnostic fragment ions. Following a similar strategy, we depict in Figure 3A, an
EThcD fragmentation spectrum for a glycopeptide derived from the heavy chain of
HLA B*57:01, observing diagnostic fragment ions indicating glycan bisection. In
detail, in Figure 3A at m/z 1168.7 (z=5+) the intact precursor is shown, annotated
with “M”. From this data, we determined the intact glycan to have the
SA2Gal2Man3GIcNAc5Fuc1 composition. In the ETheD spectrum a fragment at m/z
1051.5 (z=4+) is detected, assigned to the peptide plus the glycan lacking 4
Hexoses, 2 HexNAcs and 2 NeuAcs. The mass loss observed for this fragment ion
indicates the loss of both antennae on the glycan. After cleaving off both antennae
only a peptide+GIcNAc3Man1Fuc1 fragment remains. This fragment is unique to
bisecting glycans, suggesting the bisecting structure of the glycan we observed on
HLAs.
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Figure 3: Examples of annotated HLA heavy chain glycopeptides. A) EThcD MS/MS spectrum of a
HLA-B*57:01 derived bisected glycopeptide (DBB cell line). The precursor glycopeptide (M), m/z 1168.7
(z=5+), together with it annotated glycan structure are indicated. The fragment ion at m/z 1051.5 (z=4+),
with its annotated glycan structure, is verifying the proposed bisected structure. Several additional peptide
backbone and glycan fragment ions used for the identification of the glycopeptide are annotated. B)
EThcD MS2 spectrum of a HLA-A*02:01 derived high-mannose glycopeptide (DBB cell line). The
annotated glycan structure is indicated. Several additional peptide backbone and glycan fragment ions
used for the identification of the glycopeptide are annotated. See Figure S3 for additional MS/MS spectra
of different HLA glycopeptides.
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In Figure 3B, the EThcD spectrum of a HLA-A*02:01 derived glycopeptide harboring
the high-mannose glycan Glc1Man9GIcNAc2 is shown. High-mannose glycans can
have up to 9 Man residues, thus the 10th hexose is accredited to a Glc. The high-
mannose glycan Glc1Man9GIcNAc2 is thought to be important for binding of the HLA
heavy chain to the folding chaperone Calreticulin in the ER. Calreticulin interacts
optimally with monoglucosylated HLA class | heavy chains, whatever their state of
assembly with light chains and peptide and inhibits their aggregation (45, 46). It is
expected that proteins harboring these glycans are localized in the ER. As our
experiments were carried out on whole cell lysates, this data hints at that we analyze
both internal as well as cell-surface expressed HLA molecules. In Figure S3, several
more MS/MS spectra are provided highlighting different glycopeptides detected in
our measurements.

Relative abundances of HLA class | proteins and their glycosylation profiles in the
plasma membrane versus the inner membrane

Following their initial synthesis by the ribosome, HLA molecules reside in and
traverse through the various inner-membrane compartments (ER and Golgi) of the
cell, where they are properly folded and loaded with peptide on their way to the
plasma membrane. During this process, maturation of the HLA heavy chain glycan
occurs by the various glyco-enzymes present in these compartments (29-31). The
data presented above were all resulting from HLA affinity enrichments performed on
whole cell lysates. However, our data did indicate that HLA molecules within a single
cell may be differentially glycosylated, which we expect to be linked to the
compartmental localization of the HLA molecules in and on the cell. In essence, we
utilize the glycosylation characteristic as a proxy for the subcellular distribution of the
HLA molecules. Therefore, we extended our analysis performing the HLA affinity
enrichment separately on (crude) plasma membrane and inner membrane (mostly
ER and Golgi) fractions of the cells. This pre-fractionation comes at the expense of
sensitivity, as the pull-downs generally require quite some starting material.
Consequently, in the fractionated samples we were able to detect only the highest
abundant glycopeptides, yielding a less accurate representation of the glycan
repertoire. Although some sensitivity is lost, it should still show whether the
glycosylation accurately represents the distributions of HLA molecules. We
performed this analysis on the JY cells, as in the whole cell lysates of these cells we
observed the most striking differences in glycosylation patterns between HLA-A, B,
C and F (Figure 2). A proteomics-based evaluation of the subcellular fractionation,
as described previously (47), assessing the enrichment of protein UniProt keywords
in the inner and plasma membrane fractions (Figure S4) revealed successful
fractionation.
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Figure 4: HLA abundances and glycosylation in different compartments of the JY cells. A)
Normalized protein abundances of different HLA class | genes in whole cell lysates, and the inner
membrane (ER and Golgi) and plasma membrane fractions determined by proteomics, using solely
unique non-glyco peptides for quantification. Within the bars, the non-normalized values are depicted. B)
Stacked bar plots depicting the distribution of glycans for each HLA class | gene in each of the three
analyzed fractions. Abbreviations for whole cell (WC), inner membrane (IM) and plasma membrane (PM)
are used to specify the compartments. Within the bars, the horizontal white lines depict the standard
deviation averaged over 9 injection replicates for the whole cell and 3 injection replicates for inner- and
plasma membrane preparations. On the right of each bar, values indicate the cumulative number of
glycopeptides detected across all injection replicates. Due to the low abundance of HLA-B in the inner
membrane fraction, and for HLA-F, no glycopeptides could be detected following the cellular fractionation.
The whole cell data presented in this figure is identical to the JY cell data presented in Figure 2.

Again, as described above, we assessed by standard shotgun proteomics,
quantifying by solely using unique peptides, the relative abundance of the different
HLA molecules in the plasma and inner-membrane fraction and compared that to
that observed in the whole cell lysates (Figure 4A, and Supplementary Tables S3-
S5 unique peptides used for quantification are shown in Supplementary Tables S8-
S10). A list of other abundantly detected proteins is provided as supplementary table.
This data clearly revealed that while HLA-A is quite abundant in both the plasma and
inner membrane fractions, HLA-B is nearly uniquely enriched in the plasma
membrane. In contrast, HLA-C was found to be enriched in the inner membrane
fraction. Moreover, while HLA-F could not be detected in the whole cell and plasma
membrane, it was reasonably abundant in the inner membrane fraction.

Next, we focused on potential compartment specific HLA heavy chain glycosylation
(Figure 4B), and for the glycopeptide analysis we again performed immuno-affinity
purification on the HLA molecules. We were only able to make that comparison for
the classical HLA class | genes A, B and C, as the abundance of HLA-F was too low
for detection of sufficient glycopeptides. Additionally, although we detected a few
HLA-B unique peptides in the shotgun experiments for the inner-membrane fraction
we did not detect glycopeptides of these molecules in the inner membrane fraction,
likely due to the low abundance of these molecules in that fraction (Figure 4A). In
Figure 4B the same glycan categorization and color-coding is used as in Figure 2B
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and additionally the data for the whole cell lysate (WC) shown in Figure 2B is
replicated in Figure 4B for comparison with the data obtained for the inner membrane
(IM) and plasma membrane (PM) fractions. The data presented in Figure 4B clearly
show that complex glycans represented by the bisected (orange) and extended (red)
categories are enriched in the PM fraction, especially for HLA-A and HLA-B.
Conversely, high-mannose glycans are found to be enriched in the IM fraction,
especially for HLA-A and HLA-C. The fact that we do not detect paucimannose and
diantennary glycosylated glycopeptides in the IM and PM fractions may likely be
attributed to our lower sensitivity in these experiments due to the lower amount of
starting material prior to the affinity purification. The detected glycopeptides and
glycans are given in Supplementary Tables S13-S15 and S18-S20. Notwithstanding
these sensitivity issues, the data presented in Figure 4 clearly reveal that the pool of
HLA molecules is indeed distributed over the different compartments, and these HLA
molecules carry compartment “specific” glycans.

Discussion

Here we report an in-depth characterization of the N-glycosylation features of HLA
class | molecules, affinity purified from whole cell lysates and enriched plasma
membrane and inner membrane fractions. We make the striking observation that
different allotypes also display different glycosylation patterns, which is noteworthy
considering that HLA molecules of different allotypes are nearly identical in
sequence and structure, except for a few key residues in the peptide-binding groove.
Cumulatively, the data presented here hint at a substantial diversity in the distribution
of HLA class | complexes over the different membrane compartments of the cell. By
using glycosylation as a proxy for subcellular localization we are able to show that
different allotypes are distinctly distributed over the compartments and that a
considerable amount of HLA molecules may reside intracellularly.

Based on the observed glycosylation patterns it appears that HLA-B complexes,
especially in JY cells, are mostly rather mature in their glycosylation and reside
largely on the plasma membrane of the cell. In sharp contrast, the population of HLA-
C molecules are largely enriched in less mature high-mannose glycans, and mostly
residing in the inner-membrane ER/cis-Golgi compartments. Even more so HLA-F is
exclusively modified with high-mannose glycans and seems largely retained in the
inner membrane compartments of the cell, as proposed previously (48). The
population of HLA-A complexes in the cell display a glycan distribution ranging from
paucimannose, high-mannose, diantennary, to fully matured bisected and extended
glycans, and seems also to be more widely distributed over the plasma membrane
and the inner-membrane compartments. The distinctive glycosylation and cellular
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localization of HLA class | proteins as observed in this study is schematically
summarized in Figure 5. These observations are made in our model JY cells, but are
also conserved to some extent in the DBB and DEM cells that we analyzed in
parallel.

Peptide
Presentation

Fully matured

Transport Complex

Quality

High-mannose
Control

HLA class |

Peptide TAP — Glycan

Loading Fin e attachment
Peptides —: °
R = = =

Figure 5. Distinctive glycosylation and cellular localization of HLA class | proteins. Starting as
nascent chains synthesized by cellular ribosomes HLA heavy chains traverse through specific inner
membrane compartments to get properly folded, trimmed, associated with the 32m chain, loaded with the
peptide antigens and glycosylated. These processes occur largely sequential and require chaperones,
the peptide-loading complex and a variety of glycoenzymes, residing in the different sub compartments
of the ER and Golgi. Fully assembled, peptide-loaded and maturely glycosylated HLA complexes make it
to the cell surface becoming embedded in the plasma membrane, where they present the peptides to the
T-cell receptors of CD8+ T-cells. The arrows on either side of the schematic indicate the stages of HLA
antigen expression (left) and glycosylation maturation (right). The HLA complexes of different class |
genes are color coded corresponding to the colors used in figures 2A and 4A. The number of copies
presented illustrate roughly their relative distribution over the inner membrane compartments and plasma
membrane in JY cells. Moreover, prototypical HLA glycans observed uniquely in the inner membrane
fraction and plasma membrane fractions are depicted as well.

Previous reports have also looked at the functional role for the N-linked glycosylation
on HLA heavy chains. It has been reported that the glycan Glc1Man9GIcNAc2 is the
specific structure that is recognized by the folding chaperones calnexin and
calreticulin (49), which form a part of the PLC (50). Consequently, absence of the
HLA glycan, accomplished by mutating the asparagine 86, has been shown to
completely eliminate PLC activity in vitro (51). A specific functional role of the glycan
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when the HLA molecule is at the cell surface has not been reported. Except for the
discovery that sialylation modulates cell surface stability (52). This observation is not
surprising considering the generalized role of sialic acid for extracellular proteins (53,
54).

