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Abstract

Human papillomavirus (HPV) is the most common sexually transmitted infectious agent in humans.
Infections are often asymptomatic and resolve spontaneously, but a subset of persisting infections
can develop into warts, precancers, and eventually cancers in women and men. The so-called high-
risk HPV (hrHPV) types are a major cause of cancer responsible for ~4.5 % of all annual cancer cases
worldwide. Among hrHPVs, HPV16 is the most prevalent type and causes ~60 % of invasive cervical
cancer and ~85 % of all other HPV-associated cancers. The primary oncoproteins of HPV16, E6 and
E7, representideal targets for immunotherapy as they drive the malignant transformation of infected
cells, are constitutively expressed, and are immunologically foreign. However, the development of a
therapeutic vaccine has proven to be challenging, likely due to the low immunogenicity of persistent
HPV16 infections. A vaccine must be highly immunogenic and elicit a strong antigen-specific
cytotoxic response. To identify the most potent epitopes for immunotherapies, the research group
set the aim of establishing an epitome map for the HPV16 oncoproteins E6 and E7 that specifies truly
human leucocyte antigen (HLA)-presented and immunogenic epitopes. A major part of this effort is
the detection of HLA-presented peptides on the surface of naturally HPV16-transformed cell lines by
immunopeptidomics.

In this thesis, I developed a targeted immunopeptidomics workflow for the sensitive and highly
specific detection of HLA class I-presented peptides. To this end, I developed effective quality control
measures for the wet-lab technique and implemented chemical modification steps for peptide
oxidation and alkylation that allow for optimal detection of the chemically diverse peptides. I
optimized the liquid chromatography-mass spectrometry (LC-MS) acquisition of the peptides so that
each target could be acquired with high sensitivity. In part, this was achieved by optimizing the LC
gradient and tuning the scheduling of the MS acquisition in a manner that minimizes sensitivity-
limiting parallel acquisition. Additionally, I showed that tuning the MS acquisition parameters
enhances the sensitivity of peptide detection in complex samples. I characterized all targets in detail
to allow for effective fine-tuning on a per-peptide basis. This included a newly developed approach
for optimization of collision energies on a per-precursor basis, which I found to be especially effective
for immunopeptidomics. The resulting method is scalable for targeting of hundreds of peptides, while
allowing for maximum sensitivity where extra validation is required.

[ applied the established method for the immunopeptidomics part of epitome map project. This
involved the analysis of 20 cell lines covering six selected HLA supertypes (A01, A02, AO3_A11, A24,
B07 and B15), which are groups of HLA allotypes that bind similar peptides. Altogether, 239 distinct
peptides were targeted. The HLA-restrictions of all peptide detections were validated through the
complementary use of a newly developed untargeted immunopeptidomics analysis. This enabled me
to detect the presentation of 25 HPV16-derived peptides on naturally HPV-transformed cell lines, 23
of which had not been MS-detected before. The associated HLA-restrictions cover all six of the
targeted HLA supertypes, which I confirmed to allow for a robust and extensive predicted vaccine
population coverage of more than 99 %.

These data complete the immunopeptidomics part of the HPV16 E6 and E7 epitome map. Ongoing
experiments of the complementary immunogenicity assessment functionally characterize the
peptides regarding their immunogenicity, immunodominance and frequency of memory responses
in peripheral blood mononuclear cells from healthy donors. The most promising epitopes, as
informed by these combined efforts, will be tested for their capability to induce specific killing of
HPV-transformed cells. Taken together, this will inform the selection of epitopes for inclusion in
epitope-specific vaccine formulations for future clinical trials. Ultimately, the presented findings will
contribute significantly to the rational design of a therapeutic HPV16 vaccine applicable for a large
part of the population.
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Zusammenfassung

Das Humane Papillomvirus (HPV) ist das am haufigsten sexuell iibertragene menschliche Pathogen.
Die Infektionen verlaufen haufig asymptomatisch und heilen spontan ab, wahrend eine Minderheit
der Infektionen persistiert und zu Gewebetransformationen mit Bildung von Genitalwarzen,
Priakanzerosen und letztendlich Karzinomen in Frauen und Mannern fiihren kann. Die so genannten
Hochrisiko-HPV-Typen (hrHPV) sind ein haufiger Grund fiir die Entwicklung von Karzinomen und
sind verantwortlich fiir ca. 4,5 % der gesamten jahrlichen Karzinominzidenz weltweit. Unter den
hrHPV hat HPV16 die grofdte Pravalenz und verursacht ca. 60 % der invasiven Zervixkarzinome und
ca. 85 % aller anderen HPV-assoziierten Karzinome. Die primadren Onkoproteine von HPV16, E6 und
E7, sind ein ideales Ziel fiir Inmuntherapien, da sie die maligne Transformation der infizierten Zellen
vorantreiben, konstitutiv exprimiert werden und immunologisch fremd sind. Trotzdem hat sich die
Entwicklung eines therapeutischen Vakzins als schwierig erwiesen, wahrscheinlich aufgrund der
geringen Immunogenitit von persistierenden HPV16 Infektionen. Zu den Grundvoraussetzungen
eines wirksamen therapeutischen Vakzins gehoren eine hohe Immunogenitat und das Ausldsen einer
starken zytotoxischen Immunantwort. Um die idealen Epitope fiir zukiinftige Immuntherapien zu
identifizieren, hat sich die Forschungsgruppe zum Ziel gesetzt eine Kartierung der Epitope der
HPV16 Onkoproteine E6 und E7 vorzunehmen, welche alle tatsidchlich humanes Leukozytenantigen
(HLA)-prasentierten und immunogenen Epitope abbildet. Ein wichtiger Teil dieses Vorhabens ist die
Detektion von HLA-prasentierten Peptiden auf den Oberflichen von natiirlich HPV16
transformierten Zelllinien mit den Methoden der Immunpeptidomforschung (Immunopeptidomics).

In dieser Arbeit habe ich ein Protokoll fiir zielgerichtete Immunopeptidomics zur sensitiven und
hochspezifischen Detektion von HLA Klasse I-prasentierten Peptiden entwickelt. Hierzu habe ich
effektive Qualitdtssicherungsmafinahmen fiir die Wet-lab Methodik entwickelt und chemische
Modifikationen der Peptide durch Oxidation und Alkylierung implementiert, welche eine optimale
Detektion der chemisch diversen Peptide erlaubt. Ich habe die Fliissigchromatographie-
Massenspektrometrie (LC-MS) Akquisition der Peptide so optimiert, dass jedes Zielpeptid mit einer
hohen Sensitivitat erkannt werden kann. Ein Teil dieser Entwicklung war die Optimierung des LC
Gradienten und die Anpassung der =zeitlichen Parameter der MS-Akquisition, sodass
sensitivititslimitierende parallele Akquisition von Peptiden minimiert wurde. Dariiber hinauszeigte
ich, dass eine Anpassung der MS-Akquisitionsparameter zur Verbesserung der Detektionssensitivitat
von Peptiden in komplexen Proben fiihrt. Ich habe alle Zielpeptide charakterisiert, um eine effektive
Optimierung der Methodik fiir jedes einzelne Peptid zu ermdglichen. Hierbei habe ich einen neuen
Ansatz fiir die Optimierung der Kollisionsenergien fiir die einzelnen Prakursoren entwickelt, und
festgestellt, dass dies besonders fiir Immunopeptidomics vorteilhaft ist. Die entwickelte Methode ist
skalierbar fiir die Untersuchung von hunderten Peptiden und ermdoglicht gleichzeitig eine maximale
Sensitivitdt, wo eine zusatzliche Validierung von Peptiden notwendig ist.

Ich habe die entwickelte Methode fiir den Immunopeptidomics-Teil des Epitomkartierungsprojektes
eingesetzt. Hierzu wurden 20 Zelllinien, die sechs ausgewahlte HLA-Supertypen (A01, A02, A03_11,
A24, B07 und B15) abdecken, untersucht. HLA-Supertypen sind Gruppen von HLA-Allotypen, die
dhnliche Peptide binden kénnen. Insgesamt wurden 239 verschiedene Peptide gezielt gesucht. Die
HLA-Restriktion aller detektierten Peptide wurde durch eine erganzende neu entwickelte nicht-
zielgerichtete Immunopeptidomics validiert. Es gelang der Nachweis der Prasentation von 25 aus
HPV16 stammenden Peptiden auf natiirlich HPV-transformierten Zelllinien, von denen 23 Peptide
bisher noch nicht mittels MS detektiert worden waren. Die assoziierten HLA-Restriktionen decken
alle sechs der anvisierten HLA-Supertypen ab, was eine robuste und umfassende
Populationsabdeckung eines entsprechenden Vakzins von tiber 99 % erwarten lasst.
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Diese Daten komplettieren den Immunopeptidomics-Teil der Kartierung des HPV16 E6 und E7
Epitoms. In parallel laufenden Experimenten zur Beurteilung der Inmunogenitit werden die Peptide
aktuell im Hinblick auf die intrinsische Immunogenitit, Inmundominanz und die Haufigkeit der
Gedachtnisantworten in peripheren mononukledren Blutzellen von gesunden Spendern
charakterisiert. Die vielversprechendsten Peptide in diesem gemeinsamen Projekt werden beziiglich
ihrer Fahigkeit, spezifische Zytotoxizitat gegen HPV-transformierte Zellen zu induzieren, untersucht.
Zusammengenommen kann so eine Selektion von Epitopen erfolgen, die die Aufnahme in
epitopspezifische Vakzinformulierungen fiir zukiinftige klinische Studien bestimmt. Schlussendlich
sind die hier beschriebenen Ergebnisse ein erheblicher Beitrag zum rationalen Design eines
therapeutischen HPV16-Vakzins, dass in einem Grof3teil der Bevolkerung anwendbar ist.
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Abbreviations and acronyms

°C

AA
AB
ACK
AFND
AGC
APC
APD
B2m
BLAST
bp
BSA
CALR
CANX
CD4
CD8
csv
CTL
CxCa
Da
DDA
DIA
DKFZ
DMSO
DNA
eg.
EDTA
EL
ELISpot
ER
ESI
FDR
G

h
HCD
HEPES
HIC
HLA
HLA [P

HNSCC
HPV
HPV16
hrHPV
HSIL
Le.

degree Celsius (unit temperature)
amino acid

antibody
ammonium-chloride-potassium

allele frequency net database

automatic gain control

antigen presenting cell
advanced peak determination
2-microglobulin

basic local alignment search tool

base pairs (unit genome size)

bovine serum albumin

calreticulin

calreticulin

cluster of differentiation 4

cluster of differentiation 8

comma separated values (file format)
cytotoxic CD8+ T lymphocyte

cervical cancer

dalton (unit atomic mass)
data-dependent acquisition
data-independent acquisition
Deutsches Krebsforschungszentrum, German Cancer Research Center
dimethyl sulfoxide

deoxyribonucleic acid
exempli gratia, “for example”
ethylenediaminetetraacetic acid

eluted ligand

enzyme-linked immunospot
endoplasmic reticulum

electrospray ionization

false discovery rate

gram (unit mass)

hour (unit time)

higher energy collisional dissociation
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)
high-income countries

human leukocyte antigen

the immunopeptidomics experimental process that produces purified
HLA ligands

head and neck squamous cell carcinoma
Human papillomavirus

HPV type 16

high-risk HPV

high-grade lesions squamous intraepithelial lesion
id est, “that is”, “namely”
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IAA iodoacetamide

IC50 half maximal inhibitory concentration
IEDB immune epitope database

IFN interferon

IL interleukin

[P immunoprecipitation

1 liter (unit volume)

LC liquid chromatography

LPS lipopolysaccharide

m meter (unit length)

M molarity, also mol/] (unit concentration of substance)
m/z mass-to-charge (unit)

MAC multiple allele code

MHC major histocompatibility complex
min minute (unit time)

mol mole (unit amount of substance)

MS mass spectrometry

NCE normalized collision energy

NSA normalized spectral contrast angle
PAMP pathogen-associated molecular pattern
pAPC professional antigen presenting cell
PBMC peripheral blood mononuclear cell
PBS phosphate-buffered saline

PCR polymerase chain reaction

PLC peptide-loading complex

PRM parallel reaction monitoring

PSM peptide-spectrum match

PTM post-translational modifications

QC quality control
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1 Introduction

1.1 Human papillomavirus

1.1.1 HPV and cancer

Papillomaviruses are a diverse group of small DNA viruses that are highly species-specific and infect
epithelia in vertebrates ranging from fish to mammals (McBride, 2022). Human papillomavirus
(HPV) is the most common sexually transmitted infectious agent in humans. Infections are often
asymptomatic and resolve spontaneously but a subset of persisting infections can develop into warts,
precancers, and eventually cancers in women and men (Hall et al., 2021). A causal link between HPV
and cervical cancer (CxCa) was first discovered by Prof. Harald zur Hausen and his team in the early
1980s for which he was later awarded the Nobel Prize in Physiology or Medicine 2008 (Dtirst et al.,
1983; Boshart et al., 1984). By now, HPV has additionally been associated with less common
anogenital cancers, such as cancer of the vulva, vagina, penis, and anus and also oropharyngeal
cancers (Hall et al., 2021).

1.1.2 Classification

About 450 distinct types of the HPV family of viruses have been identified (McBride, 2022). Five
different phylogenic genera are distinguished: Alpha-, Beta-, Gamma-, Mu- and Nu-papillomaviruses
(McBride, 2022). Most HPV types are considered non-oncogenic or ‘low-risk’ and cause no lesions or
only cutaneous warts, benign low-grade cervical cell abnormalities, anogenital warts, and
respiratory tract papillomas. The Alphapapillomaviruses are of special interest as they contain HPV
types that infect the oral and genital mucosal epithelium. This is the subset that contains the
oncogenic or ‘high-risk’ HPV types (hrHPV). Almost all HPV-associated cancers in men and 72 % of
HPV-associated cancers in total are caused by high-risk types 16 and 18 (de Martel et al., 2020).
Further important high-risk types are 31, 33, 45, 52 and 58 that together account for further 15 % of
cervical cancers and 11 % of all HPV-associated cancers (Hall et al., 2021). In total, 12 types HPV are
considered high-risk: 16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 with a further 13 being considered
to be a probable/possible carcinogen (Bruni et al., 2023b). HPV type 16 (HPV16) is the most
frequently detected HPV and causes about ~60 % of invasive cervical cancer worldwide and ~85 %
of all other HPV-associated cancers (Schiffman et al., 2016). Individual HPV types are further
classified into variant lineages and sublineages, where variant lineages show from 1% to 10 %
nucleotide sequence difference in their L1 open reading frame and additionally distinguished
sublineages show a further difference of 0.5 % to 1 % across the genome (Burk et al., 2013).

1.1.3 Genome and proteins

HPV is a small double-stranded DNA virus with a genome size of around 8,000 base pairs (bps). The
genome of HPV16 is shown in Figure 1. It contains three domains: The early genes E1, E2, E4, E5, E6,
and E7 in the early coding region, the late genes L1 and L2 in the late coding region and the upstream
regulatory region (URR) or long coding region. The early genes encode the proteins that mainly drive
viral DNA replication, DNA synthesis and amplification. The late genes encode proteins that form the
viral capsid. The URR is a noncoding region containing the origin of replication and regulatory
elements such as transcription factor-binding sites. The primary oncogenes of interest are E6 and E7
which are known to cause dysregulation of cell cycle progression, apoptosis and other crucial
processes (Moody & Laimins, 2010).
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Figure 1. HPV16 genome. E1-E5 (green) are early genes. E6 and E7 are the two main oncogenes.
L1 and L2 (blue) are late genes. URR (gray) is the upstream regulatory region. Reprinted with
permission from de Sanjosé et al. (2018).

1.1.4 Life cycle

HPV infection begins with infection of basal epithelial cells (Figure 2). This layer of proliferating cells
is protected by several layers of differentiated epithelial cells and infection occurs where they are
accessible e.g. through microlesions in the skin or genital and oropharyngeal mucosae (Chabeda et
al,, 2018). The virion binds to heparan sulfate proteoglycans (HPSGs) on the basement membrane
which introduces conformational changes to the capsid. This exposes the N-terminus of L2 for
cleavage by extracellular furin, which reveals epitopes of L2 that are crucial for infection. The virus
binds to cellular receptors and is taken up into the host cell by an endocytosis mechanism with
similarities to micropinocytosis. The viral capsid uncoats in the endosome and seems to be retained
in HPV-harboring vesicles until the breakdown of the nuclear envelope during mitosis allows for
nuclear entry. Next, expression of the early stage genes is initiated (DiGiuseppe et al., 2017). Early
proteins E1 and E2 enable virus DNA replication through the host machinery, roughly producing a
low level of ca. 50-100 episomal copies per cell (Nelson & Mirabello, 2023).