While it is well known that HLA complexes can reside either at the plasma membrane
and at the inner membranes of the ER and Golgi compartments, the exact
distribution of different class | allotypes over these compartments has been not been
investigated in detail. Evidently, this distribution is determined by a variety of factors.
Formation of sub-optimally loaded HLA molecules, e.g. loaded with low affinity
peptides, can be retained intracellularly or exhibit shorter a half-life (55).
Furthermore, certain sequences exhibit a preference for TAP which consequently
promotes PLC formation, ultimately leading to increased cell surface expression
(56). There is also the TAP independent route for peptide loading utilizing the protein
TAPBPR that has different affinities for certain HLA allotypes (57). An extreme case
has been identified where a single natural polymorphism between two allotypes
B*44:02 and B*44:05, has strong implications for peptide loading, where the
presence of tapasin even lowers the affinity of peptides that can be loaded on
B*44:05 (25, 26). However, whether such factors could contribute to the substantial
observed differences in subcellular localization between allotypes as shown here is
unclear.

In support of our observations, Ryan and Cobb summarized that there are noticeable
differences in glycosylation between HLA-A/HLA-B and HLA-C (58). They argue that
the distinct N-glycans found on HLA-C may correlate with a functional role separate
from those of HLA-A and HLA-B. They argued that, in line with our data, HLA-C is
less abundant at the cell surface, but also binds a more restricted repertoire of
peptide antigens, suggesting a reduced role in antigen presentation to CD8+ T cells.
Indeed, HLA-C may play a more prominent role in interaction with NK-cell receptors
(59). However, they did not report a difference between HLA-A and HLA-B
glycosylation. It has been mostly assumed that HLA-A and HLA-B are functionally
very alike. Therefore, we assume that the observed differences are caused by a
variance in efficiency at which these allotypes traverse through the secretory
pathway.

A well-defined functional role for HLA-F has yet to be established. The few reports
available hint at its predominant cellular presence in the inner membrane
compartments and being dominantly decorate with high-mannose/hybrid N-glycans
(48). However, it has also been reported that HLA-F is a high-affinity ligand for NK-
cell receptor KIR3DS1, which suggests that HLA-F could play a role similar to HLA-
C (60), although we did not detect it at the cell-surface.

Although we describe primarily the differences in glycosylation of HLA molecules
originating from different class | genes, there may also be differences within allotypes
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of a specific class | gene. For instance, our data show a substantial difference in
glycosylation between the allotypes of HLA-B (Figure 2). Whereas B*07:02 in the JY
cell harbors exclusively mature bisected (orange) and extended (red) glycans, the
HLA-B*57:01 heavy chains molecules in both the DBB and DEM cells, show a
broader distribution. Next to harboring these bisected and extended mature glycans,
a substantial proportion of (up to 25% by spectral count) diantennary (light blue) and
high mannose (green) glycans. Evidently, this could additionally be a result of the
different cell lines used in this study, with their different compartmental organization
and glycoenzymes they may harbor. In that sense, it may be interesting to extend
our glycoprofiling analysis to a well-defined cell line expressing just a single HLA
allele as reported by Abelin et al (61). Nevertheless, it is also tempting to speculate
about the observed differences with respect to HLA-B*57:01 and B*07:02, which
differ in the Bw motifs they contain. The Bw motif is a public epitope (an epitope
shared by multiple allotypes), for HLA molecules that plays a major role in transplant
rejection (62). Two motifs are recognized, Bw4 and Bw6 (63), which are found on all
HLA-B and some HLA-A heavy chains, and is determined by the amino acid
sequence surrounding the N-linked glycosylation site. HLA-B*57:01 of the DBB and
DEM cells displays a Bw4 motif while B*07:02 of JY cells displays a Bw6 motif. HLA
molecules harboring the Bw4 motif have been shown to elicit a stronger NK-cell
response (64) and the glycan attached to the HLA heavy chain is required for the
NK-cell interaction (65). There may thus be a link between this Bw motif, the HLA
glycosylation pattern and the interaction with NK-cell KIR cells.

Our findings should impact the important field of HLA peptide ligandome analyses.
In these analysis, the focus lies on pathogen-derived or cancer related neo-antigens,
presented by HLA molecules. These antigens are of great importance in the
development of pathogen- and anti-tumor targeting vaccines (14). The two main
experimental approaches to retrieve peptide-antigens from HLA molecules are
immunoprecipitation from whole cell extracts or mild acid elution on intact cells (66).
In the latter approach only the ligandome present at the cell surface should be
sampled, whereas with the former approach the intercellular HLA complexes are
probed as well. Based on our observations, the two approaches could chart
distinctive ligandomes particularly for HLA allotypes, which can have a considerable
part of their molecules residing intra-cellularly. Each approach is clearly associated
with different strengths and potential bias (67); also a definitive consensus is still
elusive, and may be context-dependent.

In conclusion, through an in-depth analysis of the glycosylation profiles on HLA class
I molecules, originating from 3 different cell lines, covering 4 different class | genes
and 6 different allotypes, we observed that they all exhibit different glycosylation
profiles. It would be interesting to expand such analysis to more cell lines covering a
broader range of allotypes, and/or even primary cells, to probe whether such
observations are general or very much cell type specific. We show that the HLA
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glycan-signature reflects the cellular organization, and is distinct for the same HLA
molecules residing at the plasma membrane or the inner membranes (ER and Golgi).
Although, this is fully in line with what would be expected based on our knowledge
of protein cellular glycosylation, analyzing glycoform profiles may thus provide a
direct quantitative assessment of the cellular distribution of specific HLA class |
molecules. As the peptide repertoire presented at the cell surface is sampled by T-
cells, our observations are significant for the analysis and interpretation of HLA
peptide ligandomes.
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Supplementary Figure 1
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Figure S1: Phylogenetic tree visualization of the most observed HLA class | heavy chain allotypes
in the European population. The allotypes were selected in order of abundance from
http://allelefrequencies.net/. For multiple sequence alignment of the HLA Class | heavy chain molecules,
only the a1 and a2 domains were used, because many allotypes are missing sequence information on
the a3 domain. Additionally, the a3 domain does not contribute to the peptide-binding groove, thus
sequence variation in this region is less relevant. As also shown in Figure 1B for a smaller number of
sequences, the HLA subtypes cluster together even when including a large number of sequences.
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Supplementary Figure 2
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Figure S2: Abundance distribution of glycans for each HLA class | gene in each investigated cell
line. Each cell shows a percentage value of the relative abundance for a glycan in a particular class |
gene and cell line (across each row). The horizontal axis shows several observed glycan compositions.
Only compositions with at least >2% relative abundance are shown, consequently each horizontal row
does not add up to 100% exactly. The cells are colored according to the color bar on the right to visually
distinguish higher abundant glycans. This figure shows in greater detail that the bisected glycan
N5H5F1S(0-2) is the most abundant glycan on HLA-A and B for all cell lines, while on HLA-C and F the
high-mannose glycans are more abundant. It also reveals in greater detail than Figure 2 that HLA-A has
a more diverse glycosylation pattern than the other genes.
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Supplementary Figure 3
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Figure S3: Additional examples of annotated MS/MS spectra of HLA heavy chain glycopeptides.
All spectra display peptide backbone and glycan fragments used for identification and annotation of the
glycopeptides. A) EThcD MS/MS spectrum of a HLA-A*02:01 glycopeptide, expressing a paucimannose
type glycan (JY cell line). B) EThcD MS/MS spectrum of a HLA-A*02:01 glycopeptide, expressing a
complex type extended glycan (JY cell line). C) Stepping energy HCD MS/MS spectrum of a HLA-B*57:01
derived diantennary glycopeptide (DEM cell line). Unlike the EThcD MS/MS spectra, in HCD and stepping
HCD MS/MS spectra the intact precursor ion (annotated as “M”) is usually not observed. However, the
accompanying MS1 scan (not shown here) still provides the intact glycopeptide mass to support the
identification. D) EThcD MS/MS spectrum of a HLA-B*57:01 glycopeptide expressing a bisected glycan
(DBB cell line). The diagnostic fragment ion for bisection is not observed, but due to the confirmation of
other bisecting glycans as shown in figure 3A, a bisecting structure is assumed. E) HCD MS/MS spectrum
of a HLA-C*07:02 derived high mannose glycopeptide (JY cell line). F) Stepping HCD MS/MS spectrum
of a HLA-F glycopeptide, expressing a high mannose glycan (DEM cell line).
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Supplementary Figure S4
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Figure S4: Proteomics analysis reveals the distinct protein keywords enriched in the Inner
membrane and Plasma membrane fractions. For both the inner and plasma membrane fractions
UniProt keywords for the top 100 most abundant proteins as determined by IBAQ were assessed. The
occurrence of keywords related to the inner and plasma membrane compartments are shown as a
percentage where a value of 100% would indicate that all top 100 proteins are assigned with the keyword.

ALLOTYPE GLYCOSYLATION OF HLA CLASS | PROTEINS 117



YES! YES! YESL. NO;NO.




Chapter 5

Single-cell derived fumor organoids
display diversity in HLA class | pepfide
presentafion

Laura C. Demmers'-2, Kai Kretzschmar4, Ame Van Hoeck®, Yotam E. Bar-
-Epraim34, Henk W. P. van den Toorn'?2, Mandy Koomen34, Gijs van Son34,
Joost van Gorp?, Apollo Pronk’, Niels Smakman?, Edwin Cuppen®8, Hans
Clevers®+?, Aloert J. R. Heck 2 & Wei Wu 12

1 Biomolecular Mass Spectrometry and Proteomics, Bijvoet Center for
Biomolecular Research and Utrecht Institute for Pharmaceutical Sciences,
Utrecht University, Padualaan 8, 3584 CH Utrecht, The Netherlands.
?Netherlands Proteomics Centre, Padualaan 8&584 CH Utrecht, The
Netherlands.

3 Oncode Institute, Hubrecht Institute, 3584 CT U’rrech’r The Netherlands.

4 Hubrecht Institute, Royal Netherlands Academy of Arts and Sciences and
University Medical Centre Utrecht, 3584 CT Utrecht, The Ne’rherlonds

5 Center for Molecular Medicine and Oncode Institute, >
Center Utrecht, Universiteitsweg 100, 3584 GE
¢ Department of Pathology, St. Antonius Ho

Netherlands.
’Department of Surgery, Diakonessenhuis
Netherlands.
8 Hartwig Medicall Foundo’non 1098 XH
?Princess Maximg (
Netherlands

Published in I
httos: //do' org



Abstract

Tumor heterogeneity is a major cause of therapeutic resistance. Immunotherapy
may exploit alternative vulnerabilities of drug-resistant cells, where tumor-specific
human leukocyte antigen (HLA) peptide ligands are promising leads to invoke
targeted anti-tumor responses. Here, we investigate the variability in HLA class |
peptide presentation between different clonal cells of the same colorectal cancer
patient, using an organoid system. While clone-specific differences in HLA peptide
presentation were observed, broad inter-clone variability was even more prevalent
(15-25%). By coupling organoid proteomics and HLA peptide ligandomics, we also
found that tumor-specific ligands from DNA damage control and tumor suppressor
source proteins were prominently presented by tumor cells, coinciding likely with the
silencing of such cytoprotective functions. Collectively, these data illustrate the
heterogeneous HLA peptide presentation landscape even within one individual, and
hint that a multi-peptide vaccination approach against highly conserved tumor
suppressors may be a viable option in patients with low tumor-mutational burden.
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Introduction

Clonal diversity and tumor evolution are key drivers of cancer progression. As
individual cancer cells within the same tumor tissue can divide and independently
acquire beneficial genetic and epigenetic traits, the tumor becomes increasingly
heterogeneous and diversely adapted to survive chemotoxic stress. As such,
differential resistance to treatment is most often attributed to molecular signatures
that are tumor clone specific (1, 2). Immunotherapy may then be administered in
combination to eliminate residual disease (3).