The infection persists intracellularly in the basal keratinocytes which are driven into S phase
through the combined action of proteins E5, E6 and E7. E5 promotes exit from Go-G1 phases by
upregulating the epidermal growth factor receptor (EGFR) signaling pathway. E6 promotes cell
survival and de-differentiation of cells by triggering proteasomal degradation of the pro-apoptotic
factor p53 and interacting with many PDZ domains of host proteins (Ruesch & Laimins, 1998; Marx
etal., 2017). It also upregulates MYC and telomerase expression to promote cell survival (Roden &
Stern, 2018). E7 most notably binds retinoblastoma protein (pRb) to block its function and target it
for proteasomal degradation. This helps to overcome the G; restriction point. In effect, cell
differentiation is delayed and hyperproliferation of infected keratinocytes is enabled (Moody &
Laimins, 2010).
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Figure 2. The life cycle of HPV. Infection occurs where virions access the basement membrane (BM)
and the basal cell layer of the epithelium. The virus genome is replicated and passed on with the
proliferating basal cells. As cells differentiate towards the upper layers of the epithelium, viral gene
expression changes to facilitate DNA amplification and eventual virus assembly. Virions are only
released when cells of the upper layers of the epithelium are shed. APC is an antigen presenting cell.
Reprinted with permission from Roden and Stern (2018).

As infected cells divide and progressively differentiate towards the upper layers of the epithelium,
low copy numbers of the viral genome are maintained. With terminal differentiation in the upper
epithelial layers, different viral genes are expressed. First E4 is activated, followed by L1 and L2. E4
drives the generation of high copy numbers of the viral DNA. The expression of the capsid proteins
leads to the assembly of virions, which are released as the infected cells in the upper epithelial layers
are shed. In this way, the life cycle of the virus follows the differentiation of the infected cells and
does not cause cell death (Roden & Stern, 2018).

1.1.5 Epidemiology and disease burden

Transmission of HPV occurs through intimate skin-to-skin contact with an infected person. From
studying newly acquired HPV infections it has been shown that first infection commonly occurs soon
after first sexual activity. A prospective study of college women found a 40 % incidence of infection
by 24 months after first sexual intercourse, 10 % of which were with HPV16. Overall, between 50-
79 % of women in high-income countries (HIC) have a lifetime risk of acquiring a genital HPV
infection. Globally, among women of all age groups with normal cervical cytology, the prevalence of
HPV was in 2019 estimated to be 9.9 % (Prudden et al., 2022).

Cervical cancer, which is almost exclusively caused by oncogenic HPV viruses is globally the fourth
leading cause of cancer deaths for women (Okunade, 2020). It is estimated that 604,000 women were
diagnosed with and 342,000 women died of cervical cancer in 2020 (Sung et al., 2021). However,
HPV-driven cervical cancer is slow to develop and generally takes 15-20 years to develop after
infection (Prudden et al., 2022). Due to this and the availability of prophylactic vaccination, screening
and treatment options in HIC, almost 90 % of death associated with cervical cancer are by now in
women in low- and middle-income countries (LMICs) (Prudden et al., 2022). Beyond cervical cancer
in women, HPV also causes genital and oropharyngeal cancer in both sexes as well as penile cancer



in men (Roden & Stern, 2018). Head and neck squamous cell carcinoma (HNSCC) is increasingly
attributed to infection with hrHPV and are on the rise globally (Johnson et al., 2020). A recent analysis
showed that almost one in three men worldwide carry a genital HPV infection and at around one in
five men are infected with an hrHPV type (Bruni et al., 2023a). Overall, HPV causes ~4.5 % of all
cancer cases worldwide (de Martel et al., 2017; McBride, 2022).

1.2 The humanimmune system and HPV

1.2.1 Innate versus adaptive immune system

The human immune system is a complex network of cells, tissues and molecules that act to protect
the body from pathogens and other influences recognized as non-self or ‘foreign’. Broadly, it can be
divided into two main branches: The innate immune system and the adaptive immune system. In the
following, [ will introduce in detail the aspects of most relevance for this thesis.

The innate immune system is a highly conserved first line of defense that is present from birth. It
provides swift non-specific protection against a wide range of pathogens. Key factors for the innate
immune system include physical barriers like skin and mucus, chemical factors such as proteins and
enzymes of the complement system, and cellular defenses through numerous cell types such as
macrophages, neutrophils and natural killer cells. Recognition of pathogens through conserved
molecular patterns known as pathogen-associated molecular patterns (PAMPs) is enabled by pattern
recognition receptors (PRRs) such as toll-like receptors (TLRs) on immune cells. This triggers a
cascade of immune responses, including the release of pro-inflammatory cytokines and chemokines
which recruit immune cells to sites of infection. For antiviral protection, infected and innate immune
cells trigger an antiviral state through secretion of type I interferons (IFNs) and recruit professional
antigen presenting cells (pAPCs). A key factor of the ensuing immune response is that pAPCs then
capture so-called antigens from pathogens, which are the molecules that are recognized as foreign.
pAPCs process and present these to cells of the adaptive immune system (Murphy et al., 2022).

In contrast to the innate immune system, the adaptive immune system elicits highly specific
responses. While the initial adaptive immune response to novel challenges is far slower,
immunological memory enables it to provide long-term and highly effective protection against
known pathogens. Adaptive immunity is mediated by lymphocytes, the two main types of which are
B cells and T cells. B cells enable humoral immunity through the production of antibodies that bind
antigens and thereby neutralize pathogens or toxins or facilitate their clearance by other immune
cells. Humoral immunity is particularly effective against extracellular pathogens such as bacteria and
viruses that are feely circulating or intermittently present outside of infected cells. In contrast, T cells
are the drivers of cell-mediated immunity. This type of immunity is crucial for protection against
intracellular pathogens such as viruses that have infected host cells or cancer cells. It is enabled by
the recognition of antigens on cell surfaces by T cell receptors (TCRs) (Murphy et al., 2022).

1.2.2 Antigen presentation

Antigen presentation is a crucial process for the cellular adaptive immune system that allows T cells
to recognize and respond to entities that are recognized as foreign. Antigen presentation is
performed by major histocompatibility complex (MHC) molecules which are expressed on the cell
surface of most vertebrate cells. Two classes of MHC molecules are distinguished. In brief, MHC class
[ present short peptides, derived from intracellular polypeptides, on the surface of antigen presenting
cells (APCs), which are all nucleated cells. For initiation of cellular immune responses, MHC class |
presentation on pAPCs is required. MHC class II present slightly longer peptides exclusively on
pAPCs, which are derived from extracellular sources that have been processed within endosomes or
lysosomes (Dersh et al,, 2021). In humans, MHCs are named human leukocyte antigens (HLAs). Here,



the focus will be on HLA class [ antigen presentation which is essential for immune responses against
intracellular pathogens such as HPV.

1.2.2.1 HLA class | structure and peptide binding

HLA class [ molecules are heterodimers composed of a heavy a chain and a light 32-microglobulin
(B2m) chain. The heavy chain is encoded by the respective HLA gene and consists of the three
domains al, a2 and a3. a1 and a2 form the crucial peptide-binding groove. 2m is an invariant chain
that associates non-covalently and is encoded by the B2ZM gene (Murphy et al., 2022).

HLA peptide binding is based on the interaction of peptides with the binding-groove of the HLA. Six
distinct binding pockets A-F within the groove have been identified (Saper et al., 1991). Of these,
pockets B and F are the key determinants for peptide binding (Chujoh et al., 1998; Nguyen et al,,
2021). Stable peptide binding is enabled by the presence of so-called anchor residues at the correct
position of the peptide amino acid (AA) sequence that fit into these binding pockets, and the
formation of hydrogen bonds between side-chains of the binding groove and the backbone of the
peptide (Wieczorek et al., 2017). In addition, the ends of the groove possess conserved tyrosine
residues that interact with the N- and C-termini of the peptide, which is thought to be the driving
factor for the typical 8- to 10-mer length distribution of the binders (Bouvier & Wiley, 1994). Much
longer peptides of up to 15 AAs are also commonly reported, with many of these understood to form
bulges out of the binding groove such that anchor residues are conserved towards the termini (Trolle
etal, 2016; Gfeller & Bassani-Sternberg, 2018). These interactions depend on the precise geometry,
charge distribution and hydrophobicity of the binding groove and the pockets, which is the source of
the variability in peptide binding across different HLA molecules (Wieczorek et al., 2017).

1.2.2.2 HLA class | alleles and supertypes

The HLA loci are some of the most polymorphic regions in the genome of vertebrates. The loci for the
HLA class I genes are HLA-A, HLA-B and HLA-C, which exhibit highly overlapping functions. In the
human population, thousands of distinct HLA alleles are present at significant frequencies and over
24,000 individual class I alleles have been described (Dersh et al., 2021; Barker et al., 2023). The
encoded allotypes bind distinct repertoires of peptides with preferences for certain peptide sequence
motifs but also share significant and variable overlaps with other allotypes (Falk et al., 1991; Sidney
et al,, 2008). Due to the availability of the three loci on chromosome 6, an individual possesses two
haplotypes of three alleles and can express combinations of up to six HLA allotypes. Reflecting their
significant role in immunity, various allele disease-phenotype associations are known and thousands
of disease-associated HLA single-nucleotide polymorphisms have been identified (Milius et al,
2013).

To distinguish the various HLA class I alleles that encode different proteins, a consistent naming
scheme has been defined (e.g. HLA-A*02:01). The scheme starts with the HLA prefix, the letter of the
locus and an asterisk. This is followed by a sequence of digits separated by colons. The first two digits
name the broad allele family. This is followed by a colon and a running sequence of further digits that
get assigned upon discovery of the allele. Further groups of digits are sometimes specified but do not
affect the protein sequence (Marsh et al., 2010).

The investigation of HLA structural features, especially the relevance of the B and F pockets, brought
about the HLA supertype concept, which was first introduced in the 1990s (del Guercio et al., 1995;
Sidney et al., 1996; Sette & Sidney, 1999). Through analysis of key residues in the B and F pockets, it
was determined what kind of anchor residues would be favored. Where similarities were
determined, HLA alleles could be grouped into supertypes. A comprehensive effort by Sidney et al.
(2008), classified just over 760 HLA types into 12 supertypes. The supertype concept provided a



rationale for some of the first peptide-based vaccine developments because a peptide binding to one
member of a supertype grouping would presumably bind to most of the other member alleles (Khan
et al, 2006; Nguyen et al., 2021). Beyond this, the concept has successfully been used in clinical and
immunological studies where HLA supertypes served as correlates or predictors of disease
protection or severity (Nguyen et al., 2021).

1.2.2.3 Antigen processing
HLA-presented peptides are derived from source polypeptides that undergo a multi-step process for

eventual presentation on the cell surface. Figure 3 illustrates many of the key aspects of this pathway.
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Figure 3. Overview of HLA class I antigen processing and presentation. The canonical pathway
to peptide presentation is through proteasomal degradation of intracellular proteins with several
further sources contributing. HLA (here termed MHC) class I heterodimers are assembled in the
endoplasmic reticulum (ER). The peptide-loading complex (PLC) facilitates direct loading of peptides
transported into the ER by transporter associated with antigen processing (TAP). Peptide trimming
and replacement of low-affinity peptides continue outside of the fully formed PLC. Suitable
HLA:peptide complexes are trafficked by vesicles via the Golgi complex towards the cell surface for
antigen presentation. For abbreviations, see main text. Reprinted and adapted with permission from
Dersh et al. (2021).



Antigen processing and presentation is a complex process under active research. The canonical
pathway to presentation is through proteasomal degradation of intracellular proteins. In this
process, misfolded or ‘retired’ proteins, marked through ubiquitylation, are broken down into
smaller peptide fragments. The generated peptides are then transported into the endoplasmic
reticulum (ER) by the transporter associated with antigen processing (TAP) proteins. TAP binds and
transports peptides of lengths of up to 16 AAs with a reported preference for peptides of lengths 8-
12 AAs (Koopmann et al,, 1996). It joins the peptide-loading complex (PLC) that further consists of
HLA heterodimers, the oxidoreductase Endoplasmic Reticulum Protein 57 (ERp57) and the
chaperones calreticulin (CALR) and tapasin (Blees et al., 2017). Prior assembly of the HLA molecule
is chaperoned by calnexin (CANX) and is initially associated with $2m in what is an unstable
heterodimer that is stabilized by tapasin. In the PLC, TAP and HLA are in close proximity to enhance
loading of peptides. A two-step model for peptide loading suggests that low-affinity peptides may
initially bind and subsequently be replaced by high-affinity peptides that sufficiently stabilize the
HLA heterodimer. Tapasin plays a critical role in this as it promotes the dissociation of low-affinity
peptides (van Hateren & Elliott, 2023). Peptides in the ER lumen may be further trimmed by ER-
resident peptidases ERAP1 and ERAP2, which remove AAs from peptide N-termini and can thereby
improve affinity for HLA molecules (Compagnone et al., 2019). The protein TAP-binding protein
related (TAPBPR) is implicated in quality control of the HLA:peptide pairing in a similar fashion to
tapasin but acts independent of the PLC (van Hateren & Elliott, 2023). Stable complexes are then
loaded into B cell receptor-associated protein 31 (BCAP31)-positive COPII vesicles which facilitate
transport to the Golgi apparatus. BCAP31 mediates HLA class I export from the ER and may also be
involved in their quality control (Abe et al., 2009). From the Golgi apparatus, the complexes are
ultimately transported to the cell surface. On the cell surface, peptides in the context of the binding
HLA allotype act as epitopes that can be recognized by T cells (Dersh et al,, 2021).

Beyond the canonical proteasomal degradation of retired proteins, several further sources of HLA
epitopes have been described. Defective ribosomal products (DRiPs) and short-lived proteins (SLiPs)
are both typically short lived and can be processed for presentation. DRiPs are defective translation
products that are non-functional and SLiPs are a loose category of proteins that are retired quickly
(Dersh et al, 2021). They are often intrinsically disordered and degraded in the absence of a
stabilizing partner. DRiPs and SLiPs have been found to substantially contribute to the
immunopeptidome and are of particular interest as they may explain the rapid presentation of
peptides from viral proteins which are otherwise metabolically stable (Yewdell et al, 1996;
Townsend et al., 1989; Dersh et al,, 2021). One described source of DRiPs is translation initiation at
near-cognate start codons such as CUG (as opposed to AUG), preferentially from 3’ and 5’
untranslated regions of mRNA or alternate reading frames. Such non-canonical initiation may be
driven by stressors such as viral infection. Another source of peptides seems to be short translation
products which can be processed by non-proteasomal proteases (Dersh etal.,, 2021). The importance
of these alternative sources for HLA epitopes is still actively being debated (Admon, 2023; Joyce &
Ternette, 2021).

In addition, it has been found that different HLA allotypes are dependent to varying degrees on
proteasomal degradation and ubiquitylation. Even further, the dependence of different alleles on
tapasin and TAPBPR for peptide loading seems to vary widely (van Hateren & Elliott, 2023). These
mechanisms likely all serve to further broaden the peptide repertoire and thereby enhance the
potential of cell-mediated immunity (Dersh et al.,, 2021).



1.2.3 Tcells

Where HLA-presented peptides are recognized as foreign, T cells are the immune cells that enable
this distinction. They carry T cell receptors (TCR), which are highly variable receptors that can detect
specific HLA-bound peptides in the context of their HLA molecule (Murphy et al., 2022).

1.2.3.1 T cell receptors

The high variability of TCRs arises from a process called V(D)] recombination which occurs in
developing T cells. In this process, three gene segments called variable (V), diversity (D) and joining
(J) are rearranged and joined to form a functional TCR gene. A large repertoire of V, D and ] gene
segments are available for inclusion. It is further augmented through a process called junctional
diversity, where nucleotides are added or deleted at the junctions between the rearranged gene
segments. One alpha and one beta chain, generated through V] and VD] recombination, respectively,
then form a complete TCR. This random process generates a vast and highly diverse repertoire of
TCR clonotypes with unique antigen binding specificities (Murphy et al., 2022). It is estimated that it
can give rise to between 1015 and 102° possible TCR clonotypes but it is unclear what the actual
realized diversity of a human repertoire is (Laydon et al., 2015).

1.2.3.2 T cell maturation

During T cell maturation, each T cell, after successful recombination of the TCR genes, undergoes
positive and negative selection in the thymus. Through this process, central tolerance is achieved,
which ensures that mature T cells are not self-reactive. Initially, T cells start out as double positive
for the co-receptors cluster of differentiation 4 (CD4) and CD8. In a first positive selection step, they
are tested for their TCRs’ capability to bind with sufficient affinity to self-derived HLA:peptide
complexes on the surface of thymic cortical epithelial cells. T cells that do not show this capability
are neglected and die. Selected T cells lose the expression of either CD8 or CD4 and thereby
differentiate into either CD8* or CD4+ T cells based on whether their TCR interacts with HLA class |
or class I, respectively. In a second negative selection step, T cells that strongly bind to self-derived
epitopes in the thymus receive a signal that triggers apoptosis. This step is crucial to prevent
excessive autoreactivity. The cells that pass this test mature to become naive T cells, but only a small
percentage of about 2 % of T cells will reach this stage. Mature T cells leave the thymus and enter the
secondary lymphoid tissues through the blood stream, where they encounter antigens and initiate
immune responses (Murphy et al.,, 2022).

1.2.3.3 T cell types
Many different types of T cells with distinct functions are known.

Helper T cells are CD4+ T cells that recognize antigens presented by HLA class Il on pAPCs. They play
a central role in coordinating immune responses. Some of the different subsets of helper T cells are
Tul, Tu2, Tul7 and T follicular helper (Teu) cells. Tul cells produce interferon-gamma (IFNy) and
thereby help to initiate an inflammatory response and to activate macrophages. In brief, Tu2 cells
produce interleukin-4 (IL-4), IL-5 and IL-13 and help to eradicate helminths. Ty17 produce IL-17 and
[L-22 and are involved in inflammation and defense against extracellular pathogens. Try primarily
produce IL-21 and help to promote B cell antibody production (Murphy et al., 2022). Regulatory T
cells (Treg) are CD4+ T cells that play a critical role in maintaining immune tolerance and preventing
excessive immune responses. They are subclassified through their expression of the transcription
factor Foxp3 and suppress the activity of other immune cells, including other T cells. Memory T cells
are long-lived cells that persist after the initial immune response to an antigen. They enable rapid
and enhanced immune response upon re-exposure to the same antigen. Both CD8* and CD4* memory
T cells exist. Cytotoxic CD8* T lymphocytes (CTLs) recognize antigens presented by HLA class | on



cell surfaces. They are highly specialized and effective in killing of cells infected by intracellular
viruses or cells undergoing malignant cell transformation.

1.2.3.4 Cytotoxic T cells

Naive CTLs go through different stages, directed by recognition of their specific target antigen on
pAPC, which induces priming and eventual activation of the full effector function that leads to specific
killing of target cells, production of cytokines and clonal expansion. A key step in this process is the
formation of the immunological synapse in response to binding of the TCR to a specific HLA:peptide
complex with sufficient affinity. Multiple TCRs may engage with target peptide in close proximity and
the interaction is stabilized by adhesion molecules such as LFA-1 on the CTL and ICAM-1 on the target
cell. The active synapse can induce apoptosis through engagement of death receptors such as Fas
(CD95) and TRAIL on the target cell. The synapse also activates further processes in the T cell, which
reorganizes its cytoskeleton to polarize its cytotoxic granules towards to the target cell and
eventually releases them in a direct attack. The granules contain a cocktail of proteins that serve
different roles to ensure apoptosis. Perforins form pores in the target cell’s membrane, allowing the
entry of granzymes and other cytotoxic molecules. Granzymes are a family of serine proteases. Once
inside the target cell, granzymes initiate the caspase cascade for apoptosis. CTLs can recycle to
successively Kill further target cells over the course of the effector phase of the immune response
(Murphy et al,, 2022). Once the effector phase subsides, most CTLs eventually die but it is thought
that about 5-10 % differentiate into memory cells that are maintained long-term (Omilusik &
Goldrath, 2017).

CTL activation has been found to be a highly sensitive process with claims of detection of as little as
one matching HLA:peptide complex on the surface of a target cell, though activation may require on
the order of ten complexes (Irvine et al.,, 2002). They have the capability to migrate towards sites of
infection and infiltrate tissues through the use of tissue-homing receptors that direct their exit from
the bloodstream through interaction with respective ligands on peripheral tissue vasculature
(Brinkman et al., 2013).

While CTLs cells act as the main effectors of cell-mediated immunity, it is important to note that
effective cell-mediated immune response requires concerted efforts by CD8+ and CD4+ T cells and by
pAPCs (Dersh et al., 2021). Naive CTLs are typically primed by pAPCs, through co-stimulation with
molecules such as CD80 and CD86 that interact with CD28 receptors on T cells. This often involves
pAPC uptake of exogenous antigen and presentation on HLA class I in a process called cross-
presentation (Colbert et al., 2020). These processes are highly relevant for vaccination (Nelde et al,,
2021).

1.2.4 HPV immune evasion and persistence

Most HPV infections are cleared by the immune system within two years. The viral infection can
trigger innate immune responses through the recognition of PAMPs, such as the immunogenic viral
capsid proteins L1 and L2 or the dsDNA viral genome (Hibma, 2013). The resulting immune response
and the recruitment of pAPCs can trigger a cell-mediated adaptive immune response through
presentation of HPV-derived peptides to CD4+ T cells via HLA class II but most likely also to CD8+ T
cells via cross-presentation on HLA class I (Hibma, 2013). Eventual elimination of the HPV infection
is considered to be driven by an effective T cell response involving CTLs and Tx1 cells that is directed
against proteins E6, E7 and E2 (Woo et al., 2008; Schiffman et al., 2016). Still, a median duration of 6
months for clearance of infections is much slower than what is observed with most other viruses and
about 10 % of cervical infections can become chronic (Grabowska & Riemer, 2012; McBride, 2022).

The exact mechanisms that determine whether an infection is cleared or persists are not fully
understood. However, various mechanisms have been identified that allow HPV to evade the host
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immune response and establish lo ng term persistence within the infected epithelium (Grabowska &
Riemer, 2012). One mechanism for immune evasion are the generally low levels of expression of the
early genes in the lower levels of the epithelium that is mediated by the protein E2 (Steinbach &
Riemer, 2018). In the upper layers, where the immunogenic capsid proteins are expressed, early gene
expression is tightly regulated such that the antigens E6 and E7 are not exposed (Roden & Stern,
2018). Steinbach and Riemer (2018) summarized that the virus affects antigen processing of infected
cells in a variety of ways, ranging from suppression of immunoproteasome subunits, suppression of
TAP, overexpression of ERAP1 and suppression of HLA surface expression. In effect, the
immunopeptidome is significantly altered which affects the effective generation of viral epitopes. The
viral oncogenes E6 and E7 play a crucial role in immune evasion. Apart from their important function
in keeping the cell cycle active and preventing apoptosis (see section 1.1.4), E6 and E7 also have been
found to play a crucial role in immune evasion. They suppress TLR9 expression and more generally,
hrHPVs have been found to suppress TLR3. The JAK-STAT pathway is targeted by silencing of STAT1
by both E6 and E7. It has been found that reduced numbers of Langerhans cells, which are the pAPCs
of the squamous epithelium, are present at sites of hrHPV infection. This is attributed to the
downregulation of both, CC-chemokine ligand 20 (CCL20) and E-cadherin, by E6 and E7. CCL20 is an
important factor in recruitment of Langerhans cells and E-cadherin enables binding of Langerhans
cells to keratinocytes (Schiffman et al, 2016). These and several further mechanisms such as
suppression of cytosolic DNA and RNA sensing serve to suppress innate immune reactions and IFN
production, which in turn compromise and/or delay the adaptive immune response (Gusho &
Laimins, 2021). These mechanisms allow the virus to persist within the epithelium, where it only
replicates very slowly, without causing systemic inflammation. The entire life cycle is completed
without directly causing cell death or systemic viraemia (Roden & Stern, 2018).

HPYV is also prone to integration into the host’s chromosomal DNA. This process often disrupts the
E2 gene during linearization of the genome due to which its repressive effects on E6 and E7 are lost.
The resulting overexpression compromises host DNA repair and leads to genomic instability (Jeon &
Lambert, 1995). In turn, this makes E6 and E7 ideal targets for immunotherapy (Steinbach & Riemer,
2018).

While HPV itself does not directly cause cancer, the expression of the viral oncoproteins and the
resulting genomic instability and dysregulated cell proliferation that provide a head start in immune
evasion put infected cell on a path towards malignant transformation over the span of 1-2 decades
(Roden & Stern, 2018). Due to this, persistent HPV infection is highly implicated in development of
cancer.

1.3 HPV prevention and treatment

1.3.1 Prophylactic vaccination

Prophylactic HPV vaccines were developed to prevent HPV infections and thus reduce the risk of
HPV-associated cancers. All current prophylactic HPV vaccines are based on the major capsid protein
L1. The L1 proteins self-assembles into virus-like particles that are devoid of viral genome and induce
a potent immune response, achieving high levels of neutralizing antibodies. Antibodies can bind HPV
virions before they infect epithelial cells, which triggers elimination by native immune cells. This
confers immunity to initial infection with HPV because the steps from binding to the basement
membrane of the epithelium to uptake of the virion into epithelial cells take on the order of several
hours. During this time, antibodies effectively neutralize the virus (Schiller & Lowy, 2018).

Currently, four prophylactic HPV vaccines are available. The first vaccine became available in 2006
and is a quadrivalent vaccine that offers protection against HPV 6, 11, 16 and 18. The second vaccine
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became available in 2007 and protects only against the two most prevalent high-risk HPV types 16
and 18. The third vaccine became available in 2014 and is a nonavalent vaccine that protects against
HPV 6, 11, 16, 18, 31, 33, 45, 52 and 58. The last vaccine to have been licensed is another bivalent
vaccine for HPV16 and 18 (Prudden et al., 2022). Only limited cross-protection against further HPV
types is achieved by the prophylactic vaccines (Malagén et al., 2012). Together, they all contribute to
the global vaccine supply and further prophylactic vaccines are in development.

The major limitation of preventative vaccines is that they have no therapeutic effect on persisting
HPV infection or lesions. Persistent HPV infections are not affected by the antibody response because
even though they can trigger cell-mediated immune responses, the L1 antigen is not expressed in the
infected basal epithelial cells (Roden & Stern, 2018). Therefore, it is projected that even though
prophylactic HPV vaccination for adolescent girls will significantly reduce the incidence of cervical
cancer in the future, substantial effects will likely not be seen for 30-40 years (Brisson et al., 2020).
This is partially due to the fact that by now only about 13 % of young girls are fully vaccinated globally
(Prudden et al., 2022). It is increasingly recognized that vaccination of boys and adolescent men can
play a role in reducing the incidence of HPV-driven cancer. Men are an important reservoir of genital
HPV infections and are themselves at risk of HPV-related morbidity. By 2022, 45 countries
implemented vaccination for boys (Bruni et al., 2023a).

1.3.2 Conventional treatment

Screening tests allow for the detection of squamous intraepithelial lesions of the cervix that arise
from persistent infection. These are distinguished as low-grade squamous intraepithelial lesions
(LSIL) and high-grade squamous intraepithelial lesions (HSIL). HSIL are considered cancer
precursors and, if undetected and untreated, they can progress over years or decades to cervical
cancer. HSIL have also been identified as precursors to anal and vulvar and vaginal cancers. For
oropharyngeal cancer no such precursor is known (Hall et al., 2021). For cervical cancer, consistent
screening and histological diagnosis which indicates the appropriate treatment has been
implemented highly successfully in high-income countries (HICs) and has reduced mortality
considerably. The most widely known screening option is the Papanicolaou (Pap) test (Papanicolaou
& Traut, 1997). Itis a cytology-based test which is performed by inspecting a sample from the cervix
(a cervical smear) under a microscope for the presence of abnormal cells. It has largely been replaced
by Liquid Based Cytology. Newer screening methods such as HPV DNA or mRNA detection offer
sensitive and cost-effective alternatives. However, up until now, screening measures have proven
difficult to implement to the same effect in low- and middle-income countries (LMIC) (Prudden et al,,
2022). Furthermore, as no precursor lesions are known for HPV-associated HNSCCs, there are no
screening tests available (Johnson et al., 2020).

Treatment indications for detected HSIL lesions depend on the characteristics of the lesions. Small
lesions that are entirely visible on the ectocervix may be ablated via thermal ablation, either by
freezing or heating the tissue. Other lesions can be surgically removed by removing the entire
abnormal transformation zone (Prudden et al., 2022). Treatment of suspected cases of cervical
cancer is based on the stage of the disease. Early stages of the cancer can be treated with surgery or
radiotherapy, including the option for chemotherapy. These measures have high success rates with
long-term survival and cure rates of around 80 % but are only enabled by early diagnosis and high-
quality treatment. However, they come with several drawbacks as they can cause radiation-induced
damages to surrounding tissues and can affect fertility or sexual functions (Cohen et al,, 2019).
Disease progression to late stage metastatic cancer drastically reduces efficacy of standard of care
radio- and chemotherapies (Yao et al., 2022).
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1.3.3 Immunotherapeutic approaches

Immunotherapeutic approaches are intended to harness the body’s immune system to detect and
eliminate disease. Aside from non-specific approaches like immune checkpoint blockade, antigen-
specific approaches are becoming more and more relevant in recent years (Waldman et al., 2020).
Targeted immunotherapy aims to modulate the immune system’s response to specific antigens such
as virus- or cancer-derived HLA-presented epitopes. HPV-driven malignancies are in principle well
suited for such immunotherapeutic approaches due to the obligatory presence of the known viral
antigens E6 and E7 (Khallouf et al.,, 2014).

Today, immune checkpoint blockade treatments have already been approved for the treatment of
certain HPV-associated cancers, and targeted immunotherapies such as therapeutic vaccines and
TCR-based cellular therapies are being developed (Lee & Allen, 2021). In TCR-based therapies which
use genetically engineered T cells, selected TCRs or chimeric antigen receptors (CARs) can be used
to direct action against specific antigens (Norberg & Hinrichs, 2023). In contrast, the vaccination
approach is intended to induce a cell-mediated immune response in the form of natural antigen-
specific cytotoxic T cells and T helper cells (Peri et al.,, 2023).

Therapeutic HPV vaccines offer the potential to clear persistent HPV infection, cause regression of
precursor lesions and cure HPV associated cancer. Furthermore, the induction of immunological
memory is expected to protect the vaccinated individual against possible latent infection leading to
tumor recurrence and against novel infections. Such a treatment could address the gaps currently
left by prophylactic vaccination and screening programs.

No therapeutic vaccines are currently approved but several candidates are in development. A large
variety of approaches have been used for the development of such vaccines, such as live vector-,
nucleic acid-, protein- and peptide-based vaccines (Lee & Allen, 2021). Predominantly, they are
designed to induce immune reactions against the proteins E6 and E7 and target advanced cervical
cancer or HSIL (Prudden et al., 2022). To ensure safety where complete E6 and E7 are being used as
immunogens, disabling mutations can be used, or even a ‘shuffled’ sequence of the protein, to
abrogate binding to the main target proteins p53 and Rbs (Ohlschliger et al., 2006; Khallouf et al,,
2014). While these are typically designed to minimally affect the derived epitope repertoire, they
may still affect the production of viable epitopes.

Live vector-based vaccines for HPV utilize bacterial or viral vectors. These vectors are highly
immunogenic themselves due to their pathogenic nature. The vectors used in these vaccines are
engineered to lose the ability to replicate, reducing safety concerns. They can also be designed to
deliver the immunogenic payload directly to pAPCs, eg. through the use of lentiviral vectors.
However, there may be pre-existing immunity towards the vector, which can limit vaccine efficacy in
the general population as the vectors may be eliminated quickly (Lee & Allen, 2021; Khallouf et al,,
2014).

Nucleic acid-based vaccines include DNA-based vaccines and RNA-based vaccines. These vaccines
rely on the delivery of nucleic acids into cells, where they are translated and processed into antigens
that can induce an immune response. Both types are relatively easy to produce and do not induce
anti-vector immune responses, which means that even though they may be directly immunogenic,
multiple applications will still be able to trigger responses specifically against the encoded antigens
(Chabeda et al., 2018). Nucleic acid-based vaccines require delivery methods such as electroporation
to enhance their uptake by cells. RNA vaccines have the advantage of not needing to cross the nuclear
membrane, which may improve their transfection efficiency. Recently, mRNA-based approaches that
are delivered via lipid nanoparticles have shown the capability to control HPV-associated tumors in
mice (Ramos da Silva et al.,, 2023). They have attracted widespread interest and are expected to
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receive increased attention in development of HPV vaccines due to their successful application in the
COVID-19 pandemic (Polack et al., 2020; Baden et al., 2021). Nucleic acid-based vaccines allow for
considerable flexibility in the encoding of target antigens or some variation of individual epitopes. In
addition, proteins expressed from nucleic acid-based vaccines have to undergo natural antigen
processing and presentation. (Lee & Allen, 2021; Hancock et al., 2018).

Protein-based vaccines for HPV utilize proteins derived from the virus to induce an immune
response. In principle, these vaccines can contain all antigenic HLA epitopes and are not HLA-
restricted. E7 is most frequently used for protein vaccines because of the two oncoproteins, it shows
higher expression and is more conserved (Khallouf et al., 2014). Overall, the proteins have low
immunogenicity. To enhance immunogenicity and presentation via HLA class I, protein-based
vaccines employ various strategies. One approach is the creation of fusion proteins. These include
fusions of viral proteins E6 and/or E7 with more immunogenic proteins such as L2 or with PAMPs to
engage pAPCs (Khallouf et al., 2014). This can be achieved by fusing the antigen to molecules that
specifically bind to receptors on DCs. Another strategy is the use of adjuvants with the vaccine
formulation. These are substances that enhance the immune response (Lee & Allen, 2021).

Peptide-based vaccines for HPV utilize specific peptides derived from HPV antigens to induce an
immune response against the virus. Peptide-based vaccines have an excellent safety profile and are
easy to produce. However, depending on the approach they may be limited by their immunogenicity
and HLA restriction. The use of strategies to enhance immunogenicity is crucial with peptide-based
vaccines to be able to elicit a sufficient immune response and consequent immunological memory.
Adjuvants are commonly used to improve immunogenicity as well as further approaches like
lipopeptide conjugation for recognition via TLRs and direct loading of dendritic cells (Purcell et al.,
2007). The use of synthetic long peptides can help to target multiple HLA types. This is achieved by
using longer stretches of overlapping peptides between 15-35 amino acids in length which may
accommodate multiple HLA restrictions (Khallouf et al., 2014). This means they require processing
by pAPCs for HLA-presentation via HLA class Il and for HLA class I cross-presentation to induce the
desired response. A disadvantage of this approach is that processing of the long peptides does not
follow the same pathway as the presentation of HPV epitopes on infected or cancerous cells. This
might result in immune responses that are not specific to the target (Purcell et al.,, 2007). The
vaccination with short peptides offers an alternative that can be precisely directed against selected
epitopes. This allows to select the most promising epitopes, taking into account their immunogenicity
and presence during the targeted disease stage. Each peptide used for this approach is effective only
according to its HLA restriction but the use of multiple peptides and favoring of promiscuous HLA
binders can help overcome this limitation (Khallouf et al., 2014; Lee & Allen, 2021).