Central to the concept of such a sequential or combinatorial therapeutic regime, is
shifting the treatment focus away from the ‘selection’ of a chemo-resistant phenotype
(4-6), towards exploiting unique immune vulnerabilities in drug-resistant tumor
clones (7, 8).

Immunotherapy relies on the patient’s own immune system to induce an anti-tumor
response. Next to checkpoint blockade inhibitors, monoclonal antibodies and anti-
tumor vaccines may be raised against tumor cells (9) or tumor-specific cell surface
antigens (HLA class | peptide ligands), which arise as proteasome-generated
byproducts from protein homeostasis (10). While HLA class | peptide ligand
presentation mirrors the ‘health-status’ of each cell, the immense repertoire of tumor-
surface peptide antigens has become a rich source of inspiration for rational design
of highly personalized peptide vaccines (11-15).

One of the key questions that still needs to be addressed, is the extent of
heterogeneity in HLA class | peptide ligand presentation, between tumor cells in the
same environment or individual. This is important, because if substantial
heterogeneity also exists at the level of tumor cell-surface ligand presentation, tumor
cells that present less to the immune system could also evade from the efficacy of
monoclonal antibodies and anti-tumor vaccines, just like drug-resistant cancer cells
can evade from pharmacological inhibition.

In the growing field of immunopeptidomics, we and others have contributed to
drastically improve HLA peptide ligand detection, through enhanced ligand isolation,
preparation(16, 17), chromatographic separation(16, 18), the use of improved mass
spectrometry based peptide fragmentation/sequencing strategies(18) and
bioinformatics(19). Despite these notable advances in analytics, it remains difficult
to probe for variation in HLA class | peptide ligand presentation in tumor clonal sub-
populations, or even ideally in single tumor cells. The major bottleneck remains the
combination of the extreme low-abundance in neo-antigens (20) and the lack of
‘PCR-equivalents’ for proteins and HLA peptides. Here, we amplified single-cell
patient material into clonal organoids for deeper clonal proteome and HLA class |
peptide ligand analyses, starting from a low mutational burden microsatellite-stable
(MSS) colorectal cancer (CRC) patient harboring the HLA-A*02:01, HLA-
B*15:01/57:01 and HLA-C*03:04/06:02 alleles. Organoids grown in controlled
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culture are known to be genetically stable, and should retain the molecular
signatures and surface marks of the originating cells(21-23), making the organoid
technology in our investigation an ideal system to also amplify the protein and HLA
class | peptide ligands.

Using this approach, we detected clear inter clonal proteome and HLA ligandome
heterogeneity, detecting a large amount of HLA class | peptide ligands (about 7000)
across four different colorectal cancer clones, that had been isolated concurrently
from the same individual patient in vivo, and also amplified using the organoid
technology under the same in vitro conditions. Comparing against peptide ligands
presented by normal colon organoids, also from the same donor, about 300 HLA
class | peptide ligands were presented exclusively by the tumor clones. We further
identified a considerable number of clone-specific antigens and tumor-shared
antigens originating from several notorious oncogenic proteins. Interestingly, these
unique peptide ligand signatures were largely uncoupled from the trends observed
at the proteome level within the same clones, exemplifying again current limits in
predicting antigen presentation based on DNA, RNA or protein-level regulation.

To our knowledge, this is the first investigation on intra-patient clonal diversity in HLA
class | peptide presentation. The findings we distill here should ultimately contribute
towards improving therapeutic considerations and efficacy in personalized
immunotherapy.

Materials and Methods

Human material and informed consent

The organoid lines used in this study were derived from biopsies (provided by
Departments of Surgery and Pathology of the Diakonessenhuis hospital, Utrecht,
The Netherlands) of a CRC and adjacent healthy colon mucosal epithelium taken
from colon tissue resected during a left hemicolectomy to remove a CRC from a
female patient (71 years of age). Tissue collection was approved by the medical
ethical committee (METC) of the Diakonessenhuis hospital, in agreement with the
declaration of Helsinki and according to Dutch and European Union legislation. The
samples were collected under METC protocol 12/093 HUB-Cancer following written
informed consent at the Diakonessenhuis hospital Utrecht.

Organoid generation and cultures
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Colonic epithelial organoid lines were derived as previously described (24, 25).
Briefly, crypts of the healthy portion of the colonic epithelium (at least 10cm away
from the tumor side) were isolated by digestion of the intestinal mucosa in chelation
solution (5.6 mM NazHPO4, 8.0 mM KH2PO4, 96.2 mM NaCl, 1.6 mM KCI, 43.4 mM
Sucrose, and 54.9 mM D-Sorbitol, Sigma) supplemented with dithiotreitol (0.5mM,
Sigma) and EDTA (2mM, in-house) for 30 minutes at 4°C. Colonic crypts were
subsequently plated in basement membrane extract (BME; Cultrex PC BME RGF
type 2, Amsbio). Organoids were grown in human intestinal stem cell medium
(HISCM), which is composed of Advanced Dulbecco’s modified Eagle medium/F12
supplemented with penicillin/streptomycin, 10mM HEPES and Glutamax (all Gibco,
Thermo Fischer Scientific) with 50% Wnt3a conditioned medium (in-house), 20% R-
Spondin1 conditioned medium (in-house), 10% Noggin conditioned medium (in-
house), 1x B27, 1.25mM N-acetyl cysteine, 10mM nicotinamide, 50ng/ml human
EGF, 10nM Gastrin, 500nM A83-01, 3uM SB202190, 10nM prostaglandine E2 and
100ug/ml Primocin (Invivogen). Tumor biopsies were digested into single cells using
collagenase Il (1mg/ml, Gibco, Thermo Fischer Scientific), supplemented with
hyaluronidase (10ug/ml) and LY27632 (10uM) for 30 minutes at 37°C while shaking.
Dissociated tumor cells were plated in BME and organoids were cultured in HICS
minus Wnt conditioned medium and supplemented with 10uM LY27632 at 37°C.

Clonal organoid derivation and amplification

To generate clonal tumor organoid lines, early passage tumor organoids were
dissociated into single cells by TryPLE express (Thermo Fischer Scientific), washed
and suspended in FACS buffer (PBS with 2mM ETDA and 5% FCS). Prior to FACS
purification, DAPI was added to the FACS buffer. HLA-A2+ single cells were sorted
into separate wells of 96-wells plates containing 100ul HISCM with 10uM LY27632
and coated with BME. Sorted cells were then covered with 10ul BME and placed in
the incubator at 37°C. LY27632 was added to the HISCM for the first week after
sorting. Clonal tumor organoids were then expanded in HICS minus WNT
conditioned medium.

Whole genome sequencing and somatic analysis of clonal organoid lines

Organoids were dissociated and DNA was isolated using the QiaSymphony DSP
DNA Mini Kit (Qiagen; 937236). Libraries were prepared using the lllumina TruSeq
DNA Nano Library Prep Kit (20015964). Paired-end sequencing of the organoid lines
was performed (2 x 150 bp) on the generated libraries with 30x coverage using the
lllumina HiSeq X Ten sequencing system at the Hartwig Medical Foundation.
Somatic mutations were analysed by the HMF somatic mutation workflow from
https://github.com/hartwigmedical/pipeline which was installed the pipeline locally
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using GNU Guix with the recipe from https://github.com/UMCUGenetics/guix-
additions. Full pipeline description is explained elsewhere (26). Details and settings
of all the tools can be found at their Github page. Briefly, sequence reads were
mapped against human reference genome GRCh37 using Burrows-Wheeler
Alignment (BWA-MEM) v0.7.5a. Subsequently, somatic single base substitutions
(SBSs) and small insertions and deletions (INDELS) were determined by providing
the genotype and tumor (or organoid for in-vitro analysis) sequencing data to Strelka
v1.0.14 with adjustments as described in (26).

Organoid expansion and quantitative proteomics

Normal colon organoids and clonal tumor organoid lines were expanded in their
respective media to about 5 x 108 cells per organoid line. In the last medium change
3 days prior to harvest for peptidome analysis, the clonal tumor organoids lines
received standard HISCM. On the day of harvest, organoids were removed from the
6-well culture plates using medium and P1000 pipettes and spun down for 8 min at
500*g with the brakes off. Cell pellets were then incubated with Cell Recovery
Solution (Roche Diagnostics) for 30min on ice to remove excess BME. Cells
liberated from BME were then washed three times in excess PBS to remove any
residual BME. After the last wash, all PBS was removed and the tube opening was
quickly dried using a paper towel. Cell pellets were snap frozen in dry ice and stored
at -80°C.

Organoids were lysed by gentle vortexing in 8M Urea in 50mM ammonium
bicarbonate supplemented with 50ug/ml DNAse | (Sigma-Aldrich), 50ug/ml RNAse
A (Sigma-Aldrich) and 1x complete EDTA-free protease inhibitor cocktail (Roche
Diagnostics). Subsequently, the lysate was cleared by centrifugation for 1h at
18000*g at 15°C. Protein concentration was determined with the Bradford assay
(Bio-Rad). For each sample, 20ug of total protein was reduced, alkylated and
digested sequentially with Lys-C (1:100) and trypsin (1:75). For high-pH reversed
phase fractionation, peptide digests were loaded on C18 STAGE-tips in 200mM
ammonium formate at pH 10 and eluted into 5 fractions with 11-80% acetonitrile. All
samples were dried by vacuum centrifugation and reconstituted in 10% formic acid
prior to LC-MS/MS analyses. Per fraction, three technical replicates were measured
by LC-MS/MS.

Immuno-affinity purification

Organoids were lysed as described in Demmers et al, 2019 (16). In short, pHLA
complexes were immunoprecipitated (nine IP equivalents per organoid clone) using
0.7mg W6/32 antibody (27) coupled to 175ul protein A/G beads (Santa Cruz) from
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35mg organoid lysate. Antibodies were cross-linked to protein A/G beads to prevent
co-elution. Incubation took place for approximately 16h at 4°C. After
immunoprecipitation, the beads were washed with 40ml cold PBS. pHLA complexes
were subsequently eluted with 10% acetic acid. Peptide ligands were separated from
HLA class | complexes using 10kD molecular weight cutoff filters (Millipore). The
fraction containing HLA class | peptide ligands was dried by vacuum centrifugation
and reconstituted in 10% formic acid prior to LC-MS/MS analyses. Per organoid
clone, six technical replicates were measured of which three with EThcD
fragmentation (Exp 1) and three with HCD fragmentation (Exp 2).