Antigen selection is a critical step in the development of therapeutic HPV vaccines. This is
emphasized through the promising developments stemming from the first HPV epitope for which
HLA-presentation on cancer cells was validated via mass spectrometry (Riemer et al., 2010). With
the epitope E7/11-19, a therapeutic vaccination strategy was successfully employed in an MHC-
humanized E6/E7 mouse tumor model (Kruse et al., 2018). Furthermore, a therapeutic vaccine
developed against the epitope, which is A02 restricted, is being tested in a clinical trial (DPX-E7,
NCT02865135). An epitope-specific TCR has been isolated and enables T cells to kill cancer cell lines
in vitro as well as established tumors in a mouse model (Jin et al., 2018). In the subsequent clinical
study, TCR-based cellular therapy with this receptor led to robust tumor regression in 6 of 12
patients (Nagarsheth et al., 2021).

Despite these indications of HLA-presentation of viral epitopes, the development of a therapeutic
vaccine has proven to be challenging, likely due to the low immunogenicity of persistent HPV
infections. A vaccine must be highly immunogenic and elicit a strong antigen-specific cytotoxic
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response. Where HSIL or cancer have undergone immune selection, a dominance of regulatory T cells
and an immune-repressive environment pose additional challenges (Prudden et al., 2022).

1.4 Immunopeptidomics

1.4.1 Introduction

Immunopeptidomics is the study of the immunopeptidome, which is the repertoire of HLA-presented
peptides of a given set of cells. Mass spectrometry-based immunopeptidomics has been pioneered in
the 1990s and early 2000s in studies only where up to tens of peptides were identified (Falk et al,,
1991; Hunt et al., 1992). Ever since, the field has been rapidly evolving due to improvements in
experimental techniques and advancements in mass spectrometry that enable the detection of tens
of thousands of peptides per experiment. It has been the critical technique that has revolutionized
our understanding of the immunopeptidome and many of its crucial aspects such as the dynamics of
HLA restriction and peptide generation, editing, loading and cell-surface presentation (Shapiro &
Bassani-Sternberg, 2023). By now, the impact of the field goes beyond basic research as it has paved
the way for novel approaches in several fields. It enables personalized cancer immunotherapies by
identifying tumor-specific HLA-presented peptides that can be specifically targeted while sparing
healthy tissues. In autoimmune diseases, the identification of self-peptides provided novel insight
into the role of aberrant antigen presentation in autoimmune pathogenesis. In therapeutic
vaccination against pathogens such as HPV, the technique allows to specifically identify the
pathogen-derived peptides that are being presented by infected cells or pAPCs. This offers a new
objective basis for vaccine design (Yewdell, 2022).

The most established technique for immunopeptidomics is purification of HLA:peptide complexes
via immunoprecipitation with subsequent elution of peptides by acid treatment and eventual
acquisition via liquid chromatography mass spectrometry (LC-MS) (Bassani-Sternberg, 2018; Chong
et al,, 2018; Purcell et al,, 2019). The experiment is illustrated in Figure 4.
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Figure 4. HLA immunoprecipitation and LC-MS analysis. Individual peptides are represented as
colored spheres in the binding pockets of the HLA molecules. Different coloring of the HLA molecules
signifies different allotypes. Source material is lysed and in an immunoprecipitation step,
HLA:peptide complexes are bound by specific antibodies that are crosslinked to agarose beads. The
anti-pan-HLA class I antibody W6/32 effectively binds most HLA class I molecules. After several
washing steps, mild acid treatment is used for elution. This elutes bound peptides but also dissociates
the a and B2m chains of the HLA heterodimer. Solid phase extraction is used to purify and
concentrate eluted peptides. Analysis is performed by combined LC separation, electrospray
ionization and acquisition in the mass spectrometer.

1.4.2 HLA immunoprecipitation

HLA immunoprecipitation (HLA IP) is the technique of choice to isolate HLA-presented peptides from
the complex background of peptides, proteins and other molecules present in whole-cell lysate and
make them accessible to analysis via LC-MS. It involves the specific capture and purification of HLA
molecules, which carry with them the bound peptides. In the context of immunopeptidomics, the
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term HLA IP commonly refers to the full process that produces purified HLA ligands and will be used
as such in this thesis.

The process typically begins with the lysis of cells or tissues using mild detergents to solubilize
membrane-bound HLA molecules. Immunoprecipitation is performed by incubation of the lysates
with specific antibodies that are coupled on solid supports such as protein A or protein G Sepharose
beads. Especially the pan-HLA class I specific antibody W6/32 has found widespread use due to its
binding of a conserved epitope on the HLA class I alpha chain shared among HLA A, B and C alleles
(Kuznetsov et al., 2020). After incubation, the captured complexes are separated from the non-
specifically bound components through repeated washing steps. To elute the bound peptides, various
methods are employed. One common approach is the use of mild acid elution, where a low pH elution
buffer disrupts the peptide-MHC interactions and releases the peptides. This step typically also elutes
the a chain and the $2m molecule from the antibody/bead complex. Other contaminants such as the
detergents used for lysis and some salts may still be present. This necessitates a further step to purify
and concentrate the HLA-associated peptides, which is most commonly solid-phase extraction (SPE).
In this step, a sorbent such as C18 hydrophobic groups binds peptides and proteins of sufficient
hydrophobic character, while water-soluble hydrophilic components are washed out. Elution may
then be performed with organic solvents of limited concentration to favor the elution of small
peptides as opposed to larger, more hydrophobic proteins. The resulting solution of concentrated
and purified HLA-presented peptides is then ready for analysis (Kuznetsov et al., 2020).

The technique has some inadequacies. It is estimated that associated with the process approach 90-
99 % for some peptides, that the immunoprecipitation step is not quantitative and that the peptide
yields can vary drastically between laboratories due to the challenging execution (Hassan et al,
2014). To reach a suitable peptide yield, often 100 million to 10 billon cells are used as input material
(Kuznetsov et al., 2020). While these facts indicate that the method has not yet fully matured, the
variance of the results is also partially owed to the challenging execution.

1.4.3 Mass spectrometry-based proteomics
1.4.3.1 Introduction

Mass spectrometry-based proteomics is a powerful and widely used technique in the field of
biochemistry that has revolutionized the study of proteins and their functions. The last decade has
been one of tremendous progress for the underlying technology of mass spectrometry. This has
enabled comprehensive analysis of entire proteomes and has spurred rapid growth of the field.

Fortunately, the dominant technique for such proteome analysis is bottom-up proteomics, for which
all proteins in a sample are first enzymatically digested, typically with the endopeptidase trypsin
(Aebersold & Mann, 2003). Protein content is then inferred from the comprehensive sequencing and
quantitation of all LC-MS detectable peptides. This means that the goals of bottom-up proteomics and
immunopeptidomics analyses are largely aligned. Peptides in a sample are separated by liquid
chromatography, ionized through electrospray ionization and detected in the mass spectrometer.
While most computational tools have been developed for bottom-up proteomics, they have largely
been successfully co-opted for immunopeptidomics. Immunopeptidomics remains the more
challenging of the two applications. Tryptic digestion occurs predictably after arginine (R) or lysine
(K) and in bottom-up proteomics this information is used to restrict the search space. Due to the lack
of such restriction, the search space for immunopeptidomics is vastly inflated and analysis is far more
computationally expensive and susceptible to false discovery. Also, the inherently diverse C-terminus
of HLA binders often results in worse ionization and less informative ion fragmentation that makes
MS detection more challenging (Faridi et al., 2018).

15



In the following I will introduce the proteomics techniques that I used in this thesis for the detection
of peptides.

1.4.3.2 Reversed-phase liquid chromatography

Effective peptide separation is crucial to unlock the full potential of detection via mass spectrometry.
Without effective chromatographic separation, sample complexity is usually overwhelming for even
advanced mass spectrometers.

In reversed-phase liquid chromatography (RPLC), the nonpolar stationary phase is used for analyte
retention and a polar mobile phase is used for elution. The most commonly used stationary phase in
RPLC is based on different particulates that are bonded with hydrophobic alkyl chains, such as C18
or C8. These alkyl chains provide a nonpolar surface that nonpolar analytes interact with. The mobile
phase is typically a mixture of water and an organic solvent such as acetonitrile. Peptides are first
introduced to the stationary phase with a low-organic solvent to favor stationary interaction.
Gradient elution, where the percentage of organic solvent in the mobile phase is gradually increased
in what is termed an LC ‘run’, is then used to achieve peptide separation. Peptides with higher
hydrophobicity tend to interact more strongly with the stationary phase and as a result elute later in
the gradient. The gradient conditions, including the gradient slope, duration, and starting and ending
concentrations of the organic solvent, need to be optimized to achieve the desired separation (Lenco
et al.,, 2022). An ion-pairing reagent, such as formic acid or trifluoroacetic acid, is added to form
neutral pairs with charged peptides. This increases their hydrophobic character and enhances
peptide retention and separation (Kota & Stolowitz, 2016).

1.4.3.3 Electrospray ionization

Electrospray ionization (ESI) is a soft ionization technique that generates gas-phase ions from
analyte molecules in solution while largely preserving their structural integrity. The sample is
delivered through an emitter, which is a capillary with a narrow tip. As liquid emerges from the tip,
which is held at high voltage relative to a counter-electrode, a spray cone forms from which a fine
spray of charged droplets is ejected. This is followed by solvent evaporation, which increases the
charge density on droplet surfaces. Such highly charged droplets, due to electrostatic repulsion on
the surface, break up into several smaller droplets. This reaches a critical point at which ions are
ejected into gas phase (Ho et al., 2003; Niessen & Correa C, 2016). Peptides are typically ionized with
the tip at a positive potential as they are easily protonated to form cations. They may acquire multiple
positive charges, especially where this is favored by the presence of basic amino acids (Loo et al.,
1989).

1.4.3.4 MS peptide detection

The mass spectrometer used for this thesis is a Thermo Scientific Orbitrap Exploris 480. It is a hybrid
mass spectrometer that combines high performance quadrupole precursor selection with high-
resolution accurate-mass detection in the Orbitrap (Makarov, 2000). Figure 5 shows the components
that make up the instrument.
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Figure 5. Schematic of the Orbitrap Exploris 480 MS used for this thesis. lons are routed from
the electrospray on the left side through the ion optics, which include the quadrupole. The
quadrupole is a mass filter that allows for pre-selection of ions. Fragmentation is performed in the
ion-routing multipole. Mass analysis is performed in the Orbitrap. Reprinted from product
specification sheet with permission from Thermo Fisher.

The inside of the instrument is a vacuum chamber, to enable the precise and efficient routing of ions.
The ions generated at the ESI source first encounter the instruments ion optics. They enter the
instrument through the inlet ion transfer tube and the ion funnel, which is a stack of electrodes to
which a radio frequency (RF) voltage is applied. Oscillating RF potentials can be used to confine and
focus ions in gas phase. In this manner, the funnel radially focuses arriving ions. The focused ion
beam is then guided through the advanced active beam guide (AABG), which is comprised of the
injection filter (left) and the bent flatapole (right). The bent flatapole guides the ions through an arc
whereby remnant neutral particles are cleared as they are not diverted (Thermo, 2021).

The quadrupole mass filter is a crucial part of the instrumentation that enables the pre-selection of
ions. The Orbitrap Exploris uses a segmented quadrupole. Entrance and exit segments are RF-only
segments that ensure that ions are focused whereas the middle section is the resolving quadrupole.
This design is optimized for rectangular transmission window shapes, which is crucial to enable high
efficiency ion selection at narrow isolation windows (Thermo, 2021).

The intensity of the permitted ions is then determined in the independent charge detector (ICD). This
device increases the fidelity of the automatic gain control (AGC) that maintains an optimal quantity
of ions for each scan. Next, ions pass through the curved linear trap (C-Trap) into the Ion-Routing
Multipole (IRM). The IRM is filled with nitrogen. It traps the ions and optionally performs higher
energy collisional dissociation (HCD). HCD is a variation of the low energy fragmentation method
collision-induced dissociation (CID), which shows improved trapping of low-mass products (Olsen
etal,, 2007). In this technique, selected ions are accelerated towards the neutral collision gas which
induces fragmentation. The collision energy can be adjusted by varying the offset voltage between
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the C-Trap and the IRM. This value affects the outcome of the fragmentation such that different
fragmentation results can be produced. After the trapping, the ions are passed back to the C-Trap
which facilitates the simultaneous transfer of the ions into the Orbitrap (Shuken, 2023).

Mass analysis occurs at the Orbitrap, which consists of a spindle-shaped central electrode
surrounded by an outer electrode that is split into bell-shaped halves. The basic principle is that for
each scan, packets of ions are trapped in stable trajectories that combine rotation around the central
electrode (radial position r) with oscillations along it (axial position z). lons of the same mass-to-
charge ratio (m/z) oscillate together along the z-axis while distributing evenly in the radial direction.
The outer electrode detects the image current produced by the oscillations. Application of fast fourier
transformation (FFT) to the image current then generates the frequencies of these z-axis oscillations,
which correspond to the ion m/z. In this manner, each Orbitrap scan generates a spectrum of m/z
values and corresponding intensities. Through acquisition over long transients (long scan time),
spectra can be acquired at exceptionally high resolutions. The stated resolution usually reflects
resolution at 200 m/z and scales inversely towards higher m/z. Due to this, measurement errors can
best be understood as parts per million (ppm) deviations, which means that at higher m/z, higher
mass errors are expected (Haag, 2016).

Due to the optional fragmentation step, two options for ion detection are available. In a so-called MS1
scan, the ions are left intact. This is typically done in a full MS1 scan, meaning that all or most ions
are permitted through the quadrupole, generating an overview spectrum of all ions that are entering
the instrument. MS2 scans are performed by pre-selecting ions (termed precursor ions or simply
precursors) and fragmenting them. MS2 scans are the main tool for specific identification and
sequencing of peptides.

Figure 6 shows the different ion that result from peptide backbone breaks through fragmentation.
The accepted nomenclature was first introduced by Roepstorff and Fohlman (1984) and names the
charged C-terminal fragment ions x, y or z and the charged N-terminal fragment ions a, b or c. In
addition, the amino acid (AA) length of the fragment is given. Multiple terms for these fragment ions
are in wide-spread use and can be used interchangeably, such as transition (from precursor to
fragmentation product) or product ion. The neutral analyte molecule is named M and its protonated
form is specified as [M+H]* or [M+nH]"* for n positive charges. This is typically the notation reserved
for the precursor. The peptide amide bond is the most susceptible to fragmentation and produces the
common y and b fragment ions (Tabb et al., 2003). b ions generally take on an oxazolone structure.
This favors the subsequent loss of CO, producing an a ion (Johnson et al,, 1988). y, b and a are the
three dominant fragment ion types of interest produced by HCD fragmentation. Further ion-species
derive from neutral losses that are common with HCD. Fragments containing AAs serine (S),
threonine (T), asparagine (N) and glutamic acid (E) commonly show loss of water (-H20; -18 Da). AAs
Asparagine (N), Glutamine (Q), Lysine (K) and Arginine (R) commonly show loss of ammonia (-NHs,
-17 Da) (Tabb et al., 2003). Also seen is the neutral loss of methanesulfenic acid (-CH3SOH, -64 Da)
from oxidized methionine (M[Oxi]) (Lagerwerf et al.,, 1996). When fragmentation products retain a
charge from the precursor, they can be detected as the characteristic ions (e.g. y3*-H20). The
combined detection of such fragments allows to deduce the AA sequence of the precursor peptide.
This method for peptide sequencing is often hindered by detections with only incomplete sequence
coverage. This happens because some backbone breaks are disfavored by collisional dissociation,
which causes the corresponding ions to be undetectable, leaving a gap in the detected ion series.
Therefore, further indications have to be considered, such as the characteristic relative intensity of
the fragmentions or the LC retention time associated with the signal (Gallien & Domon, 2015; Toprak
etal, 2014). In contrast to fragment masses, these are not available from theoretical calculations but
are understood to be highly effective for peptide identification (Toprak et al., 2014; Searle et al,,
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2018). Recently, deep learning approaches have made considerable progress in predicting these
peptide characteristics with some accuracy but they can most reliably be determined through the
acquisition of synthetic peptides (Gessulat et al.,, 2019; Bouwmeester et al.,, 2021; Gallien et al., 2015).
Where a reference fragmentation pattern is known, the acquired signal intensities can be compared
via different similarity measures. Toprak et al. (2014) compared several measures and established
the highly discriminatory normalized spectral angle score (NSA) for peptide identification that I use
here. It scores similarity between 0 and 1, where 1 indicates complete identity.
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Figure 6. Peptide fragmentation products. All possible peptide backbone breaks are indicated. The
accepted nomenclature labels fragment ions from the C-terminus x, y and z, and ions from N-terminus
a, b and c. The letters indicate which type of bond was broken. A number specifies the length of the
fragment ion in AAs. Created by H. R6st and M. Steiner licensed under CC BY-SA 3.0.

1.4.3.5 MS acquisition schemes

The hybrid quadrupole-Orbitrap configuration of the MS enables several different acquisition
methods as illustrated in Figure 7. The two untargeted methods data-dependent acquisition (DDA)
and data-independent acquisition (DIA) aim for complete analysis of the precursor ions available at
any given time. For this, the DDA methods depends on ion detections in MS1. From MS1, potential
precursors are identified and successively isolated and fragmented with individual scans. Due to time
constraints, the method usually applies a TopN strategy to select the most promising precursors.
Therefore, DDA has two requirements that limit sensitivity, as a precursor must be detectable in MS1
and further be selected for fragmentation. More recently, DIA has found widespread use as it
effectively harnesses of the high resolution and speed of the Orbitrap. It aims to fragment all available
precursors within broad m/z ranges of interest. To this end, several wide precursor windows are
permitted and scanned in sequence. Spectra generated this way are typically hybrid spectra, that
contain fragments derived from several precursors. For analysis, extracted ions from several spectra
are projected on the retention time axis to create an extracted ion chromatogram (XIC). Signals
originating from a single precursor cluster as a peak in the XIC and peptide identification is
performed via analysis of the peaks. Sensitivity is limited due to the limited dynamic range of the
detector, as dominant ions may quickly fill the Orbitrap to capacity, which causes low-intensity ions
to fall below the limit of detection. MS1 is not strictly required for DIA as the acquisition scheme is
data-independent but the additional precursor information is typically highly informative for peak
identification (Hu et al., 2016). Another option is the targeted acquisition scheme termed parallel
reaction monitoring (PRM). The name distinguishes this scheme from the targeted method used with
previous generation instruments called single reaction monitoring (SRM), where a reaction refers to
the transition of a precursor ion to a specific fragment ion. In SRM, transitions were acquired
sequentially whereas in PRM, all ions generated from fragmentation can be acquired in one Orbitrap
scan. PRM allows to specifically target any precursor with potentially long injection times and high
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resolution for maximum sensitivity and mass accuracy, respectively (Hu et al., 2016). Target signal
can readily be projected as XIC, which delivers more robust quantitation. MS1 is not required for PRM
but is typically acquired for possible detection of the precursor and for diagnostics.
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Figure 7. MS acquisition schemes used in this thesis. Two untargeted schemes, DDA and DIA, are
illustrated. PRM is the targeted scheme. Generally, MS1 is acquired first, followed by acquisition of
MS2, for which some form of precursor isolation is performed by the quadrupole (center). This
happens fast enough so thations detected in MS1 are usually still available for collection and isolation
in the subsequent scans. For DDA, a top 3 strategy is shown. MS1 is non-obligatory for DIA and PRM.
Adapted with permission from Dr. Jonas P. Becker.

1.4.4 Peptide HLA binding prediction

The distinct binding specificities of different HLA alleles result in a broad spectrum of peptides being
presented across different individuals (Murphy et al., 2022). Due to the important role of peptide
binding and presentation in the adaptive immune response and the clinical potential of identified
epitopes, various tools for computational prediction of peptide HLA binding have been developed in
the past decades (Rammensee et al,, 1999; Nielsen et al., 2007; Bassani-Sternberg et al., 2017).
Recently, the wealth of data generated by mass spectrometry-based immunopeptidomics and the use
of deep learning techniques has driven rapid improvements in the performance of these tools (Jurtz
etal, 2017; Reynisson et al., 2021). Pan-HLA-specific tools base predictions on the subset of the HLA
protein sequence known to be in close proximity with the peptides, which has enabled binding
predictions for HLA alleles of any known sequence (Nielsen et al., 2007).

However, the so-called eluted ligand (EL) data carry some limitations due to inherent biases of
immunopeptidomics in its current form. An underrepresentation of cysteine-containing peptides is
understood to stem from the susceptibility to oxidative modification (Ternette et al., 2023). Peptides
that are too hydrophobic or too hydrophilic are systematically lost during the employed purification
methods. Furthermore, due to common homologies in human proteins or domains within proteins,
the frequency of certain motifs can be artificially enhanced in MS-data (Gfeller & Bassani-Sternberg,
2018).
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By now, peptide binding predictions reportedly achieve about 90 % accuracy for common HLA alleles
with performance expected to keep improving (Dersh et al., 2021). Prediction tools have become an
invaluable tool for analysis of immunopeptidomics experiments and are being used in HLA epitope
identification pipelines (Kovalchik et al., 2022; Coelho et al., 2020; Hundal et al., 2020). Still, the use
of such tools alone fails to predict a significant amount of valid HLA binders (Bonsack et al., 2019).
As an alternative, competition-based binding experiments using cell-bound HLA molecules and
competing synthetic peptides can be performed to measure experimental IC50 values that
approximate the true binding affinity (Kessler et al., 2004). These approaches can complement each
other through the use of permissive thresholds for binding prediction and subsequent experimental
validation. However, prediction of further factors such as proteasomal cleavage have not yet matured
and currently, the detection via mass spectrometry-based immunopeptidomics remains the only
available technique for direct proof of HLA presentation of peptides (Becker & Riemer, 2022).
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1.5 Aims

1.5.1 Overall aim of the research group

The overall aim of the Division of Inmunotherapy and Immunoprevention is the development of a
therapeutic vaccine against HPV-induced malignancies and precursor lesions. The major focus is on
the development of an epitope-specific vaccine that elicits highly specific immune responses against
validated target epitopes. This vaccine should include a set of epitopes that combine for a majority
population coverage of greater than 95%, such that the vaccine formulation would be widely
compatible. The choice of epitopes for such vaccine development is best informed by the
identification of truly HLA-presented HPV-derived T cell epitopes.

1.5.2 Generation of an HPV16 E6 and E7 epitome map

To describe suitable target epitopes to be included in the envisaged epitome map, it is necessary to
ascertain the HLA binding of a given peptide, its HLA presentation and its immunogenicity. In
preceding work, candidate HLA epitopes from HPV16 E6 and E7, covering a range of six HLA
supertypes were determined experimentally. An expansive list of potential HLA binders was

generated using multiple prediction tools with permissive thresholds. The candidates were
subsequently narrowed down through experimental validation of the peptide:HLA binding affinities
using synthetic peptides. With this study, a major prerequisite for the targeted MS detection of HPV-
derived HLA binders was established by the research group (Bonsack et al., 2019).

MS detection of HPV-derived HLA-presented peptides through immunopeptidomics has been a goal
of the group since its formation in 2010 which aimed to follow up on the first MS detection of an HPV-
derived epitope in Riemer et al. (2010). Successful detection of eleven HPV-derived HLA-A*02:01-
presented peptides in the cell line CaSki was a major milestone in this effort (Blatnik et al., 2018).
These two studies found only non-cysteine-containing peptides and were limited to the HLA-A*02:01
allotype. No HPV16 peptides beyond the ones described in these studies had ever been detected by
immunopeptidomics at the time this project was started.

In parallel to the immunopeptidomics experiments, a parallel project in the group tests all identified
HLA-binding peptides for immunogenicity.

1.5.3 Aims of this thesis

The first aim of this thesis was the establishment of a sensitive immunopeptidomics technique that
could effectively detect most HLA binders and would be scalable to hundreds of peptides. To this end,
a novel state-of-the-art instrument was available.

The second aim of this thesis was to apply the newly established methodologies to assess a
collection of HPV16-transformed cell lines for presentation of E6- and E7-derived peptides. To
ensure the intended population coverage, the immunopeptidomics approach was to be expanded to
cover further HLA alleles. As mentioned above, any detections for supertypes other than HLA-A2 or
the detection of cysteine-containing peptides would constitute novel findings. With these
experiments, the immunopeptidomics part of the epitome map experiments would be complete.
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2 Materials and methods

2.1 Materials
2.1.1 General

2.1.1.1 Chemicals and reagents

Product Catalog Company
number
Accutase 00-4555-56 Thermo Fisher Scientific, Waltham,
MA, USA
Ammonium chloride (NH4CI) P726.1 Roth, Karlsruhe

Ethanol (absolute)

Sigma-Aldrich, Taufkirchen

Ficoll-Paque™ PLUS

GE17-1440-03

Sigma-Aldrich, Taufkirchen

Hydrogen chloride (HCI) 30024.29 VWR International, Fontenay-sous-
Bois, France

Isopropanol Sigma-Aldrich, Taufkirchen

Potassium bicarbonate (KHCO3) X887.1 Roth, Karlsruhe

Potassium chloride (KCI) 6781.1 Roth, Karlsruhe

Potassium dihydrogen phosphate 3904.1 Roth, Karlsruhe

(KH2PO4)

Sodium acetate (C;H3;NaO3) 6773.2 Roth, Karlsruhe

Sodium azide (NaN3) A1430,0100 AppliChem GmbH, Darmstadt

Sodium chloride (NaCl) 10428420 Thermo Fisher Scientific, Waltham,
MA, USA

Sodium dodecyl sulfate (SDS) 05030-1L-F Sigma-Aldrich, Taufkirchen

Sodium hydroxide (NaOH) P031.2 Roth, Karlsruhe

Sodium phosphate dibasic dihydrate 12694947 Acros organics, Thermo Fisher

(Na;HPO4-2H,0) Scientificm Geel, Belgium

Streptavidin-Alkaline Phosphatase 3310-10 Mabtech, Nacka Strand, Sweden

Tris(hydroxymethyl)amino-methane 167620010 Acros organics, Thermo Fisher

(TRIS) Scientificm Geel, Belgium

Trypan blue stain (0.4 %) T10282 Thermo Fisher Scientific, Waltham,
MA, USA

Trypsin / EDTA (0.04 % / 0.03 %) C-41000 PromoCell GmbH, Heidelberg

Tween20 (=Polysorbat 20) Tween201 MP Biomedicals, IlIkirch, France
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2.1.1.2 Buffers and solutions

Name

Ingredients

10x phosphate buffered saline (PBS)

1.37 M Nac(l
27 mM KCl
100 mM Na;HPO, x 2(H,0)
20 mM KH2PO4

pH 7.3
in ddeO

Sodium borate buffer

125 ml warm ddH-0
5g borax anhydrous

2.1.1.3 Cell culture basal media and supplements

Product Catalog Company
number
Adenine A8626 Sigma-Aldrich, Taufkirchen
Cholera Toxin from Vibrio cholerae C3012 Sigma-Aldrich, Taufkirchen
Dulbecco’s Modified Eagle’s Medium (DMEM) - | D5796 Sigma-Aldrich, Taufkirchen
high glucose
Fetal calf serum (FCS) 10270 Thermo Fisher Scientific,
Waltham, MA, USA
Ham's F-12 Nutrient Mix (F12) 21765029 Thermo Fisher Scientific,
Waltham, MA, USA
HEPES 11560496 Life Technologies Europe BV,
Bleiswijk, Netherlands
Human serum, type AB H4522 Sigma-Aldrich, Taufkirchen
Hybri-Care Medium 46-X ATCC, Manassas, VA, USA
Hydrocortisone HO0396 Sigma-Aldrich, Taufkirchen
Insulin from bovine pancreas 16634 Sigma-Aldrich, Taufkirchen
Interleukin (IL)-1f, recombinant human 201-LB-100 | Bio-techne, R&D Systems, Inc.,
Minneapolis, USA
L-glutamine 25030024 Thermo Fisher Scientific,
Waltham, MA, USA
MEM Non-Essential Amino Acids Solution 11140050 Thermo Fisher Scientific,
(100x) Waltham, MA, USA
Penicillin/Streptomycin (P/S) 10,000 U P0781 Sigma-Aldrich, Taufkirchen
penicillin and 10 mg streptomycin per ml
Phosphate buffered saline (PBS) 10010015 Life Technologies Europe BV,

Bleiswijk, Netherlands
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Recombinant Human Epidermal Growth Factor | 13247-051 Invitrogen, Carlsbad, CA, USA
(EGF)
RPMI-1640 liquid with L-Glutamine E15-840 PAA Laboratories
Sodium bicarbonate S5761 Sigma-Aldrich, Taufkirchen
Sodium pyruvate 25-000-CIR | Corning, Kaiserslautern,
Germany
2.1.1.4 Cell culture media
Name Ingredients
complete DMEM DMEM
10 % (v/v) FCS
1% (v/v) L-glutamine
1% (v/v) P/S
complete DMEM NEAA DMEM

10 % (v/v) FCS

1 % (v/v) L-glutamine
1% (v/v) P/S

1% (v/v) MEM NEAA

complete RPMI-H

RPMI-1640

10 % (v/v) FCS

1 % (v/v) L-glutamine
1 % (v/v) HEPES

1% (v/v)P/S

complete RPMI-P

RPMI-1640

10 % (v/v) FCS

1 % (v/v) L-glutamine

1 % (v/v) sodium pyruvate (100 mM)
1% (v/v) HEPES

1% (v/v) P/S

ELISpot medium

RPMI

5% (v/v) FCS

2 mM L-Glutamine

1x P/S

10 mM HEPES

0.1 mM 2-mercaptoethanol

F-medium

Ham's F-12

25 % (v/v) DMEM

5% (v/v) FCS

1% (v/v) P/S

0.4 mg / ml hydrocortisone
0.5 pg / ml cholera toxin

5 pg / ml insulin
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24.2 pg / ml adenine
0.1 ug / ml EGF

HB-122 medium

Hybri-Care Medium 1x
10 % (v/v) FCS
1.5 g / I sodium bicarbonate

Hb95 medium

RPMI-1640

10 % (v/v) FCS

1 % (v/v) L-glutamine
1% (v/v) P/S

hybridoma medium 1

DMEM

10 % (v/v) FCS

1 % (v/v) L-glutamine

1 % (v/v) HEPES

1% (v/v) P/S

1 % (v/v) sodium pyruvate (100 mM)

M-10 medium

Eagle‘'s MEM

10 % (v/v) FCS

1 % (v/v) L-glutamine
1% (v/v) P/S

1% (v/v) MEM NEAA

2.1.1.5 Consumables

Product

Company

96-well Sample Collection Plate, 700 puL Round well

Waters, Milford, Ma, USA

Aluminium foil

CeDo GmbH,
Monchengladbach

Blood collection set (Safty-lok™)

BD, Franklin Lakes, NJ, USA

Blood collection tubes (Sodium Heparin, 170 L.U.)

BD, Plymouth, UK

Cell culture dish (100 mm x 20 mm )

TPP, Trasadingen,
Switzerland

Cell culture flask (25 cm?, 75 cm?, 125 cm?)

TPP, Trasadingen,
Switzerland

Cell culture flask T-225 CytoOne

Starlab, Hamburg

Cell culture plate (12-, 24-, 48-well)

Corning, Corning, NY, USA

Cell culture plate (96-well), flat-bottom

BD, Franklin Lakes, NJ, USA

Cell culture plate (96-well), U-bottom

TPP, Trasadingen,
Switzerland

Cell culture plate (96-well), V-bottom

Greiner Bio-One,
Frieckenhausen
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Cell culture plate “CytoOne” (6-well)

Starlab, Hamburg

Cell scraper

Sarstedt, Newton, NC, USA

CELLine Classic bioreactor flask CL 1000

Sigma-Aldrich, Taufkirchen

Cling film

CeDo GmbH,
Ménchengladbach

Countess cell counting chamber slides

Invitrogen, Carlsbad, CS, USA

Cryogenic tubes Greiner Bio-One™ Cryo.s™

Thermo Fisher Scientific,
Waltham, MA, USA

Cryogenic tubes Nalgene™

Thermo Fisher Scientific,
Waltham, MA, USA

FACS tubes (5 ml Polystrene round-bottom tube)

BD, Franklin Lakes, NJ, USA

Filter microplate, 96-well, polypropylene, with 3 um glass fiber
and 10 um polypropylene membranes, 2 ml/well, long drip

Agilent

Gloves

Microflex, Reno, NV, USA

Parafilm

Bemis, Neeah, WI, USA

PCR reaction tube CapStrips

Biozym Scientific GmbH,
Oldendorf

PCR reaction tube SoftStrips

Biozym Scientific GmbH,
Oldendorf

PCR reaction tubes, single

Biozym Scientific GmbH,
Oldendorf

Pipette tips, with and without filter

Starlab, Hamburg

Poly-Prep Chromatography Columns

Bio-Rad, Hercules, CA, USA

Polypropylene Cap Mat Square Well for 96-well Plate

Waters, Milford, Ma, USA

Protein LoBind Tube 0.5 mL

Eppendorf, Hamburg

Protein LoBind Tube 1.5 mL

Eppendorf, Hamburg

Protein LoBind Tube 15 mL

Eppendorf, Hamburg

Protein LoBind Tube 2.0 mL

Eppendorf, Hamburg

Protein LoBind Tube 5.0 mL

Eppendorf, Hamburg

Reaction tubes (0.2 ml, 0.5 ml, 1.5 ml and 2 ml)

Starlab, Hamburg

Reaction tubes, black, flip cap (1.5 ml)

NeoLab, Heidelberg

Scalpel

Feather, Osaka, Japan

Sep-Pak tC18 96-well Plate, 100 mg Sorbent per Well, 37-55 um

Waters, Milford, Ma, USA

Syringe (20 ml, 50 ml BD Plastipak Luer-Lok™)

BD, Drogheda, Ireland

Syringe filter (pore size 0.22 pm)

TPP, Trasadingen,
Switzerland
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Test tube (15 ml and 50 ml)

nerbe plus GmbH,
Winsen/Luhe

TubeOne 1.5 ml Natural Flat Cap Microcentrifuge Tubes

Starlab, Hamburg

Vacuum Filter (bottle top, pore size 0.22 um)