Proteome LC-MS/MS analyses

The data was acquired with an UHPLC 1290 system (Agilent) coupled to a Q-
Exactive HF mass spectrometer (Thermo Fischer Scientific). Peptides were trapped
(Dr Maisch Reprosil C18, 3uM, 2cm x 100uM) for 5min in solvent A (0.1% formic
acid in water) before being separated on an analytical column (Agilent Poroshell,
EC-C18, 2.7uM, 50cm x 75uM). Solvent B consisted of 0.1% formic acid in 80%
acetonitrile. For high-pH reversed phase samples (fraction 1) the gradient was as
follows: first 5min of trapping, followed by 85min of gradient from 12 to 30% solvent
B and, subsequently, 10min of washing with 100% solvent B and 10min of re-
equilibration with 100% solvent A. For fraction 2 the gradient was from 15 to 32%
solvent B. For fraction 3 the gradient was from 18 to 36% solvent B. For fraction 4
the gradient was from 20 to 38% solvent B and for fraction 5 from 22 to 44% solvent
B. The mass spectrometer operated in data-dependent mode. Full scan MS spectra
from m/z 375 — 1600 were acquired at a resolution of 60.000 to a target value of
3x108 or a maximum injection time of 20ms. The top 15 most intense precursors with
a charge state of 2+ to 5+ were chosen for fragmentation. HCD fragmentation was
performed at 27% normalized collision energy on selected precursors with 16s
dynamic exclusion at a 1.4m/z isolation window after accumulation to 1x10° ions or
a maximum injection time of 50ms. Tandem mass spectrometry (MS/MS) spectra
were acquired at a resolution of 15.000.

Ligandome LC-MS/MS analyses

The data was acquired with an UHPLC 1290 system (Agilent) coupled to an Orbitrap
Fusion Lumos Tribrid (for EThcD fragmentation) mass spectrometer or a Q-Exactive
HF-X (for HCD fragmentation) mass spectrometer (Thermo Fischer Scientific).
Trapping and running conditions were similar as described above, with the exception
of a 7 to 40% solvent B gradient. The mass spectrometer operated in data-
dependent mode. Full scan MS spectra from m/z 400-650 were acquired at a
resolution of 60.000 after accumulation to a target value of 4x10% or a maximum
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injection time of 50ms. Up to 3 (EThcD) or 15 (HCD) most intense precursors with a
charge state of 2+ or 3+ starting at m/z 100 were chosen for fragmentation. EThcD
fragmentation and HCD fragmentation were both performed at 35% normalized
collision energy on selected precursors with 18s (EThcD) or 16s (HCD) dynamic
exclusion after accumulation of 5x10* ions or a maximum injection time of 250ms.
Tandem mass spectrometry (MS/MS) spectra were acquired at a resolution of
15.000.

Proteome data analysis

Raw files were searched using MaxQuant version 1.5.3.30 and the Andromeda
search engine against the human uniprot database (147854 entries, downloaded in
January 2016). Enzyme specificity was set to trypsin and up to 2 missed cleavages
were allowed. Cysteine carbamidomethylation was set as fixed modification.
Methionine oxidation and N-terminal acetylation were set as variable modifications.
The false discovery rate (FDR) was restricted to 1% in both protein and peptide
identification. For quantitative comparisons, label-free quantification (LFQ) was
performed with “match between runs” enabled. Data normalization, imputation and
statistics were performed with Perseus version 1.6.2.2. The data was visualized with
Graphpad PRISM 8.

Ligandome data analyses

Raw files were searched using Sequest HT in Proteome Discoverer 2.2 against the
Swissprot human database (20258 entries, downloaded in Feb 2018) appended with
the 20 most abundant FBS contaminants (28). The search was set to unspecific with
a minimum precursor mass of 797 Da to a maximum precursor mass of 1950 Da
corresponding to peptides between 8 and 12 amino acids long. Identified peptides
were filtered to a 1% FDR using the percolator algorithm, 5% peptide FDR and Xcorr
>1. Cysteine cysteinylation and methionine oxidation were set as variable
modifications. From the identified peptides, FBS contaminants were removed.
Binding affinity of HLA class | peptide ligand was predicted using the NetMHC 4.0
pan algorithm (29). The data was visualized with Graphpad PRISM 8.

Results

Single-cell models of colorectal cancer by using organoid amplification
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Our first objective was to generate patient-derived organoid clones, from single
tumor cells that retain heterogeneity and recapitulate the hallmarks of CRC
(schematic, Figure 1A). From the same patient, four tumor clones were isolated and
maintained in organoid culture, alongside a normal colon organoid line generated
from tumor-free colon mucosal tissue biopsied from the same patient. As shown in
Figure 1B, the tumor clones T1, T3, T4 and T5 are morphologically distinct from
normal organoids of the same patient. Somatic mutation analysis of each CRC
organoid clone, against the normal colon organoid line as germline reference,
revealed that many exonic mutations are shared between the CRC clones (Figure
1C and Supplementary Figure 1). However, every CRC organoid clone also
harbored unique mutations that recapitulate intratumor heterogeneity and reveal that
the tumor clones are not genetically identical. DNA copy number analysis also
revealed a conserved duplication of chromosome 7 and 8 and chromosomal arm
13qg (Supplementary Figure 1), which are established characteristics for CRC (30).

Single-cell amplified CRC organoid proteomes reveal clonal heterogeneity

Next to somatic mutation analysis of each CRC organoid clone, we further compared
the tumor clones by deep label-free quantitative proteomics, with abundance
comparisons made across ~6,000 proteins. As shown in Figure 2A, proteome
signatures of tumor clones were noticeably different from the paired normal organoid
line. Cluster analysis in Figure 2A reveals proteome characteristics shared by all four
tumor clones, which includes numerous proteins involved in chromosomal
segregation (Figure 2B-C) and mTOR signaling (Figure 3A). Compared to the normal
clone, a statistically significant decrease in numerous proteins that mediate mitotic
spindle assembly, regulate spindle assembly checkpoint(31, 32) or form the
chromosomal passenger complex (33) (schematic in Figure 2B) was observed. The
protein level down-regulation of these key regulators of chromosomal integrity was
found to be highly consistent across all four tumor organoid lines, with respect to the
normal control (Figure 2C), for instance, the downregulation of Aurora B (up to 25-
fold), Survivin (up to 45-fold) and INCENP (up to 78-fold). Phenotypic defects in
chromosomal segregation in these CRC organoids were further corroborated by
subsequent karyotyping analysis. Karyotype analysis of the end-stage organoid
clones revealed aneuploidy in all four CRC clones, with >50% of cells analyzed
having a chromosome number outside the normal range of 44-46 (Supplementary
Figure 2). This is consistent with aneuploidy documented in the majority of solid
tumors (34). The differential degree of aneuploidy between the tumor clones on the
other hand also demonstrates diversity in chromosomal aberrations between the
tumor clones, likely pre-existing at the point of isolation.
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Figure 1: Preparation and characterization of single-cell derived clonal colorectal organoids. A)
Organoids were made from colorectal cancer tissue and healthy tissue from the same CRC patient and
grown in human intestinal stem cell medium (HICS) with or without additional wnt. After five passages,
the cells were FACS sorted for HLA-A*2 positive cells and were then clonally expanded for four weeks.
The clones were frozen and expanded again for approximately eight weeks until 60 plates. Three days
before harvest, the tumor clones were cultured in HICS +wnt medium. B) Representative images of
organoid morphology from 3 different passages. Four CRC tumor organoid lines (T1, T3, T4 and T5) were
used together with a normal CRC organoid line (N). Magnification indicated by respective scale bars. C)
Venn diagram showing the shared and unique somatic mutations (SBS and INDELs) of each CRC
organoid line.
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Figure 2: CRC organoids recapitulate tumor proteome characteristics and retain clonal
heterogeneity. A) Clustering of ANOVA significant proteins (p<0.05). A conserved tumor proteome
characteristic signature is indicated by the white box, whereas pockets of clonal heterogeneity are also
observed in each single-cell derived tumor organoid line. B) Schematic representation of the kinetochore
and associated protein complexes upon unattached microtubules. Numerous proteins in the kinetochore
regulatory complex were significantly reduced in steady-state abundance. C) Proteome level fold change
analysis revealed consistent loss of chromosomal regulatory proteins in every tumor clone compared to
normal colon organoids. Plotting data tabulated in Source Data.

In addition, components in mTOR signaling also appeared to be consistently
regulated in all tumor clones with respect to the normal organoid clone (Figure 3A).
Uncontrolled mTOR signaling for proliferation is a well-documented functionality
required to support CRC oncogenesis (35), and our proteome level observations
reflect the known activation of mMTOR pathway in CRC pathogenesis. Based on these
evidence, the CRC tumor clones isolated exemplify the hallmarks of chromosomally
instable CRC, and are good single-cell models to study intrinsic micro-heterogeneity
in (i) proteome regulation and (ii) HLA class | peptide ligand presentation.

Despite substantial convergence, individual tumor clones were nonetheless not
identical, as pockets of clone-specific proteome signatures were prominently
detected. These clone-specific differences in general represent redundant hits in the
same functional pathway that could modulate, replace or rescue one other. For
instance, some clones (notably T1, T3 and T4) were hallmarked by the collective
loss of DNA-level regulation through overall reduction in the capacity for methylation
and acetylation turnover, but mosaic suppression on KMT2A/KMT2D/KDM2A and
KAT5/KAT6A/KAT7/HDAC2 (Figure 3C). Substantial dysregulation of chromatin
remodeling complexes and epigenetic regulation was found to be also a striking
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signature for some of the clones (notably T3 and T4), and has also been documented
as a hallmark of CRC and numerous other cancer types (36-39). Taken together,
these findings demonstrate that although all four tumor clones were isolated from
the same patient, substantial heterogeneity still exists between these clones,
especially where there is functional redundancy. Since such heterogeneity still exists
after in vitro organoid amplification in the same controlled environment, these
differences are most likely to be intrinsic or imprinted in vivo, in agreement with prior
report that clone-specific differences are largely preserved with organoid
amplification (21).
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Figure 3: Proteome characteristics retained in clonal heterogeneity A) Schematic map of the mTOR
pathway featuring proteins detected in the deep proteome analysis. Z-scored protein intensities are
indicated in small squares. Collectively, the tumor organoid clones have higher steady-state abundance
of mMTOR proteins when compared to the normal organoid line. B) Heatmap of Z-scored protein
abundances of chromatin remodeling complex components and various transferases, demethylases and
deacetylases. Compensatory differences in protein abundance within the same functional processes
illustrate heterogeneity between CRC organoid lines. Plotting data tabulated in Source Data.

HLA class | peptide ligand analysis from clonal organoids

To address if the observed heterogeneity also exists in antigen presentation between
tumor organoid clones of the same individual, we isolated HLA class | peptide ligands
from each tumor clone by immuno-affinity purification with a pan-HLA class |
antibody (W6/32). Peptide LC-MS/MS analyses with complementary HCD and
EThcD fragmentation modes (experiment 1 and 2 respectively) enabled high-
sensitivity detection of a large number of peptide ligands (approximately 7000) from
each tumor clone (Supplementary Figure 3A). In addition, at least 85% of all peptides
identified were predicted to bind to the patient's HLA type (HLA-A*02:01, HLA-
B*15:01/57:01, HLA-C*03:04/06:02) (Supplementary Figure 3B). The organoid-
derived peptide ligands were also predominantly 9 amino acids long (Supplementary
Figure 3C), and in good concordance with the theoretical HLA-type specific peptide
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consensus motifs (Supplementary Figure 3D). Collectively, these data confirm the
high quality and specificity in our ligandome sample preparation and data analysis.

Since the CRC clonal proteomes were easily markedly distinguishable from the
normal organoids by various conserved signatures (Figure 2A), we hypothesized
that corroborating differences in the ligands presented should be detectable, as HLA
peptide ligands are known to originate as byproducts of protein turnover. To our
surprise, only about 3% of all HLA peptide ligands detected were unique to each
CRC tumor clone, and never presented by the normal organoids (Figure 4A). By
ranking the peptide intensities (label-free quantification) and binding affinities of all
ligands detected from each tumor clones, we found that clone-specific ligands were
not necessarily always low abundant (Figure 4B, Supplementary Figure 4) or low in
in peptide loading affinity to the patients HLA type (Figure 4C). Rather, these provide
indications that abundant and high-affinity tumor-specific HLA class | peptide ligands
could still be present in the small proportion of tumor-unique presented peptides,
despite the low mutation load. In addition, we also observed a slight re-distribution
in HLA class | peptide ligand length away from 9-mers (Figure 4D), potentially hinting
at modulations in the HLA peptide trimming mechanism in the tumor cells.