TPP, Trasadingen,

Switzerland
2.1.1.6 Appliances
Equipment Product name Company
Agarose gel Gel Jet Imager 2006 with Printer Intas, Gottingen and Mitsubishi
documentation P39D Electric, Tokio, Japan
Analytical balance Entris Sartorius AG, Gottingen
Automated cell counter | Countess 3 Thermo Fisher Scientific,

Waltham, MA, USA

Cell freezing container

Nalgene Mr. Frosty Cryo 1°C
Freezing Container

Thermo Fisher Scientific,
Waltham, MA, USA

Centrifuge Centrifuge 5417 R, 5430 Eppendorf, Hamburg
Centrifuge Biofuge pico, fresco Heraeus, Hanau

Centrifuge Sunlab® Minizentrifuge SU1550 Labdiscount GmbH, Mannheim
Centrifuge Heraeus Megafuge 16R Thermo Fisher Scientific,

Waltham, MA, USA

Centrifuge rotor for
microcentrifuge

F45-30-11

Eppendorf, Hamburg

Centrifuge rotor for
plates

M-20, 75003624

Thermo Fisher Scientific,
Waltham, MA, USA

Centrifuge rotor for
swinging buckets

TX-400, 75003629

Thermo Fisher Scientific,
Waltham, MA, USA

chamber for agarose
gels

Centrifuge rotor for TF 12.5 Herolab, Wiesloch
ultracentrifuge

Centrifuge rotor for F45-48-11 Eppendorf, Hamburg
vacuum concentrator

Electrophoresis Owl Easycast B2 Thermo Fisher Scientific,

Waltham, MA, USA

Electrophoresis
chamber for agarose
gels

PerfectBlue™ gel system, Mini L

Peqglab, VWR International
GmbH, Darmstadt

ELISpot plate reader

CTL-Immunospot® S6 Ultra-UV

CTL Europe, Bonn
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Flow cytometer

FACS Canto II™

BD Biosciences, Franklin Lakes,
NJ, USA

Flow cytometer

BD Accuri™ C6 with BD CSampler™
accessory kit

BD Biosciences, Franklin Lakes,
NJ, USA

Glassware

Duran

Schott, Mainz

Glassware

Fischerbrand

Thermo Fisher Scientific,
Waltham, MA, USA

Ice machine

FM 120 KE-50-HC

Hoshizaki, Tokio, Japan

Incubator (37 °C,
5 % COg, cell culture)

Heracell 150i

Thermo Fisher Scientific,
Waltham, MA, USA

Incubator (37 °C,
5 % COg, cell culture)

C200

Labotec, Gottingen

Laminar flow hood

SterilGard® Class Il laminar
flow hood

The Baker Company, Sanford,
USA

Laminar flow hood

Maxisafe 2020

Thermo Fisher Scientific,
Waltham, MA, USA

Light microscope

Wilovert Standard 30 microscope

Hund Wetzlar, Wetzlar

Light microscope

Axiovert 25

Carl Zeiss Microscopy GmbH,
Jena

Liquid nitrogen tank

Locator 8 plus

Barnstead/Thermolyne,
Dubuque, 1A, USA

Liquid nitrogen tank ARPEGE110 NU Cryopal, Bussy-Saint-Georges,
France
Magnetic stirrer RSM-01S Phoenix Instrument GmbH,

Garbsen

Magnetic stirrer,
heatable

MR-Hel Standard

Heidolph Instruments,
Schwabach

Microwave

Sharp, Osaka, Japan

Multichannel pipetting
reservoir

Multi-channel pipettor Trifill
reservoir

Roth, Karlsruhe

Nano Drop ND-1000 Thermo Fisher Scientific,
Waltham, MA, USA

Nano Drop ND-8000 Thermo Fisher Scientific,
Waltham, MA, USA

PCR cycler Bioer Gene Touch Thermal Cycler Biozym Scientific GmbH,
Oldendorf

pH Meter SevenCompact™ pH/lonmeters Mettler Toledo, Glostrup,

S§220 with pH Electrode InLab Ultra-
Micro-ISM

Denmark
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Pipettes

2 ul, 20 pl, 200 ul, 1000 pl, 50 pl-
multichannel and 300 pl-
multichannel Finnpipette F2

Thermo Fisher Scientific,
Waltham, MA, USA

Pipettes, glass

Hirschmann Labortechnik,
Eberstadt

Pipetting controller

Pipetboy acu 2

Integra Biosciences, Biebertal

Pipetting device, 96-
well format

Bel-Art™ SP Scienceware™ Vaccu-
Pette

Bel-Art products, Wayne, USA

Positive pressure
processor

Waters Positive Pressure-96
Processor

Waters, Milford, Ma, USA

Scale

Kern EG 4200-2NM

Kern & Sohn, Balingen

Surgical tweezer and
scissors

Dimeda, Tuttlingen

Thermomixer

Thermomixer compact

Eppendorf, Hamburg

Tissue homogenizer

T 10 basic Ultra-Turrax

IKA, Staufen

Ultracentrifuge

UniCen HR

Herolab, Wiesloch

Vacuum concentrator

Concentrator plus

Eppendorf, Hamburg

Vacuum pump

LABOPORT N 86 KT.18

KNF, Freiburg

Vortexer Vortex-Genie 2 Scientific Industries, Bohemia,
USA
Water bath GFL, Burgwedel
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2.1.1.7 Cell lines

Authentication was performed with the commercial provider Multiplexion GmbH, Friedrichshafen,

Germany via Single Nucleotide Polymorphism (SNP)-profiling. All cell lines were tested negative for
mycoplasma contamination. HLA typing was performed by the DKMS Life Science Lab GmbH in
Dresden (Germany).

Where applicable, cell lines are identified by Unique Research Resource Identifiers (RRID,
Bandrowski and Martone (2016)).

Epitome map:

Name Description HPV- Culture Reference Source
status medium
866 human, HPV16 F-medium | Brady etal. Kindly provided by Peter
cervical, positive (2000) L Stern, University of
adherent Manchester, Manchester,
UK
879 human, HPV16 F-medium Brady et al. Kindly provided by Peter
cervical, positive (2000) L Stern, University of
adherent Manchester, Manchester,
UK
C33A human, negative complete RRID: Kindly provided by Felix
cervical, DMEM CVCL_1094 Hoppe-Seyler, DKFZ
adherent
CaSki human, HPV16 complete RRID: Kindly provided by Felix
cervical, positive DMEM CVCL_1100 Hoppe-Seyler, DKFZ
adherent
DoTc2- | human, HPV16 complete RRID: ATCC, Manassas, VA, USA
4510 cervical, positive DMEM CVCL_1181
adherent
Goerke human, HPV16 M10 Brady et al. Kindly provided by
cervical, positive medium (2000) Andreas Kaufmann,
adherent Charité, Berlin
MRI-H- human, HPV16 complete RRID: Kindly provided by
196 cervical, positive DMEM CVCL_5721 Elisabeth Schwarz, DKFZ
adherent
SCC090 | human, HPV16 M10 RRID: Kindly provided by
HNSCC, positive medium CVCL_1899 Susanne M Gollin,
adherent University of Pittsburgh,
Pittsburgh, PA, USA
SCC152 | human, HPV16 M10 RRID: Kindly provided by
HNSCC, positive medium CVCL_C058 Susanne M Gollin,
adherent University of Pittsburgh,

Pittsburgh, PA, USA
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SCC154 | human, HPV16 M10 RRID: Kindly provided by
HNSCC, positive medium CVCL_2230 Susanne M Gollin,
adherent University of Pittsburgh,

Pittsburgh, PA, USA

SiHa human, HPV16 complete RRID: Kindly provided by Felix
cervical, positive DMEM CVCL_0032 Hoppe-Seyler, DKFZ
adherent

SNU- human, HPV16 complete RRID: Korean Cell Line Bank,

1000 cervical, positive RPMI-H CVCL_1000 Seoul, South Korea
adherent

SNU- human, HPV16 complete KCLB NO Korean Cell Line Bank,

1005 cervical, positive RPMI-H 01005 Seoul, South Korea
adherent

SNU- human, HPV16 complete RRID: Korean Cell Line Bank,

1299 cervical, positive RPMI-H CVCL_5021 Seoul, South Korea
adherent

SNU-17 | human, HPV16 complete RRID: Korean Cell Line Bank,
cervical, positive RPMI-H CVCL_5029 Seoul, South Korea
adherent

SNU- human, HPV16 complete RRID: Korean Cell Line Bank,

703 cervical, positive | RPMI-H CVCL_5085 Seoul, South Korea
adherent

SNU- human, HPV16 complete RRID: Korean Cell Line Bank,

902 cervical, positive | RPMI-H CVCL_5107 Seoul, South Korea
adherent

UD- human, HPV16 complete RRID: Kindly provided by

SCC2 HNSCC, positive RPMI-P CVCL_E325 Thomas Hoffmann,
adherent Uniklinikum Essen, Essen

UM- human, HPV16 complete RRID: Kindly provided by Tom

SCC-104 | HNSCC, positive DMEM CVCL_7712 Carey, University of
adherent NEAA Michigan, Ann Arbor, M],

USA

UM- human, HPV16 complete RRID: Kindly provided by Tom

SCC-47 HNSCC, positive DMEM CVCL_7759 Carey, University of
adherent Michigan, Ann Arbor, M],

USA

W12- human, HPV16 F-medium (Jeon & Kindly provided by Paul

20861 cervical, positive Lambert, Lambert, University of
adherent 1995) Wisconsin, Madison, W1,

USA
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Hybridoma:

Name Description | Culture Reference Source
medium
A11.1 M (HB- mouse HB-122 RRID: ATCC, Manassas, VA, USA
164) hybridoma | medium CVCL_J175
BB7.1 (HB-56) mouse complete RRID: ATCC, Manassas, VA, USA
hybridoma | RPMI-P CVCL_7245
BB7.2 mouse hybridoma | RRID: Hans-Georg Rammensee,
hybridoma | medium 1 CVCL_7246 University of Tiibingen,
Tiibingen
GAP A3 (HB- mouse hybridoma | RRID: ATCC, Manassas, VA, USA
122) hybridoma | medium 1 CVCL_G652

2.1.2 HLA immunoprecipitation

Where applicable, reagents of higher purity were used for HLA immunoprecipitations (IPs), as

specified below.

2.1.2.1 Chemicals and reagents

Product Catalog Company
number
10x PBS 1058.1 Roth, Karlsruhe
Acetic acid (AA) 100 % for LC-MS 5330010050 Sigma-Aldrich, Taufkirchen
Acetonitrile (ACN) ULC/MS CC/SFC 1204101 Biosolve, Valkenswaard,
Netherlands
Borax anhydrous 71997-100G Sigma-Aldrich, Taufkirchen
cOmplete Mini Protease Inhibitor Cocktail (PIC) 11836153001 | Roche, Mannheim
ddH20 self-generated
Dimethyl pimelimidate dihydrochloride (DMP) 80490-5G Sigma-Aldrich, Taufkirchen
Dimethyl sulfoxide (DMSO) for molecular D8418 Sigma-Aldrich, Taufkirchen
biology
Ethanolamine 411000- Sigma-Aldrich, Taufkirchen
500ML
Ethylenediamine tetraacetate (EDTA) 1034 Gebru, Gaiberg
Formic Acid (FA) 99 % ULC/MS CC/SFC 069141A8 Biosolve, Valkenswaard,

Netherlands

Gammabind Plus Sepharose

GE17-0886-01

Sigma-Aldrich, Taufkirchen

HEPES, 1 M (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid)

J61360.AP

Thermo Fisher Scientific,
Waltham, MA, USA
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Hydrogen Peroxide (H202) 30 %

LC-4458.4 neoFroxx, Einhausen

grade

lodoacetamide (IAA) [1146-5G Sigma-Aldrich, Taufkirchen

Methanol (MeOH) ULC/MS CC/SFC 13684102 Biosolve, Valkenswaard,
Netherlands

Octyl B-D-glucopyranoside (OGP) 08001-1G Sigma-Aldrich, Taufkirchen

Phenylmethanesulfonylfluoride (PMSF) 6367.4 Roth, Karlsruhe

Pierce™ Trifluoroacetic Acid (TFA), Sequencing 28904 Thermo Fisher Scientific,

Waltham, MA, USA

Recombinant Protein A-Sepharose 4B

101142 Thermo Fisher Scientific,
Waltham, MA, USA

Sodium chloride (NaCl)

AM9759 Thermo Fisher Scientific,
Waltham, MA, USA

Sodium deoxycholate

D6750-100G Sigma-Aldrich, Taufkirchen

Tris(2-carboxyethyl)phosphine (TCEP)

HN95.1 Roth, Karlsruhe

tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI)

Thermo Fisher Scientific,
Waltham, MA, USA

]22638-AP

Water (H,0) ULC/MS CC/SFC

232141B1 Biosolve, Valkenswaard,
Netherlands

2.1.2.2 Buffers and solutions

Name

Ingredients

[P Lysis buffer

0.25 % Sodium deoxycholate
1% OGP

1 mM PMSF /5 ml

1 mMEDTA /5 ml

0,2 mMIAA /5 ml

1PIC /5 ml

in PBS

IP wash buffer A

150 mM NacCl
20 mM Tris-HCI
pHS8

in H20

IP wash buffer B

400 mM NacCl
20 mM Tris-HCI
pH8

in HzO

IP wash buffer C

20 mM Tris-HCI
pHS8
in HzO
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2.1.2.3 Antibodies

Antigen Clonality Clone Host Catalog Company
number
pan-HLA class I | monocolonal | W6/32 | mouse | 311406 Biolegend,Amsterdam,
Netherlands
HLA-A2 monocolonal | BB7.2 mouse - self-generated,
hybridoma
HLA-A3 monocolonal | GAP A3 | mouse - self-generated,
hybridoma
HLA-A11/A24 | monocolonal | A11.1 mouse - self-generated,
M hybridoma
HLA-B7 monocolonal | BB7.1 mouse - self-generated,
hybridoma

2.1.3 LC-MS

Where applicable, reagents of highest purity were used for LC-MS experiments, as specified below.

2.1.3.1 Chemicals and reagents

Product Catalog Company

number
Acetonitrile (ACN) Optima LC/MS A955-212 Thermo Fisher Scientific, Waltham,
Grade MA, USA
Dimethyl Sulfoxide (DMSO) D8418 Sigma-Aldrich, Taufkirchen
Formic Acid (FA) 99 % ULC/MS 69141 Biosolve, Valkenswaard, Netherlands
CC/SFC
Methanol (MeOH) Optima LC/MS A456-212 Thermo Fisher Scientific, Waltham,
Grade MA, USA
Trifluoroacetic Acid (TFA) ULC/MS 202341 Biosolve, Valkenswaard, Netherlands
CC/SFC
Water (H,0) Optima LC/MS Grade W64 Thermo Fisher Scientific, Waltham,

MA, USA
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2.1.3.2 Buffers and solutions

Name Ingredients
LC loading solvent A 99.9 % H»0
0.1 % TFA
LC loading solvent B 99.9 % H.0
0.1 % TFA
LC rear seal wash 84.9 % H,0
15 % MeOH
0.1 % FA
LC solvent A 99.9 % H,0
0.1 % FA
LC solvent B 99.9 % ACN
0.1 % FA
LC transfer solvent 99.9 % H,0
0.1 % TFA
MS sample solvent 94.9 % H,0
5% ACN
0.1 % TFA
2.1.3.3 Consumables
Product Catalog Company
Number
Acclaim PepMap 100 Cartrige, C18 100 A 5 pm 11362113 Thermo Fisher Scientific,
300 um x 5 mm Waltham, MA, USA
CoAnn Pulled Emitters 20 um ID x 10 cm L x TIP36002010- MS Wil, Aarle-Rixtel,
360 um OD 10-5 Netherlands
Fisherbrand 9 mm Short Thread Plastic Vial, 11707597 Thermo Fisher Scientific,
Wide Opening, Flat Bottom Waltham, MA, USA
Fisherbrand 9 mm PP Short Thread Seal, 12353700 Thermo Fisher Scientific,
Transparent, Center hole, Assembled septum Waltham, MA, USA
FS-115 Capillary, Fused Silica, ID 150 um; FS-115 Postnova Analytics,
0D 360 um; 2 m Landsberg
nanoEase M/Z Peptide BEH C18 Column, 130 A, | 186008794 Waters, Milford, Ma, USA
1.7 um, 75 pm x 200 mm
PepMap Neo Trap Cartridge 174500 Thermo Fisher Scientific,
Waltham, MA, USA
Protein LoBind Tube 0.5 mL 30108094 Eppendorf, Hamburg
Protein LoBind Tube 1.5 mL 30108116 Eppendorf, Hamburg
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QuanRecovery with MaxPeak HPS 12 x 32 mm 186009186 Waters, Milford, Ma, USA
Screw Neck Vial, 300 pL
2.1.3.4 Appliances

Equipment Product name Company

Autosampler UltiMate WPS-3000 Thermo Fisher Scientific,
Waltham, USA

Centrifuge Centrifuge 5804 Eppendorf, Hamburg

Column to emitter Simple Link Uno Fossiliontech, Madrid, Spain

link

HPLC System UltiMate 3000 Thermo Fisher Scientific,
Waltham, USA

Ion Source Nanospray Flex Thermo Fisher Scientific,

Waltham, USA

Mass Spectrometer | Orbitrap Exploris 480 Thermo Fisher Scientific,
Waltham, USA

Sonicator Sonorex Super RK 31 BANDELIN, Berlin

Syringe 25 ul Syringe 25 ul Hamilton, Bonaduz, Switzerland

Syringe 500 pl

HPLC Autosampler Syringe 500 pl
365JLT41

Thermo Fisher Scientific,
Waltham, USA

Vortexer neoVortex® shaker neolLab, Heidelberg
2.1.3.5 Kits
Name Catalog Company
number
Pierce BSA Protein Digest, MS grade 88341 Thermo Fisher Scientific,
Waltham, MA, USA
Pierce HeLa Protein Digest Standard 88328 Thermo Fisher Scientific,
Waltham, MA, USA
Pierce Peptide Retention Time Calibration 88321 Thermo Fisher Scientific,
Mixture (PRTC) Waltham, MA, USA
Retention Time Standardization Kit (JPTRT) | RTK-1- JPT Peptide Technologies, Berlin,
10pmol Germany
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2.1.3.6 Stable isotope labeled peptides

Stable isotope-labeled (SIL) variants of all candidate peptides were ordered for custom synthesis at
JPT Peptide Technologies GmbH, Berlin, Germany or SynPeptide Co., Ltd, Shanghai, China. Order
specifications were minimum 0.1 mg dried crude synthesis product with one or two fully stable
isotope labeled amino acids per peptide and no absolute quantification. To prevent excessive light
peptide contamination, SIL labels were specified such that for nested peptide sequences, i.e. pairs
such as PEPTIDE and PEPTIDER, no complete peptide sequence was present in unlabeled fashion as
a subsection of a longer peptide. This means in the example case, PEPTIDER[+10] is invalid whereas

PEPTI[+7]ER is valid.

Peptide Peptide Peptide Peptide
AFRDL[+7]CIVY AFRDLCIV[+6]YR AGQAEPDR[+10]AHY | AHYNI[+7]VTF
AHYNIV[+6]TFCCK AIVDKV[+6]PSV APRTV[+6]ALTAL AVCDKCL[+7]K
AVCDKCL[+7]KF AVCDKCL[+7]KFY AVCDKCL[+7]KFYS AVILPPL[+7]SPYFK
AYVHMV[+6]THF CIVYR[+10]DGNPY CK[+8]QQLLRREVY CLKFYSKI[+7]SEY
CPEEKQRHL[+7] CQKPL[+7]CPEE CTEL[+7]QTTIH CV[+6]YCKQQLLR
CYSL[+7]YGTT CYSL[+7]YGTTL CYSL[+7]YGTTLE CYSV[+6]YGTTL
CYSV[+6]YGTTLE DFAFR[+10]DLCI DIILECV[+6]YCK DKKQR[+10]FHN
DKKQR[+10]FHNI DLLIR[+10]CINCQK DLLMGTLGI[+7]V DLLMGTL[+7]GIVC
DLQPETTDL[+7]Y DL[+7]YCYEQF DPQER[+10]PRKL DRAHYNI[+7]VTF
DTDHYFL[+7]RY DTPTL[+7]HEY EDLLMGTLGI[+7]V EIILECV[+6]YCK
ELQTTI[+7]HDI ELQTTIHEI[+7] EPDRAHYNI[+7]V ETTDL[+7]YCY
EVYDFAFR[+10] EVYDFAFR[+10]DL EYRHYCYSL[+7] EYR[+10]HYCYSLY
EYR[+10]HYCYSV EYR[+10]YYCYSLY FAFRDLCI[+7]V FAFRDL[+7]CIVY
FAFR[+10]DLCIVYR FGPV[+6]NHEEL FQDPQERPI[+7] FQDPQERPIKL[+7]
FQDPQER[+10]PRK FYSKI[+7]SEY FYSKI[+7]SEYRH FYSKI[+7]SEYRHY
GIVCPI[+7]CSQK GQAEPDR[+10]AH GQAEPDR[+10]AHY GQAEPDR[+10]AHYN
GQVQKI[+7]VLY GTLGIVCPI[+7] GTTL[+7]EQQY GTTL[+7]EQQYNK
GVCDKCL[+7]KFY HDIILECV[+6]Y HDIILECV[+6]YCK HEIILECV[+6]YCK
HEIRLECV[+6]YCK HGDTPTL[+7]HEY HLDKKQR[+10]FH HLDKKQR[+10]FHNI
HYCYSL[+7]YGTTL HYNIV[+6]TFC HYNIV[+6]TFCC IADMGHL[+7]KY
IHDIILECV[+6]Y [HEIILECV[+6]Y [ILECV[+6]YCK ILECV[+6]YCK
IL[+7]ECVYCKQQL IPRAALLPLL[+7] IRTLEDL[+7]LMGT ISEYR[+10]HYCY
ISEYR[+10]HYCYS ISEYR[+10]YYCY ISEYR[+10]YYCYS IVCPI[+7]CSQK
IVYR[+10]DGNPY IVYR[+10]DGNPYA IVYR[+10]DGNPYAV | KAL[+7]INADEL
KCL[+7]KFYSKI KFYSKI[+7]SEY KFYSKI[+7]SEYR KFYSKI[+7]SEYRH
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KIADRFL[+7]LY KISEYR[+10]HY KI[+7]SEYRHYC KISEYR[+10]HYCY
KISEYR[+10]YYCY KISEYR[+10]YYCYS | KKQR[+10]FHNI KKQR[+10]FHNIR
KLLNYAPL[+7]EK KLPDLCTEL[+7] KLPDL[+7]CTELQT | KLPQL[+7]CTEL
KLPQLCTEL[+7]QT | KPL[+7]CDLLI K[+8]PLCDLLIRCI KQQLLRREV[+6]Y
KQRFHNI[+7]RGR KQRFHNI[+7]RGRW | KQRHL[+7]DKKQRF | KYPENFFLL[+7]
LCIVYR[+10]DGNPY | LCV[+6]QSTHVDI LECVYCK[+8]QQL LEQQYNK[+8]PL
LGIV[+6]CPICSQK LIRCI[+7]NCQK LIRCINCQK[+8]PL LKFYSK[+8]ISEY
LLIRCI[+7]NCQK LLMGTL[+7]GI LLMGTLGI[+7]V LLMGTL[+7]GIVC
LLMGTLGIV[+6]CP | LLRREV[+6]YDF LLRREV[+6]YDFAF | LMGTLGIVCPI[+7]
LPQL[+7]CTEL LPQL[+7]CTELQT LQPETTDL[+7]Y LQPETTDL[+7]YC
LQPETTDL[+7]YCY | LQTTI[+7]HDII LQTTI[+7]HEII LRREV[+6]YDFAF
LYGTTL[+7]EQQY MFQDPQER[+10]PRK | MGTL[+7]GIVCPI MLDL[+7]QPET
MLDL[+7]QPETT NIRGR[+10]WTGRCM | NIV[+6]TFCCK NPYAV[+6]CDKCLK
PDR[+10JAHYNIVTF | PYAV[+6]CDKCL PYAV[+6]CDKCLK PYAV[+6]CDKCLKF
QLLRREV[+6]Y QLLRREV[+6]YDF QQLLRREV[+6]Y QQLLRREV[+6]YDF
QQYNK[+8]PLCDL QYNK[+8]PLCDL QYNK[+8]PLCDLL QYNK[+8]PLCDLLI
RAHYNI[+7]VTF RCINCQKPL[+7]CP | RCMSCCR[+10]SSR | REV[+6]YDFAF
RFHNI[+7]RGRW RGR[+10]WTGRCM | RGR[+10]WTGRCMSC | RHYCYSL[+7]Y
RHYCYSV[+6]Y RHYCYSV[+6]YGTT | RL[+7]CVQSTHV RLECV[+6]YCK
RPR[+10]KLPQL RPRKL[+7]PQLC RPRK[+8]LPQLCT RPR[+10]KLPQLCTE
RPTKL[+7]PQLCTE | RSSRTRRETQL[+7] | RTLEDL[+7]LMGT RTLEDLL[+7]MGTL
RTRRETQL[+7] RYYCYSL[+7]YGT SEYR[+10]HYCY SEYR[+10]HYCYSL[+7]
SEYR[+10JHYCYSLY | SEYR[+10]HYCYSVY | SEYR[+10]YYCYSL SEYRYYCYSV[+6]
SKISEYR[+10]HY SKISEYR[+10]HYCY | SKISEYR[+10]YYCY | SLYGTTL[+7]EQQY
SVYGTTL[+7]EQQY | TFCCK[+8]CDF TFCCK[+8]CDFTL TFCCKCDF[+10]TLR
TFCCK[+8]CDSTL TI[+7]HDIILECV TIHDIILECV[+6]Y TIHDIILQCV[+6]Y
TI[+7]HEILECV TIHEIILECV[+6]Y TIHEIRL[+7]ECV TLEQQYNKI[+8]
TL[+7]GIVCPI TL[+7]GIVCPIC TLHEYML[+7]DL TLHEYML[+7]DLQP
TPTL[+7]HEYM TPTL[+7]HEYML TQMPDPKTF[+10] TSAL[+7]PIIQK
TTDL[+7]YCYEQ TTDL[+7]YCYEQL TTDL[+7]YCYEQLS | TTI[+7]HDIILECV
TTIHEIIL[+7]ECV TTIHEIRL[+7]ECV TTL[+7]EQQYNK VCDK[+8]CLK[+8]FYSK
VQSTHVDI[+7] VYCK[+8]QQLL VYCK[+8]QQLLR VYCK[+8]QQLLRR
VYDFAFR[+10]DL VYDFAFR[+10]DLC | VYDFAF[+10]RDLCI | VYGTTL[+7]EQ
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VYGTTL[+7]EQQY VYR[+10]DGNPY VYR[+10]DGNPYAV | VYR[+10]DGNPYGV
WTGR[+10]CMSCCR | YAV[+6]CDKCLK YAV[+6]CDKCLKF YAV[+6]CDKCLKFY
YCYSL[+7]YGTTLE | YCYSV[+6]YGTTL YDFAFR[+10]DLCI YGTTL[+7]EQQYNK
YGVCDKCL[+7]KFY | YLL[+7]PAIVHI YML[+7]DLQPE YMLDL[+7]QPET
YMLDL[+7]QPETT YMLDL[+7]QPETTD | YNI[+7]VTFCCK YR[+10]HYCYSLY
YR[+10JHYCYSVY YR[+10]YYCYSL YRYYCYSV[+6] YSKISEYR[+10]HY
YSL[+7]YGTTL YSV[+6]YGTTL

2.1.4 Software

The reproducibly defined dependencies, self-generated packages and the code for scheduling,
evaluation, and diagnostics are freely accessible in a reproducible fashion in the source code

repository at https://github.com/jonasfoe/ms_targeted_workflows.

2.1.4.1 General

Name

Version

Company / source

.NET SDK

6.0.20

Microsoft Corporation, Redmond,
WA, USA

CTL ImmunoSpot Professional 5.1.36

CTL Europe, Bonn

DC

EndNote 20.4 Thomas Reuter, Philadelphia, PA,
USA

Excel 2019 Microsoft Corporation, Redmond,
WA, USA

GIMP 2.10.24 GIMP Development Team,

https://gimp.org

IEDB Analysis Tool Population 3.0.2

Bui et al. (2006)

Coverage

Image Lab 6.0.1 Bio-Rad Laboratories, Hercules,
CA, USA

Inkscape 1.3 Inkscape Project

Julia 1.9 Bezanson et al. (2017)

netMHCpan 4.1b Reynisson et al. (2021)

PEAKS Studio X Pro 10.6 Bioinformatics Solutions Inc.

R 4.2 R Core Team (2023)

Rstudio 2023.09.0 Posit Software, Boston, MA, USA

Skyline 22.2.0.527 MacLean et al. (2010b)

Spectronaut 17.6 Biognosis, Schlieren, Switzerland
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https://github.com/jonasfoe/ms_targeted_workflows

Thermo RawFileReader 5.0.88 Thermo Fisher Scientific, Waltham,
MA, USA
Word 2019 Microsoft Corporation, Redmond,
WA, USA
XCalibur Instrument software 2.0- Thermo Fisher Scientific, Waltham,
2.0.122.16/2.0.182.25 MA, USA

2.1.4.2 R packages

Name Version | Reference Source
tidyverse 2.0.0 Wickham et al. (2019) CRAN
conflicted 1.2.0 Wickham (2023) CRAN

fs 1.6.2 Hester et al. (2023) CRAN

g8pp 0.5.3 Aphalo (2023) CRAN
ggseqlogo 0.1 Wagih (2017) CRAN

here 1.0.1 Miiller (2020) CRAN
hrbrthemes 0.8.0 Rudis (2020) CRAN
immunotation 1.7.0 Imkeller (2021) github
IsoSpecR 2.1.3 Lackietal. (2020) CRAN
JuliaCall 0.17.5 Li (2019) CRAN
markdown 1.7 Xie etal. (2023) CRAN
MsRawAccess 0.1.2 - self-generated
MSTargetedWorkflows 0.11.0 - self-generated
patchwork 1.1.2 Pedersen (2022) CRAN
processx 3.8.2 Csardi and Chang (2023) CRAN

quarto 1.2 Allaire (2022) CRAN

readxl 1.4.3 Wickham and Bryan (2023) CRAN

renv 1.0.2 Ushey and Wickham (2023) CRAN
rmarkdown 2.23 Allaire et al. (2023) CRAN

tictools 0.5.8 - self-generated
UpSetR 1.4.0 Gehlenborg (2019) CRAN

yaml 2.3.7 Garbett et al. (2023) CRAN

eulerr 7.0.0 Larsson (2022) CRAN
ggnewscale 0.4.9 Campitelli (2023) CRAN
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2.1.4.3 Julia packages

Name Version Reference Source

CSv,jl 0.10.10 Quinn (2023) Julia package registry
RCall,jI 0.13.15 Bates et al. (2023) Julia package registry
Revise.jl 3.5.2 Holy (2023) Julia package registry
Suppressor.jl 0.2.1 Castell6 (2022) Julia package registry
Underscores.jl 3.0.0 Foster (2021) Julia package registry
MSUtils2.jl 0.1.0 - self-generated
Peptidomics.jl 0.2.0 - self-generated
DataFrames.jl 1.5.0 Harris et al. (2023) Julia package registry

Data analysis and plotting was performed using R. For calculation of peptide precursor, fragment,
and modification masses, I used the self-generated Julia package Peptidomics. Peptidomics is built
with the Unimod database that specifies all relevant isotope masses, chemical peptide modifications
and neutral losses (Creasy and Cottrell (2004), accessed: 2020-05-11).

2.2 Methods
If not indicated otherwise, everything described below was performed by myself.

2.2.1 Cell culture

Cell line cultivation was carried out by Rebecca Kéhler, Alexandra Klevenz and Nika Vuckovic. Cells
were maintained under sterile conditions in a humidified incubator at 37 °Cand at 5 % COz and 95 %
relative humidity.

All cell lines for the epitome map were adherent cells. These were cultured in standard tissue culture
flasks of appropriate size using respective media as indicated in the cell line section 2.1.1.7. When a
cell confluence of 40-90 % was reached, cells were passaged. For passaging, the medium was
removed and the cells were washed with PBS. Next, they were incubated with trypsin / EDTA
solution until detachment. Upon detachment, fresh medium containing FCS was added for protease
inhibition. The solubilized cells were collected in Falcon tubes, centrifuged at 1,300 rpm for 4 min
and were resuspended in fresh medium. They were then reseeded in flasks at an appropriate ratio
between 1:5 and 1:10 to ensure a minimum confluence for survival and proliferation.

For harvesting, cells were rinsed with PBS and detached with 5 ml Accutase per T-225 flask. They
were washed three times with cold PBS with centrifugation steps at 300 xg for 4 min at 4 °C. For
counting, 10 pl of the cell suspension was mixed with 10 pl of trypan blue and cells were counted
using the Countess automated cell counter. Aliquots of 50x106-100x106 cells were snap frozen for
30 sec in liquid nitrogen and stored as dry pellets at -20°C.

For production of antibodies, hybridoma cells were cultivated in CELLine CL 1000 bioreactors. Pre-
cultures were cultured in standard tissue culture flasks of appropriate size using respective media as
indicated in the cell line section 2.1.1.7. Growth was monitored daily by visual inspection and cell
numbers and viability was determined by trypan blue staining and counting of the cells using the
Countess automated cell counter. When pre-cultures contained at least 2x107-4x107 viable cells,
ideally in the log growth phase to prevent an initial lag phase, they were transferred to the
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bioreactors. For this, the membrane was first equilibrated by the addition of 50 ml of culture medium
to the medium compartment. Next, 2x107-4x107 viable cells of the pre-culture were diluted in 16 ml
of pre-warmed culture medium and added to the cell cultivation compartment. Finally, an additional
950 ml of culture medium were added to the medium compartment and the bioreactor was placed
in the incubator. The growth of hybridoma cells was monitored every third day by determining cell
numbers and viability. After the cell number reached a maximum of 4x108 cells (2.6x107 cells / ml),
the cells were harvested. To this end, the culture medium was removed from the medium
compartment and cell suspension was removed from the cell cultivation compartment. 4x107 viable
cells in 15 ml fresh culture medium were put back to the cell cultivation compartment and 1 1 of fresh
culture medium was placed in the medium compartment. Typically, harvesting was performed
weekly. The remaining cell suspension was cleared by centrifugation with 1,660 xg for 15 min,
filtered through a 0.45 um syringe filter, and stored at -20 °C until usage for antibody purification.