Clonal HLA class | ligandomes display over-representation of DNA repair source
proteins

To rationalize the basis for tumor cells to present tumor-unique peptides, we looked
into the source proteins of these ligands from each tumor clones, and compiled a
master list of proteins that were reliably detected, in all six replicate mass
spectrometry based ligandome measurements per clone. In this stringently curated
list of 356 source proteins, we observed several CRC prognostic markers and an
over-representation in proteins involved in DNA damage sensing and repair. We
hypothesized that proteins which are disadvantageous for propagation are more
likely to be degraded in the tumor clones, and that in turn more peptides from these
proteins may be presented on the cell surface by HLA class | molecules. In
concurrence with this notion, HLA peptide ligands from MUC2 and DACH1 were
reliably detected from all the CRC tumor clones analyzed (Figure 5A-B), whereas
we did not detect the proteins in the quantitative proteomics screen. This loss of
MUC2 and DACH1 protein expression us not unique to our experimental model, but
also broadly observed in CRC (40, 41, 42). Along similar lines, HLA peptide ligands
from numerous DNA damage sensing proteins (ATR, PRKDC, RAD51) and repair
proteins (BCR, BRCA1, BRCA2) were also detected only in CRC organoid lines
(Figure 4C, Supplementary Figure 5). We believe these peptides are likely products
of active degradation by tumor cells, to prevent the induction of DNA damage
response and hamper with DNA repair. Together, this would also support the
acquisition of further genome instability, a documented hallmark of cancer (43); since
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DNA damage remains ‘silent’ despite severe chromosomal aberrations (Figure 2B-
C).
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Figure 4: Tumor specific HLA class | peptide ligand characteristics. A) Identification overlap in
unique HLA peptide ligands between normal CRC organoids and each tumor organoid line. In all
comparisons, the majority of HLA peptide ligands (>6800) were presented by both normal colon organoids
and tumor organoid clones. B) Peptide intensities plotted against the cumulative peptide rank. HLA
peptide ligands identified from T1 were ranked by decreasing intensity. On the representative trace of all
T1 — HCD peptides (black), peptides that are unique to T1 and never detected from normal colon
organoids are annotated (blue). The spread of these T1 unique peptides over ranked intensity indicated
that several T1 unique peptides are highly abundant. C) Peptide binding rank plotted against cumulative
peptide rank. Peptide binding ranks were predicted using the NetMHC 4.0 pan algorithm. Peptides with a
binding rank below 0.5 are considered strong binder. Peptides with a binding rank between 0.5 and 2.0
are considered weak binders and all peptides with a binding rank over 2.0 are considered non-binders.
On the trace of all peptides identified (black), tumor specific peptides that are never detected from the
normal colon organoids (in 6 MS measurements by 2 different fragmentation methods) are annotated
(grey). Distribution of peptides presented uniquely by tumor organoid clones reveals many tumor specific
ligands with high affinity. D) Length distribution of peptide ligands from normal (N), tumor (T) and unique
tumor (T unique). Peptide ligands unique to CRC tumor organoids appear to be spread over a broader
length distribution. Ligand characteristics for each individual tumor organoid clone are shown in Figure
S1 and Figure S2. Plotting data tabulated in Source Data.
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Figure 5: Clonal tumor HLA class | ligandomes over-represent peptides from DNA repair source
proteins. A) The MUC2 proteins was not detected in the deep proteome analysis (left), but two HLA
peptide ligands derived from MUC2 degradation were predominantly presented by all CRC tumor
organoid clones (right). For each peptide, normalized peptide intensities were summed from three
replicated measurements by HCD (Exp1), or EThcD (Exp2), respectively. B) The DACH1 protein was
similarly not detected in the deep proteome analysis (left), but consistently presented on all tumor
organoid clones, and consistently detected in both HCD and EThcD MS fragmentation methods. C)
Peptides derived from degradation of DNA damage sensors and repair proteins were prominently
presented by CRC organoid clones as HLA peptides. Significant changes in protein abundance with
respect to normal colon organoids were determined based on three technical replicates with a two-sided
student’s t-test: p<0.05(*); p<0.01(**). Data presented as mean values + standard deviation. Plotting data
tabulated in Source Data.

To strengthen our hypothesis in a reciprocal manner, we also performed source
protein analysis on ligands that were presented only by normal colon organoids
(Supplementary Figure 6). ALDOA is a glycolytic enzyme observed to accumulate in
CRC (44), COPS6 is a subunit of the COP9 signalosome specifically required to
drive CRC (45-47), MCM2 functions as a DNA replication licensing factor needed to
override once-per-cycle DNA replication in S-phase (48, 49) and SMARCA4 (BRG1)
is a SWI/SNF component activating WNT and VEGF signaling to drive CRC (37, 50,
51). While HLA peptides from these four proteins were reliably detected on normal
colon organoids, these were consistently absent from the ligandome of all four CRC
organoid lines, suggesting that these proteins may be functionally important in CRC
and therefore preserved from degradation (Supplementary Figure 6). Therefore,
unique HLA peptide presentation on tumor organoids appears to be promoted by
protein degradation events that favor oncogenesis and deter DNA damage
remediation.
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Clone-specific ligandome characteristics and quantitative variations

To further investigate ligandome heterogeneity between tumor clones, we focused
on unique presentation by the CRC organoid clone T5. By plotting the overlap
between tumor-specific HLA peptide ligands (from Figure 4A), we observed that only
T5 presented 17 clone-specific ligands that are not shared with the other three tumor
organoid lines (Figure 6A). HLA peptide ligands from MST1R, TP53 and TRAF2
were clearly differentially presented by T5, although proteome level trends of these
proteins in all tumor clones were rather consistent with each other (Figure 6B). To
rule out differences in the peptide presentation pathway between the tumor clones,
we also verified that components of the HLA presentation pathway (10) are not
prominently regulated in T5 compared to the other tumor clones (Supplementary
Figure 7). Therefore, unique degradation and presentation of these functionally
relevant proteins hints at differential signaling and functional regulation specifically
in T5, but not in the HLA processing machinery per se.
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Figure 6: Clone specific ligandome characteristics. A) Overlap of all predicted HLA ligands unique to
at least one CRC organoid clone. Ligands were detected by either HCD (Exp 1) or EThcD (Exp 2)
fragmentation. Most ligands not detected on normal colon organoids were shared by at least three tumor
clones, except for 17 ligands unique to T5 only. B) Protein abundance and peptide ligand abundance for
MST1R, TP53 and TRAF2 from all organoid lines. Even though protein levels of MST1R, TRAF2 and
TP53 were not significantly different between the four CRC tumor organoid lines, presentation of peptide
ligands appear to be specific to only T5. Significant changes in protein abundance were determined with
respect to normal colon organoids based on three technical replicates with a two-sided student’s t-test:
p<0.05(*); p<0.01(**). Data presented as mean values * standard deviation. Plotting data tabulated in
Source Data.

Even though the HLA class | ligandome of the tumor clones consisted of largely
shared peptide sequences (97% between CRC clones) significant quantitative
variations in peptide abundance could still be observed. By pairwise comparison of
HLA peptide intensities between different tumor clones, we observed that up to 15-
25% of all the peptides detected could vary in intensity by more than 2-fold (Figure
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7). For instance, a SLINVGLISV peptide was 400 times more abundantly presented
on T3 compared to T1. Therefore, this implies that one CRC organoid clone may
present an HLA peptide ligand strongly, whereas another clone only weakly. We
further verified that these intensity differences were not of technical nature, given
that biological replicates of HLA ligandomes measured months apart did not vary by
more than 1%. We believe such clone-to-clone variation in HLA peptide ligand
presentation should be critically considered, especially in targeting residual disease
after immunotherapy.
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Figure 7: Clone-specific variations in peptide ligand presentation. Peptide ligand intensities from
each tumor organoid clone were compared by retention time alignment and label-free quantification in a
pair-wise manner. Between 15-25% of all ligands varied in intensity by more than 2-fold in each pairwise
comparison (black). Quantitative variations by more than 2-fold was extremely few at <1%, between two
independent preparations of JY cell line peptide ligands analyzed months apart with the same LC-MS
settings, validating these quantitative ligand variations observed between tumor organoid clones were not
of technical nature. Plotting data tabulated in Source Data.

Discussion

HLA class | peptide ligands presented abundantly, exclusively and uniformly on the
tumor surface provide ideal starting points to design personalized immunotherapy.
In this work, we modeled single-cell level heterogeneity in CRC from single cells
using patient-derived clonal organoids, and correlated clonal tumor proteomes with
their respective HLA ligandomes.
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The strategy presented here has various advantages. The three-dimensional spatial
signaling in organoid culture recapitulates the gut (patho-)physiology more
accurately than flat in vitro expansions. Parallel analysis of normal colon organoids
from the same patient allowed us to directly assess specificity of proteome and
ligandome signatures to CRC cells, in largely the same patient genetic background.
In the background of low mutation-load, we could subsequently survey the proteome
and ligandome heterogeneity between individual clones largely without considering
clone-specific genetic and protein-coding changes, to focus on studying the
fundamental logic in cell-surface presentation. Since the proteome and ligandome
are paired to each clone, steady-state protein abundance and HLA class | peptide
ligand presentation could easily be correlated. Amplifying single cells using organoid
technology also enables clone-specific proteome and ligandome signatures to be
detected without signal averaging, unlike most of the tissue-based analyses reported
to date. We believe our approach also adds sensitivity to identify a ligandome much
larger than previously possible from patient-derived biopsies (52, 53).

Comparing between clonal proteomes of organoid-expanded tumor cells against
normal colon organoids of the same patient, we observed that established cancer
hallmarks were well-retained in every tumor organoid line, whereas these specific
features were not present and also not acquired by the normal colon organoids
during expansion, further verifying the validity of our experimental model. Whilst
functional ontology of many proteome differences was conserved between tumor
clones (e.g. mTOR), heterogeneity still exist in redundant pathways of epigenetic
regulation and chromatin remodeling (e.g. KMTs and KATSs). These observations
also mirror the selective pressure in vivo that evolves single cancer cells via multiple
routes towards the same signaling outcome (54).

More intriguingly, despite clear clustering of CRC organoid proteomes away from
normal colon organoids, we observed that these protein level changes are
qualitatively buffered at the level of HLA peptide ligand presentation, such that tumor
clones share up to 97% of ligandome overlap even with normal colon organoids.
This enlightens on the perennial challenges in neo-antigen discovery (55, 56), where
even in the context of a mutation-rich cancer, a large proportion of the tumor surface
HLA molecules is still occupied by peptides derived from routine protein turnover.
More recently, neo-antigen discovery from non-coding regions have been attempted
involving proteogenomics approaches and large computational efforts (57, 58).
While these pipelines are streamlined to pick up the rare tumor-specific mutated
antigen events, these approaches do not focus enough, during data analysis, on wild
type ligands that are still over-presented from altered proteasome degradation and
functional processing.

We propose, on the other hand, that tumor-specific HLA peptide ligand presentation
could also arise as a byproduct, from the rational need to degrade tumor suppressors
and proteins needed for DNA damage sensing and repair. Evidence supporting this
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‘Achilles heel’ is presented here in the paired whole-proteome and HLA class |
peptide ligand analyses from multiple tumor clones, and is also logically concordant
with the need to accumulate chromosomal lesions, which we observed in
karyotypes. Even within the small tumor-specific ligand repertoire, and given the
normally low abundance of BRCA proteins, we could still pick up tumor specific
BRCA peptides consistently across all the CRC clones analyzed, suggesting that
this is likely reflecting an important molecular alteration in CRC. Since suppression
of DNA damage sensing and repair is a common trait of many cancers, we believe
the findings and rationale we distill here could also have strong impact on a variety
of cancer and a range of immuno-therapeutic routes. For instance, potentially also
in breast cancer with HER2 amplification but rapid turnover of HER2 by degradation
(59), where targeting HLA peptides derived from HER2 degradation may also be
logical.

From a therapeutic point-of-view, HLA peptides with high tumor specificity and
homogenously high tumor surface loading are best candidates for further testing.
While intense efforts have been channeled into predicting (57) and detecting
mutated and spliced ligands to boost tumor specificity (19, 52, 60, 61), relatively little
has been studied regarding the presentation heterogeneity between clonal tumor
populations. We believe the latter would be a strong determinant of therapeutic
efficacy and residual disease, drawing upon lessons learned from chemo-resistance.
We show here that by using single-cell amplified organoids from the same patient,
that clone-specific ligandome signatures exist, and quantitative variations in clonal
presentation are prevalent. In this respect, immunization with multiple peptides
highly conserved in presentation, for instance BRCA peptides, may minimize the risk
of immune escape.
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Supplementary Figure 1

Supplementary Figure 1: Circoplots of genetic alterations detected in the single-cell derived clonal
colorectal organoids. The outermost circle demarcate chromosomes. The next concentric ring shows
the somatic variants (including exon, intron and intergenic regions) with respect to N. Somatic variants
are further divided into an outer ring of substitutions and an inner ring of INDELs. Each dot represents a
single somatic variant scaled to 100% by its allele frequency score. Point mutations are colored to the
type of base change (e.g. C>T/G>A in red) and are in concordance with colors used previously to describe
mutational signatures63. INDELs are colored yellow and red for insertions and deletions respectively. The
third ring shows copy number changes adjusted against observed tumor purity. Copy number loss and
gain are indicated in red and green respectively. The scale ranges from 0 (complete loss) to 6 (high level
gains). The fourth ring represents the observed ‘minor allele copy numbers’ across the chromosome. The
range of this chart is from 0 to 3. The expected normal minor allele copy number is 1 and anything below
1 is shown as a loss (orange) and represents a LOH event. Minor allele copy numbers above 1 (blue)
indicate amplification events of both A and B alleles at the indicated locations. The innermost circle
displays the observed structural variants within or between the chromosomes. Translocations are
indicated in blue, deletions in red, insertions in yellow, tandem duplications in green and inversions in
black.
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Supplementary Figure 2
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Supplementary Figure 2: Single-cell derived clonal colorectal organoids karyotyping. Percentage of
cells with aberrant number of chromosomes. CRC tumor organoids were evidently enriched for aneuploid
cells. Karyotyping was performed as described in Drost et al, 2015 on organoid lines cryopreserved at
the time of collection for proteomics measurements, subsequently, recovered and expanded for
karyotyping. Per organoid line, between 30 and 46 metaphase spreads were counted. Plotting data
tabulated in Source Data.
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Supplementary Figure 3
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Supplementary Figure 3: HLA class | peptide ligand characteristics. A) Number of unique peptides
identified per organoid clone (N = 7750, T1 = 7541, T3 = 7087, T4 = 7571, T5 = 7741). B) Assignment of
all identified peptides to the patient’'s HLA alleles. C) Length distribution of identified HLA class | peptide
ligands. D) Theoretical binding motifs of the HLA class | peptide ligands from the patient's HLA alleles.
Plotting data tabulated in Source Data.
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Supplementary Figure 4
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Supplementary Figure 4: Unique peptide ligand intensity distribution per tumor organoid. A)
Peptide intensity plotted against the cumulative peptide rank for all T1 peptides (black) and T1 unique
peptides (HCD in blue, EThcD in light blue). B) Peptide intensity plotted against the cumulative peptide
rank for all T3 peptides (black) and T3 unique peptides (HCD in red, EThcD in light red). C) Peptide
intensity plotted against the cumulative peptide rank for all T4 peptides (black) and T4 unique peptides
(HCD in green, EThcD in light green). D) Peptide intensity plotted against the cumulative peptide rank for
all T5 peptides (black) and T5 unique peptides (HCD in orange, EThcD in light orange). Plotting data
tabulated in Source Data.
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Supplementary Figure 5: BRCA1 and BRCA2 western blot. Both BRCA1 (SC-6954, dilution 1:500)
and BRCA2 (SC-293185, dilution 1:500) were not detectable in all four tumor organoid clones, in
agreement with the down-regulation observed in fractionated organoid proteomes (Figure 5C). Tubulin
was used as loading control. Raw images in Source Data.
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Supplementary Figure 6
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Supplementary Figure 6: Protein abundance and HLA peptide ligand abundance for ALDOA,
COPS6, MCM2 and SMARCAA4 in all analyzed organoid clones. Top panels: Normalized abundance
of the proteins ALDOA, COPS6, MCM2 and SMARCA4, as measured by label-free quantitative
proteomics. Bottom panels: HLA peptides originating from ALDOA, COPS6, MCM2 and SMARCA4 were
reproducibly detected on normal colon organoids by both HCD (Exp 1) and EThcD (Exp 2) MS
fragmentation modes, but not detected in any of the four CRC tumor clones by either fragmentation mode.
Significant changes in protein abundance were determined with respect to normal colon organoids based
on three technical replicates with a two-sided student’s t-test: p< 0.05 (*); p<0.01(**). Data presented as
mean values * standard deviation. Plotting data tabulated in Source Data.
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Supplementary Figure 7: Protein abundance of protein involved in HLA class | processing in all
analyzed organoid clones. n = 3 technical replicates. Data presented as mean values + standard
deviation. Plotting data tabulated in Source Data.
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Summary and Future Outlook

HLA peptide ligands which are presented abundantly, exclusively and uniformly on
the tumor cell surface provide an essential starting point in the design of personalized
immunotherapy. In this thesis, we have attempted to tackle several analytical
challenges in the field of identifying HLA antigens, also termed immunopeptidomics.
Based on these advances we have applied novel strategies to the translational
context of colorectal cancer.

In HLA peptide isolation and measurement techniques applied, we have
incorporated high-pH fractionation, which is complementary to the widely used
strong-cation exchange (SCX) approach. This allowed us to analyze the highly
complex HLA peptide ligandome to greater depth. By using a pulldown flowthrough
‘recycling’ approach, in which HLA ligands are purified from the same sample in
multiple rounds of purification, we could further maximize the amount of HLA peptide
ligands isolated from a single sample. This may be applied critically to increase the
yield of isolated HLA peptides for analysis, especially from clinical samples, where
the amount of material is often a limiting factor.

These developments, used in combination in a different study, allowed us to obtain
new mechanistic insights into HLA loading in an artificial ‘fever-induced’ state. We
first challenged a cell line system with high temperature to mimic a fever, and
consequently detected specific changes in the HLA class Il ligandome, mediated
through alteration of the CD74 HLA class Il chaperone. In this simple context of
temperature effects on HLA peptide presentation, we could also focus on the
presentation of peptides derived from HLA proteins themselves, taking on a
frequently neglected angle than regular mass spectrometry-based ligandomics. By
further applying glycoproteomics to characterize HLA protein molecules, we have
also characterized their distinct glycan compositions, and shown that different HLA
molecules have different glycosylation patterns, in strong correlation with their
physical location inside the cell.

Besides using mass spectrometry to understand the fundamental rules in HLA
peptide processing and loading in different physiological states, as well as
glycosylation-dependent translocation of peptide-bound HLA molecules, the tools
established also made it possible to explore cancer antigen discovery in the patient
context. In addition to the fundamental research questions, we also delved deep to
look for clinically relevant tumor specific antigens and neo-antigens, using the
organoid system as means to amplify limited patient material. Despite gains in ligand
identification brought about by advances in instrumentation and sample preparation,
the routine discovery of neo-antigens from patient derived biopsies remains
challenging.
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To ensure that neo-antigen based immunotherapy can be more routinely used in the
near future, significant steps still need to be made to circumvent the current
limitations. One such limitation is the enormous number of in silico predicted neo-
antigens from the whole patient genome that cannot be experimentally verified one
by one. Even with the most stringent prediction methods to date, the large number
of potential neo-antigen candidates still cannot be tested one by one, and the chance
of clinical utility from these predictions remain very low. Another limitation is the
limited sensitivity of shotgun ligandomics in detecting low abundant peptide species.
Due to the stochastic nature of shotgun analysis, it is almost impossible to rule out
whether a non-identified antigen is really absent, or is presented but not identified
due to its inherent low abundance. This may in part be solved with a targeted mass
spectrometry approach. Here, we will discuss four main challenges in routine neo-
antigen identification that still remain.

Patient derived organoids in immunopeptidomics research

Sample input from patient derived biopsies will always be a limiting factor for
subsequent immunopeptidome analysis due to the inherent low abundance of
antigens. In the research described in this thesis, we have used an organoid based
system to amplify patient derived material. In this way, the organoids serve as a
‘PCR equivalent” for the amplification of antigens and proteins. Considering that
organoids do not accumulate significant mutations in vitro and can retain features of
the (tumor) cells and tissue they originate from, make them a very suitable platform
for this particular purpose.

To date, patient derived organoids have been only very sporadically used in the
immunopeptidomics field. A recent relevant study focused on neo-antigen discovery
in microsatellite stable colorectal cancer organoids (1).The major difference with our
study, concerning organoids, is how the organoid lines were established. While we
clonally expand tumor organoid lines, the other study made use of ‘bulk’ organoid
lines, where one organoid line is established from multiple tumor cells. In our
approach, heterogeneity of the original tumor is retained and can thus also be
analyzed.

Capturing tumor heterogeneity is very important in cancer research, as it is a known
driver for cancer progression. Such heterogeneity is known to results in diversely
adapted to survive chemotoxic stress. Using the bulk organoid lines, these traits will
be averaged, making it nearly impossible to capture enough tumor vulnerabilities for
a potential treatment.

The question that remains is if the antigens presented by organoids are
representative for antigens presented by the originating tumor. Antigen presentation
is by definition a dynamic process with constant turnover of HLA molecules and HLA
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peptide ligands. Therefore, we can only take a snapshot of which antigens are
presented at a certain point in time. The major determining factors of antigen
presentation are shared between the originating tumor and the organoids, therefore,
most antigens presented by organoids are expected to be shared by the originating
tumor. Currently, organoids are the closest possible in vitro model to an in vivo tumor
and therefore, organoids are the most feasible model systems to study patient-
specific antigens, until we have detection methods which are sensitive enough for
the direct identification of antigens from patient-derived biopsies.

Patient derived sources of neo-antigens

The holy grail of antigen discovery is a personalized vaccine that can target patient-
specific neo-antigens. These neo-antigens arise from tumor specific mutations.
Although most tumors accumulate mutations as the default state, it remains
challenging to identify neo-antigens. Most immunopeptidomics workflows are rather
blind to patient-specific mutations, unless the search space is refined with
personalized sequence information. Using whole genome sequencing, it should be
possible to detect all patient mutations, among which single nucleotide variants
(SNVs), frameshifts and genomic rearrangements which can all potentially lead to
mutated proteins and thus neo-antigens.

Genomic rearrangements can have a tremendous impact on protein function, but are
not the most frequent candidates for neo-antigens. Such potential neo-antigens from
chromosomal rearrangements could likely only arise around the breakpoint/fusion
region of the rearrangement, leading to only few neo-antigen candidates, and only
in patients with the specific chromosomal rearrangements.

On the other hand, single nucleotide variants can lead to very promising neo-antigen
candidates, even there is only one amino acid change. HLA peptides are only very
short peptide fragments ranging from 9 to 12 amino acids, therefore, a single amino
acid change can drastically alter the physical, biochemical and loading properties,
resulting in presentation of a neo-antigen.

Even more promising than single nucleotide variants are frameshift mutations. These
mutations can truncate the subsequent protein-coding sequence, potentially
generating a stretch of new protein, up to hundreds of amino acids long. Depending
on the stability of these neo-proteins, they can be trimmed and loaded as peptide
antigens for which the patient has not developed peripheral tolerance for. Such
frameshifts have the potential to generate tremendous numbers of neo-antigens,
which may greatly increase the spectrum of loading on HLA types. The approach
has great potential for immunotherapy for patients harboring the same conserved
frameshift mutations, and a generic long mRNA vaccine covering the frameshifted
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sequence may be broadly used for all patients with the same frameshift, almost
regardless of patient HLA type.

Lastly, whole genome sequencing can provide information about the non-coding
parts of the genome. Tumors often over-express non-coding genes, such as
pseudogenes, INcRNAs and alternative reading frames (2, 3), which also have the
potential to become a new source of neo-antigens, by some termed the ‘dark
antigens’ (4).

Improving neo-antigen prediction

Improving neo-antigen prediction is key for fast and reliable neo-antigen
identification in the future. The current prediction pipelines are almost exclusively
focused on the basis of sequencing. Though this can be performed with very high
throughput, generating up to tens of thousands of putative neo-antigens for a single
patient, it is still currently not possible to measure all these predicted antigens with
even the most sensitive mass spectrometers available. Therefore, it is crucial to let
the mass spectrometer focus only on prioritized antigens. A streamlined method to
prioritize neo-antigens is still not complete, although the tools for antigen
prioritization are clearly under development.

As a first filtering step for prioritization, transcriptomic (mRNA) data is often used as
a source for neo-antigens. Unfortunately, the correlation between the transcriptome,
proteome and ligandome is often rather poor, and therefore neo-antigen predictions
based on mMRNA seem not be adequate (5-7). In this respect, neo-antigen prediction
may be improved if it can be rather based on the patient’s proteome. By doing so,
the translated proteome is taken into consideration, since translated proteins always
function with a limited lifespan, will be degraded eventually and will inevitable enter
the pathway of proteasome degradation of HLA presentation. By prioritizing mutated
proteins that are detectable in the proteome, the number of predicted neo-antigens
could become more manageable for targeted detection. Neo-antigen prediction may
also be appended with neo-antigens derived from proteins detected in
degradasomes, since the transit of degraded proteins through the proteasome also
provides raw material peptides for presentation. Since antigen peptides are by-
products of protein degradation, degraded mutant proteins might also be a good
source for potential neo-antigens.

Neo-antigen identification by targeted mass spectrometry

In most immunopeptidomics experiments to date, shot-gun profiling mass
spectrometry approaches are used to identify neo-antigens. This approach works
well when the goal is to analyze a large repertoire of ligands and when there is no
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specific interest in particular antigens. Untargeted mass spectrometry experiments
rely on intensity-based precursor prioritization, which favors sequencing of high
abundant peptides. This biases against detection of low abundant neo-antigens,
which may require longer accumulation times to reach the detection limit.

In this respect, parallel reaction monitoring (PRM) may be the method of choice to
specifically detect prioritized and predicted neo-antigens. PRM depends on an
inclusion list of peptide precursors, which can be composed only of predicted and
high-priority neo-antigens. Using this inclusion list, the mass spectrometer spends
only time on accumulating and fragmenting the pre-determined precursors, as
opposed to intensity-based precursor selection in profiling mode. With this method,
it is possible to reliably sample the low abundant antigens and quantitatively detect
neo-antigens.

It is not completely certain yet if a low abundant neo-antigen is sufficient for an
immune response, although, it has been shown previously that one single copy of a
neo-antigen on the cell surface is sufficient for recognition by a TCR and subsequent
immune response (8). Furthermore, abundance is not the only determining factor for
immunogenicity. Amino acid side chains of mutated residues pointing outside
towards the TCR (9) was also proposed as a critical factor for immunogenicity, but
also substitutions of antigen anchor positions (10, 11) and antigen hydrophobicity
(12). Therefore, the current consensus is that neo-antigens low abundance of
peptide presentation seems not to hamper with immunogenicity in a correlative
manner.

Taken together, in the work presented in this thesis, we have contributed to better
measurement and understanding of HLA peptides and translated these knowledge
to improve HLA peptide antigen discovery from human material. The knowledge and
roadmaps presented here may contribute to develop new neo-antigen based
immunotherapies in the near future.
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Lay summary of this thesis

Our body consists of approximately 37 trillion cells. Every cell can be compared to a
small city. There are many different factories, shops and inhabitants. There are
factories to generate energy (mitochondria), garbage trucks that continuously collect
and dispose of garbage (lysozymes) and trucks that drive around packages (Golgi-
system and endosomes). We call the factory workers and other city inhabitant’s
proteins.

As most cities, our cells also have an army to protect us against invading intruders,
which are often pathogens such as bacteria and viruses. We call this army the
immune system. The immune system is extremely diverse. In this thesis, we focus
on the Human Leukocyte Antigen system (HLA). You can compare these proteins
with merciless soldiers, who rip apart pieces of bacteria and viruses and show them
to whole army, so they can be recognized and destroyed easily. These pieces are
called antigens and are very small pieces of protein.

We can study these antigens by mass spectrometry. This is a machine that can
extremely accurately measure the mass of a protein. A protein is made out of 20
different building blocks, amino acids, which together form a very long chain. Aimost
every amino acid has a different mass, therefore, the mass spectrometer can
determine which they are based on their respective masses. Though the mass
spectrometer has difficulties in measuring full proteins. Therefore, we first need to
cut them into tiny pieces, peptides. Antigens are already peptides, and therefore do
not need to be cleaved before we analyze them by mass spectrometry. Besides
measuring the mass of a peptide, the mass spectrometer can also determine in
which order the amino acids are placed in a peptide. With this information, we know
the amino acid sequence of a peptide and this will help us subsequently to identify
the protein it originated from.

In this thesis, we use mass spectrometry to determine which antigens are presented
by HLA molecules. By understanding this process, we can use this knowledge for
e.g. vaccine development against diseases such as SARS-CoV-2 or non-infectious
diseases such as cancer.

In chapter 1 of this thesis, | describe the basic principles of antigen presentation by
HLA molecules. First, we describe that there are two different classes of HLA
molecules: HLA class | and HLA class Il. Whereas HLA class | is more important for
clearance of potential cancer cells, HLA class Il is more important in immunity
against bacteria and viruses. We describe in detail how antigens are presented for
both classes. Next, we focus on the role of HLA in different autoimmune diseases,
but also its critical role in clearance of infections. Then, | describe all current methods
that can be used to purify these antigens and HLA proteins from cells and which are
the best way to measure them by mass spectrometry. In the end of chapter 1, we
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discuss how HLA research has led to improved immunotherapy for cancer patients
and how this will revolutionize future immunotherapy.

In chapter 2 | focus on the difficulties of analyzing antigens by mass spectrometry.
We apply methods often used in proteomics research, pre-fractionation methods
high-pH reversed phase (HPH) and strong cation exchange (SCX). By applying
these methods to antigens, we can detect >100% more antigens than in a workflow
without pre-fractionation. But, by doing so, | introduce an identification bias which is
determined by the chemical properties of antigens. Furthermore, we show that these
methods are necessary to identify a subset of post-translational modifications.

In chapter 3 | wanted to study the pathways of antigen presentation. Therefore, |
grew cells at 40°C to simulate a fever. | saw that this was enough for our cells to
start initiating an immune response. Also, | only saw changes in HLA class Il and not
HLA class | which indicates that the initial immune response is mediated through
HLA class II. | saw specific changes in the HLA class Il chaperone CLIP, which might
be so it can easily exchange for a pathogenic peptide upon infection.

In chapter 4 we describe a post-translational modification on HLA molecules. We
identified multiple forms of this modification on the HLA molecules, dependent on
the type of HLA molecule (A, B, C). Furthermore, we saw that the form of modification
correlates with the physical place of an HLA molecule in the cell.

In chapter 5 we wanted to study antigen presentation in a cancer context. We used
colorectal cancer organoids (mini organs in a dish) as model system. First, we
noticed that these organoids retain the characteristics of their originating cells. When
we analyzed the antigen that are presented, we found that these overlap 97%
between the tumor organoids and healthy colon organoids. The antigens that do not
overlap come specifically from proteins that are detrimental for the tumor. These
unique antigens could potentially be used in the future for anti-cancer vaccines for
this subtype of colon cancers.

Finally, in chapter 6 of this thesis, | share my view on the future of antigen research
for cancer immunotherapy. Additionally, it includes a list of publications and my
acknowledgements will be shared in here.
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Lekensamenvatting van dit proefschrift

Ons lichaam bestaat uit ongeveer 37 biljoen cellen. Elke cel kun je vergelijken met
een kleine stad. Er zijn veel verschillende fabrieken, winkels en inwoners. Zo zijn er
fabrieken die de stad voorzien van energie (mitochondrién), vuilniswagens die
continu het afval ophalen en wegbrengen (lysozymen), en pakketbezorgers (Golgi-
systeem en endosomen). We noemen deze fabrieksarbeiders en alle andere
inwoners eiwitten.

Net zoals de meeste middeleeuwse steden hebben ook onze cellen een leger dat
ze beschermt tegen binnenvallende indringers. Deze indringers zijn vaak
verschillende soorten bacterién en virussen. We noemen het leger ook wel het
immuunsysteem. Het immuun systeem bestaat uit veel verschillende soorten
gespecialiseerde cellen en eiwitten. In dit proefschrift richt ik me op het Humaan
Leukocytenantigeensysteem (HLA). HLA-eiwitten kun je vergelijken met
genadeloze soldaten die ledematen van vijanden afrukken en die laten zien aan de
rest van het leger. Op deze manier weet het hele leger meteen welke vijanden het
moet aanvallen. Deze ledematen noemen we ook wel antigenen, en in dit geval zijn
het heel kleine stukjes eiwit.

We kunnen deze antigenen bestuderen met massa spectrometrie. Een massa
spectrometer is een machine die zeer nauwkeuring de massa van een eiwit kan
meten. Een eiwit is samengesteld uit twintig verschillende bouwstenen, aminozuren
geheten, die samen een lange keten vormen. Bijna ieder aminozuur heeft een
andere massa. Daardoor kan de massa spectrometer bepalen welke aminozuren er
in een eiwit zitten. De massaspectrometer heeft echter moeite met het meten van
hele eiwitten. Daarom knippen we ze eerst in stukjes. Een stukje eiwit noemen we
een peptide. Antigenen zijn al peptiden en daarom hoeven we die niet eerst op te
knippen voordat we ze kunnen meten met massa spectrometrie. Naast het meten
van de massa van een peptide kan de massaspectrometer ook bepalen in welke
volgorde de aminozuren voorkomen in een peptide. Met deze informatie kunnen we
later, aan de hand van een database, weer bepalen uit welk eiwit we de peptiden
hebben geknipt.

In dit proefschrift gebruiken we massaspectrometrie om te bepalen welke antigenen
de HLA-moleculen aan het immuunsysteem laten zien. We noemen dit ook wel
antigeen presentatie. Wanneer we dit process beter begrijpen, kunnen we het
bijvoorbeeld inzetten voor het ontwikkelen van vaccins tegen SARS-CoV-2 of als
therapie voor bepaalde soorten kanker.

In hoofdstuk 1 van dit proefschrift beschrijven we de basisprincipes van
antigeenpresentatie door HLA-moleculen. Eerst leggen we uit dat er twee
verschillende soorten HLA- moleculen zijn: HLA-klasse | en HLA-klasse II. HLA-
klasse | is het belangrijkst voor het tijdig opruimen van potentiéle kankercellen. HLA-
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klasse Il zorgt voor immuniteit tegen bacterién en virussen. In detail beschrijven we
hoe HLA-moleculen antigenen aan het immuunsysteem laten zien. Verder richten
we ons op de rol van HLA in verschillende auto-immuunziektes, maar ook op de
cruciale rol bij het opruimen van infecties. Daarna beschrijven we welke methoden
er op dit moment zijn om deze antigenen te isoleren uit cellen en welke massa
spectrometrie methoden het beste zijn om ze daarna te analyseren. Aan het eind
van hoofdstuk 1 bespreek ik hoe de HLA-onderzoeken die tot nu toe zijn gedaan
hebben bijgedragen aan de verbetering van immuuntherapie voor kankerpatiénten,
en welke grote verbeteringen het nog zal brengen voor de toekomst.

In hoofdstuk 2 kijken we naar de moeilijkheden die er zijn bij het analyseren van
antigenen met massa spectrometrie. We gebruiken daarvoor methoden die vaak
worden gebruikt in standaard-proteomica-onderzoek. Het zijn de methoden reversed
phase-fractionering onder hoge pH-condities en strong cation exchange, waarbij
fractionering plaatsvindt op basis van de lading van een peptide. Wanneer we deze
twee methoden toepassen, kunnen we 100% meer antigenen detecteren met massa
spectrometrie.

In hoofdstuk 3 laten we zien hoe we het mechanisme achter antigeenpresentatie
bestudeerd hebben. Daarvoor hebben we cellen laten groeien bij 40 °C, wat koorts
simuleert. We zijn erachter gekomen dat dat genoeg was om in onze cellen een
immuunrespons te starten. Verder zien we vooral verschillen in antigenen
gepresenteerd door HLA-klasse Il en niet door HLA-klasse |. Dat laat zien dat de
immuunreactie waarschijnlijk door middel van verloopt door HLA-klasse 1l gaat.

In hoofdstuk 4 beschrijven we een post-translationele modificatie op HLA-
moleculen. We hebben verschillende vormen van deze modificatie op HLA-
moleculen geidentificeerd die afhankelijk zijn van het type HLA-molecuul (A, B of C).
Verder hebben we aangetoond dat de vorm van deze modificatie samenhangt met
de fysieke plaats van het HLA-molecuul in de cel.

In hoofdstuk 5 hebben we antigeen presentatie bestudeerd in de context van
darmkanker. Daarvoor hebben we gebruikgemaakt van organoiden (miniorgaantjes)
die worden gemaakt van darmkankercellen. We hebben opgemerkt dat deze
organoiden dezelfde eigenschappen hebben als de cellen waaruit ze zijn gemaakt.
Daarna hebben we de antigenen geanalyseerd en hebben we gezien dat ze voor
97% overlappen met antigenen van gezonde darmcellen. De antigenen die uniek
zijn voor de darmkanker cellen, komen allemaal van eiwitten die erg schadelijk zijn
voor de tumor. Deze antigenen komen niet voor op gezonde darmcellen en zijn
daarom een goed doelwit voor immuuntherapie voor deze soort darmkanker.

Tot slot, in hoofdstuk 6 van dit proefschrift, deel ik mijn visie op de toekomt van
antigeenonderzoek voor immuuntherapie voor kankerpatiénten. Ook bevat dat
hoofdstuk een lijst van publicaties en mijn dankwoord.
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Leekesaomevatting van di proefschift

Oons lichaom bestoi uit ongeveer 37 biljoen celle. Elke cel kande verglijke meej 'n
kiéén stad. D’r zen veul verschillende febrieke, winkels en inwodners. Zoo zen d’r
febrieke die de stad vurzien van eenergie (mitochondrién), vulniswaoges die hil de
tijd d'n afval ophaolen en wegbrenge (lysozymen), en pakketbezurgers (Golgi-
systeem en endosomen). We noeme dees febriekserbaaiers en alle aander
inwodners aaiwitte.

Net es de miste middeleéuwse steeje hebbe oons celle ok 'n leeger dé ze beschermt
teege indringers die binnevalle. Dees indringers zen dikkels verschaaiene sorte
bacteerién en virusse. We noemen 't leeger ok wel 't immuunsysteem. 't
Immuunsysteem bestoi uit veul verschillende sorte gespeesjelizeerde cellen en
aaiwitte. In di proefschrift kijk ik nor 't Humaan Leukocytenantigeensysteem
(HLA). HLA-aaiwitte kande verglijke meej genaodelo6ze soldaote die lichaomsdeéle
van vijaande afrukke en die laote zién on de rest van 't leeger. Op die menier wit
heél 't leeger welke vijaanden 't moet aonvalle. Dees lichaomsdeéle noeme we ok
wel antigeene, en in dees geval zen 't heél kléén stukskes aaiwit.

We kanne dees antigeene bestudeere meej massaspectometrie. ‘ne
Massaspectromeeter ies 'n mesjién dé heél naauw de massa van ’'n aaiwit kan
meete. 'n Aaiwit bestdi uit twintig verschillende bouwsteéne, die aminozuure hiete,
en die vurme saomen ‘n lange ketting. Bekaant ieder aminozuur heej 'n aander
massa. Dé mokt dé de massaspectromeeter kan bepaole welke aminizuure d’rin’n
aaiwit zitte. De massaspectromeeter heej alleén wel moeite meej 't meete van heél
aaiwitte. Daorom knippe we ze irst in stukskes. ‘n Stukske aaiwit noeme we ’'n
peptide. Antigeene zen al peptide en daorom hoeve we die nie irst op te knippe vurdée
we ze kanne meete meej massaspectomeetrie. NOst 't meete van de massa van 'n
peptide kan de massaspectromeeter ok bepaole in welke volgorde de aminozuure
vurkoome in ‘n peptide. Meej dees infermaosie kanne we laoter, meej ‘nen
daotabees, wir bepaole uit welk aaiwit dé we peptide geknipt hebbe.

In di proefschrift gebruike we massaspectomeetrie om te bepaole welke antigeene
de HLA-moolecuule on 't immuunsysteem laote zién. Dé noeme we ok wel
antigeenprizzentaosie. Es we beeter begrijpe hoe de-té goi, kanne we'’t bevurbeeld
gebruike vur 't maoke van vaccééns teege SARS-CoV-2 of als thirrepie vur bepaolde
sorte kaanker.

In hoofdstuk 1 van di proefschrift beschrijve we de baozisprincipes van
antigeenprizzentaosie dur HLA-moolecuule. Irst legge we uit dé-tr tweej
verschillende sorte HLA-moolecuule zen: HLA-klasse | en HLA-klasse Il. HLA-klasse
| ies 't belangrijkst vur 't op tijd opruime van moogelijke kaankercelle. HLA-klasse I
zurgt vur de immuniteit teege bacteerién en virusse. We vertelle in deetail hoe HLA-
moolecuule antigeene on 't immuunsysteem laote zién. Verder kijke we nor de rol
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van HLA in verschaaiene auto-immuunziektes, mer ok nor de cruciale rol bij ’t
opruime van infecsies. Dornao vertelle we welke methoodes d’r op di mement zen
om dees antigeene te izoleere uit de cellen en welke massaspectometriemethoodes
't beste zen om ze daornao te analyzeere. On 't &&nd van hoofdstuk 1 bespreek ik
hoe de HLA-onderzoeke die tot nou toe gedaon zen, bijgedraoge hebbe 6n de
verbeetering van immuunthirrepie vur kaankerpesjente, en weffer grobte
verbeeteringen 't nog zal hebbe vur de toekomst.

In hoofdstuk 2 kijke we nor de prebleeme die ge kant hebbe bij 't analyzeere van
antigeene meej massaspectomeetrie. Daorvur gebruike we methoodes die dikkels
worre gebrukt in standaord-proteomica-onderzoek. 't Goi om de methoodes
reversed phase-fracsjoneering onder hobége pH-condisies en strong cation
exchange, worbij fracsjoneering plotsvijnt op baozis van de laoding van 'n peptide.
Es we dees tweej methoodes toepaase, kanne we 100% meér antigeene dittecteere
meej massaspectomeetrie.

In hoofdstuk 3 laote we =zién hoe dé we 't meechanisme aachter
antigeenprizzentaosie bestudeerd hebbe. Daorvur hemme celle laote groeie bij 40
°C, duus daormeej doeme net ofde-t'r korts ies. We zen d’r aachter gekoome dé-té
genoeg was om in oons celle 'n immuunrespons te starte. Verder zieme vural
verschille in antigeene die geprizzenteerd worre dur HLA-klasse Il en nie dur HLA-
klasse Il. De ot zién dé-te immuunreacsie worschijnlijk dur middel van HLA-klasse
Il goi.

In hoofdstuk 4 beschrijve we ’'n post-translasjoneéle moodificaosie op HLA-
moolecuule. We hebbe verschaaiene vurme van dees moodificaosie op HLA-
moolecuule geidentificeerd die afhaankelijk zen van 't type HLA-moolecuul (A, B of
C). We hebbe ok laote zién dét de vurm van dees moodificaosie te maoke heej meej
de fyzieke plek van 't HLA-moolecuul in de cel.

In hoofdstuk 5 hemme antigeenprizzentaosie bestudeerd es 't gdi om
déérmkaanker. Daorvur hemme organooide (minidrgaontjes) gebrukt die worre
gemokt van déérmkaankercelle. We hebbe gezién dé dees organooide dezelfde
eegeschappe hebbe es de celle waor ze uit zen gemokt. Dornao hemme de
antigeene geanalyzeerd en hemme gezién dé ze vur 97% 't zelfde zen es de
antigeene van gezonde déérmcelle. De antigeene die uniek zen vur de
deermkaankercelle, koome allemaol van aaiwitte die heél schaoilijk zen vur de
tuumor. Dees antigeene koome nie vur op gezonde déérmcelle en daorom zen ze
'n goei doelwit vur immuunthirrepie vur di sort déérmkaanker.

Tot slot, in hoofdstuk 6 van di proefschrift, vertel ik hoe dé ik aonkijk teege de
toekomst van antigeenonderzoek vur immuunthirrepie vur kaankerpesjente. De
hoofdstuk bevat ok 'n lijst van puublicaosies en m’'n daankwoord.
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