2.2.2 Synthetic peptides
2.2.2.1 SIL peptide mixtures

Peptides were dissolved in DMSO to an assumed concentration of 2 nmol / pl, based on the 0.1 mg
specification and the molecular weight of the unmodified peptide. They were combined into mixes of
up to 50 peptides for LC-MS characterization. Mixtures were always either non-cysteine-containing
or cysteine-containing, as cysteine-containing peptides required an extra alkylation step. To ensure
robustness of DI-MS analysis, the mixtures were allotted such that no precursor of charges states +1
to +3 may end up in the same precursor isolation window as another precursor. A helper script to
facilitate this is available in the github repository (see section 2.1.4). Mixes were dried as 10 pmol
per peptide aliquots and stored at -80 °C. All synthetic peptide identities were confirmed via targeted
mass spectrometry.

2.2.2.2 Peptide mixture alkylation

2 ng per peptide of vacuum dried peptide mixture was resolubilized in 20 pl 100 mM HEPES with
3 min sonication in a 0.5 pl protein LoBind microcentrifuge tube. 5 pl (500 pmol per peptide) of the
sample was reduced by addition of 2 pl HEPES / 50 mM TCEP with incubation for 10 min at RT.
Alkylation was performed by addition of 2 pl 400 mM IAA with incubation in the dark for 20 min at
RT. Alkylation was quenched by addition of 2 pul 100 mM HEPES / 50 mM TCEP. The sample was
acidified by adding 0.3 % TFA to a volume of 500 pl and desalted using a 100 mg sorbent well of a
96-well SepPak plate. The solid-phase extraction (SPE) protocol is similar to the one described in
section 2.2.3.9 for the IP eluate. In brief, equilibration followed by washing twice, sample loading and
again washing twice. The elution step was performed with 80 % ACN / 0.1 % TFA instead of with
28 % ACN / 0.1 % TFA, as there was no risk of coeluting proteins. The sample was split into 5 equal
aliquots for 100 pmol equivalents.

2.2.3 HLA immunoprecipitation

This is the core wet-lab technique that I performed for this project. It encompasses cell lysis,
immunoprecipitation of HLA class [:peptide complexes, acidic elution of peptides from HLA
molecules, and solid-phase extraction of peptides from the eluate. After the initial establishment
phase, all HLA immunoprecipitation and the related antibody production and beads preparation was
carried out by a lab technician, Rebecca Kohler.

2.2.3.1 Sepharose beads suspension

Upon receiving commercial beads (Gammabind Plus Sepharose or Recombinant Protein A-Sepharose
4B), the product was distributed equally to eight 2 ml microcentrifuge tubes. The beads were
centrifuged at 5500 rpm for 3 min at RT using a swing-out rotor and supernatant was removed. 1 ml
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of 10 % acetic acid at pH 2 was added to each tube and the tubes were vortexed and beads were
centrifuged. The beads were washed 5x with 1 ml PBS, vortexed and centrifuged. 0.02 % NaN3 in PBS
was added at a 1:1 volume ratio to the drained beads. The beads were vortexed, spun down and
stored at 4 °C.

2.2.3.2 Antibody purification

The antibody was purified from hybridoma cell culture medium using Protein A Sepharose beads as
described previously (Bassani-Sternberg, 2018). Polypropylene gravity-flow columns (10 ml Poly-
Prep Chromatography Columns) were used. They were washed once with 10 ml ofa 1 % SDS solution
and 40 ml of ddH,0 before first use. Next, 4 ml of the beads suspension were loaded into the column
and drained. The beads were washed by passing through 10 ml of 100 mM Tris-HCl (pH 8.0). The
column tip was closed and up to 8 ml of cleared hybridoma cell culture supernatant was added. The
column top was close and it was rotated for 30 min at RT. After 10 min, the hybridoma cell culture
supernatant was allowed to drain. This was done twice to process a total of 16 ml of cleared
hybridoma cell culture supernatant. Next, the columns were washed with 10 ml of 100 mM Tris-HCl
(pH 8.0) and then with 10 ml of 20 mM Tris-HCI (pH 8.0). The antibodies were eluted with 6x 1 ml of
0.1 N acetic acid (pH 3.0) into tubes containing 300 pl of 1 M Tris-HCl (pH 8.0) to neutralize the
solution. Antibody eluates were gently vortexed, pH was verified using pH test strips and the IgG
concentration was determined using a NanoDrop 8000. Fractions with high antibody concentrations
were pooled and purified antibodies were stored at -20 °C until further usage.

2.2.3.3 Antibody-beads crosslinking

For the use in HLA immunoprecipitation, the different monoclonal antibodies were covalently
coupled to either Gammabind Plus Sepharose beads or Protein A Sepharose beads as described
previously (Bassani-Sternberg, 2018). Where not indicated otherwise, anti-pan-HLA class I antibody
W6/32 was used. Antibody was used at a ratio of 2.5 ug antibody per pul of beads suspension and
crosslinked. Polypropylene gravity-flow columns (Poly-Prep Chromatography Columns) were used.
They were washed once with 10 ml of a 1 % SDS solution and 40 ml of ddH20 before first use. 4 ml of
the beads suspension were loaded into the column and drained. The beads were washed by passing
through 10 ml of 100 mM Tris-HCl (pH 8). For coupling, the column tip was closed and 10 mg of
antibody was added per 4 ml of beads suspension. A 60 pl aliquot was stored for QC. The column top
was closed and it was rotated for 30 min at RT. A 60 pl aliquot was stored for QC. The column was
washed with 10 ml 0.2 M sodium borate buffer (pH 9). To prepare crosslinking, the tip was closed,
4 ml of 0.2 M sodium borate buffer (pH 9) was added and a 60 pl aliquot was stored for QC. Then,
31.2 mg DMP (final concentration: 40 mM) were added for crosslinking and the column was rotated
for 30 min at RT. A 60 pl aliquot was stored for QC. Under a fume hood, the column was washed with
5 ml of 0.2 M ethanolamine to initiate quenching. 4 ml of 0.2 M ethanolamine was added and the
column was rotated for 2h at RT. The column was washed with 10 ml PBS / 0.02 % NaNs.
2 ml PBS / 0.02 % NaN3 was added for a 1:1 beads suspension and suspension was spread to 2x 2 ml
microcentrifuge tubes and stored at 4 °C.

2.2.3.4 Tissue homogenization and lysis

All tubes and solutions were kept on ice during the homogenization. The sample tube of the tissue
was weighed without and later with sample to deduce tissue sample weight. The frozen sample was
placed in a 2 ml Protein LoBind tube with 2 ml of freshly prepared cold IP lysis buffer and briefly
rested for up to 2 min. If tissue was not fully submerged, more IP lysis buffer was added as necessary.
Homogenization was performed with the T 10 basic Ultra-Turrax high speed setting for 5 s. Further
10 ml of lysis buffer were added per 1 g of sample and the lysis commenced for 1 h on ice with gentle
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agitation every 10 min. Afterwards, the lysate was centrifuged with 40,000 xg for 60 min at 4 °C. A
30 ul aliquot was stored for QC.

2.2.3.5 Cell pellet lysis

Frozen cell pellets were lysed by resuspending with 1 ml freshly prepared cold lysis buffer per
50x106 cells for 1 h at 4°C and vortexed intermittently. The lysate was centrifuged with 40,000 xg for
30 min at 4 °C in protein LoBind tubes. A 30 ul aliquot was stored for QC.

2.2.3.6 BatchlIP

The amount of beads used was determined according to the number of cells at 170 pl beads
suspension per 100x10¢ cells. The IP was performed in protein LoBind tubes of appropriate size up
to 15 ml. The following spin down steps with IP beads were performed for 3 min at 4 °C with a swing-
out rotor either at 5500 rpm for microcentrifuge tubes or at 3500 rpm for falcon tubes. For optional
pre-clearing, uncoupled beads were washed 2x with 10 ml PBS, spun down and supernatant was
removed. The fresh cell lysate was added. The sample was incubated for 1 h at 4 °C on the rotating
wheel and spun down afterwards. A 30 ul aliquot of the supernatant was stored for QC. Antibody-
crosslinked beads were washed 2x with 10 ml PBS, spun down and supernatant removed.
Supernatant from pre-clearing or, if no-preclearing was performed, cell lysate was added to the
beads. The sample was incubated for 4 h at 4 °C on the rotating wheel and spun down afterwards. A
30 ul aliquot of the supernatant was stored for QC. The supernatant was removed. The IP beads were
washed 3x with IP wash buffer A, 3x with IP wash buffer B and 3x with [P wash buffer C. The
supernatant was removed after each wash step. For elution, peptides were dissociated by addition of
0.3 % TFA at 3x the volume of the dry beads. The sample was incubated for 20 min at RT in shaking
incubator and spun down afterwards. The supernatant was either transferred to a fresh LoBind tube
or directly transferred to solid-phase extraction.

2.2.3.7 96-well plate-based IP

The Waters Positive Pressure-96 Processor was used to perform the different steps on the 96-well
plate filter plate (3 um glass fiber, 10 pum membrane, Agilent). Up to an equivalent of 100x106 cells of
[P eluate was processed in a single well. Larger samples were split equally into multiple wells. The
tumor tissue IP eluate was split into five wells. Each plate well was prepared by passing through 1 ml
100 % ACN, 1 ml of 80 % ACN, 0.1 % TFA and 1 ml of 0.1 % TFA. Equilibration was done by passing
through 2x 1 ml of 0.1 M Tris-HCI (pH 8). 150 pul beads suspension was used per well. For optional
pre-clearing, a separate plate was used that was prepared the same way and loaded with uncoupled
beads. 1 ml of 0.1 M Tris-HCI (pH 8) was passed through and the beads were conditioned by passing
through 400 pl IP lysis buffer. The cell lysate was loaded by gravity flow at 4 °C. Flow through was
collected in the IP plate and a 30 pl aliquot was stored for QC. If no pre-clearing was performed, cell
lysate was directly loaded onto the IP wells. Again, by gravity flow at 4 °C. The IP was washed by
passing through 8x 1 ml wash IP buffer A, 8x 1 ml IP wash buffer B, 8x 1 ml IP wash buffer A and 4x
1 ml IP wash buffer C. For IP elution, 2x 500 ul of 0.3 % TFA were added, with incubation for 3 min
each and slow elution at maximum applied positive pressure of 1.5 psi. The eluate was collected in a
96-well sample collection plate. The eluate was either transferred to a fresh protein LoBind tube or
directly transferred to solid-phase extraction.
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2.2.3.8 Alkylation

Alkylation was an optional step between IP and SPE. 1ml of IP eluate was reduced with
100 pl HEPES / 50 mM TCEP with incubation for 10 min at RT. Alkylation was performed with 100 ul
of 400 mM [AA with incubation in the dark for 20 min at RT. Alkylation was quenched with 100 pl of
1 M HEPES / 50 mM TCEP with incubation for 3 min at RT. The sample was acidified again with 60 pl
of 10 % TFA.

2.2.3.9 Solid-phase extraction

Solid-phase extraction (SPE) was performed with 100 mg sorbent wells of a Sep-Pak tC18 96-well
plate. Up to an equivalent of 100x10¢ cells of IP eluate was processed in a single well. Larger samples
were split equally into multiple wells. Solutions were either pulled through the wells with a vacuum
pump or pushed through with the Waters Positive Pressure-96 Processor. The plate was prepared
by equilibrating each well with 1 ml of 80 % ACN / 0.1 % TFA and washing 2x with 1 ml of 0.1 % TFA.
The IP eluate was loaded. The wells were washed with 1 ml of 0.1 % TFA. The bottom of the plate
was cleaned with 100 % MeOH and a 96-well sample collection plate was placed below. Elution was
performed with 2x 400 pl of 28 % ACN / 0.1 % TFA. The eluate was transferred into microcentrifuge
tubes, dried in the vacuum concentrator at 30 °C and stored at-20 °C.

2.2.3.10 IP Oxidation

A performic acid solution was prepared fresh on the day: 5 pl of 30 % H,0, and 45 pl of 10 % formic
acid were combined in a glass vial and let rest for 5 min. The resulting performic acid solution was
diluted 1:200 with H;O0.

The oxidation step was performed on the 96-well SepPak plate as an optional step after sample
loading. After the sample loading step, wells were washed 1x with 1 ml of 0.1 % TFA. The oxidation
was performed by brief application of 1 ml of the performic acid solution. The SPE procedure was
continued as usual with 2x post-sample-load wash.

2.24 LC-MS
2.2.4.1 Synthetic peptide resolubilization

To resolubilize synthetic peptide mixtures [ added 20 pl of 5% ACN / 0.1 % TFA to dried mixtures
of 10 pmol per peptide, sonicated for 3 min and stored these aliquots at -20 °C. For reference
acquisition, I used several dilutions in sequence to achieve appropriate signal for all peptides. The
samples were diluted in QuanRecovery screw neck vials. The highest load per injection was set to
150 fmol per peptide with two 1:25 dilutions following. Retention time standard peptides were
spiked in at 50 fmol PRTC kit per LC-MS injection and 5 fmol JPTRT kit per LC-MS injection.

2.2.4.2 |P sample resolubilization

[ resolubilized dried IP eluate in 5-20 pl LC sample solvent. For targeted MS, retention time standard
peptides were spiked in at 50 fmol PRTC kit per LC-MS injection and 5 fmol JPTRT kit per LC-MS
injection. The sample was sonicated for 3 min, briefly spun down, transferred to QuanRecovery
screw neck vials and spun down again.

2.2.4.3 Titration of SIL peptide spike-in mixture

The SIL peptides for assay-internal confirmation of 26 peptide detections were prepared as a mixture
in high concentrations. I created a master mixture of nominally 100 pmol / pl per synthetic peptide.
I injected 2 pl of a 1:1000 dilution of this mixture with targeted LC-MS acquisition. According to each
precursors’ peak area in MS2, the master mixture was adjusted by adding additional stock for weak
peptides. After two rounds of adjustments, the master mixture was finalized. The 1:1000 dilution to
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the final concentration was performed shortly before spike-in to IP samples to reduce uneven loss of
the different precursors, primarily due to different peptide hydrophobicity.

2.2.4.4 Automatic sample injection

The UltiMate WPS-3000 autosampler was set to use different batches of transfer solvents when
switching from reference acquisition of synthetic peptides to immunopeptidomics samples, to avert
cross-contamination. The samples were stored in the autosampler at 5 °C in 300 pl screw neck vials
with a septum cover. A 20 pl sample loop was used.

2.2.4.5 LC gradients

The LC gradients on the UltiMate 3000 HPLC system progressed from 99 % or 98 % LC Solvent A
(0 % organic) to 80 % LC Solvent B (100 % organic). The gradients used are: Grd4 starting at 1 % B
and progressing through 1 % B at 0.5 min, 2.5 % B at 13 min, 28.6 % B at 100 min, 38.7 % B at
101.4 min, 80 % B at 104 min, 80 % B at 109 min, 1 % B at 109.1 min. The trap was in line with the
column from 3 min to 110 min. OptiGrd3 starting at 2 % B and progressing through 2 % B at 0.5 min,
6 % B at 5 min, 28.5 % B at 80 min, 48 % B at 82 min, 80 % B at 84 min, 80 % B at 89 min, 2 % B at
89.1 min. The trap was in line with the column from 3 min to 90 min. Grd4_fast starting at 1 % B and
progressing through 1 % B at 0.5 min, 2.5 % B at 8.8 min, 28.6 % B at 66.8 min, 38.7 % B at 67.8 min,
80 % B at 69.5 min, 80 % B at 74.5 min, 1 % B at 74.6 min. The trap was in line with the column from
3 min to 75.5 min. Grd_DDA starting at 2 % B and progressing through 2 % B at 0.5 min, 6 % B at
5 min, 28.5 % B at 40 min, 48 % B at 41 min, 80 % B at 42 min, 80 % B at 47 min, 2 % B at 47.1 min.
The trap was in line with the column from 3 min to 40 min. A flow rate of 300 nl / min was used on
the analytical column and electrospray. LC wash runs ran a total of 50 minutes with three fast
gradients from 1 % B to 80 % B on the analytical column and three fast gradients from 0 % B to
80 % B on the trap column.

2.2.4.6 Electrospray ionization

Electrospray ionization was driven with an applied potential of 2500 V. A CoAnn pulled emitter with
20 pm inner diameter (ID) to 10 pm ID at the tip was used.

2.2.4.7 Untargeted LC-MS DDA acquisition for metallothionein-2

The LC gradient was Grd_DDA. Expected LC peak width was set to 14 s. APD was enabled. Lock mass
was [(Si(CH3)20)6+H]* (445.120025 m/z) from ambient air in scan-to-scan mode. RF Lens was set to
50 %. The full MS1 scan was set to 120k resolution, 300-1650 m/z, 300 % AGC target, 35 ms max.
injection time. Precursor selection was using peptide MIPS, 1x102 min. intensity, charge-states 1-3,
dynamic exclusion for 20 s at 6 ppm tolerance, excluding isotopes. MS2 was cycled for 10 scans. Full
MS2 scan was set to 1.2 m/z isolation window, 28 % NCE, 30k resolution, automatic scan range,
200 % AGC target, 150 ms max. injection time.

2.2.4.8 Untargeted LC-MS DDA acquisition for peptide alkylation test

The LC gradient was OptiGrd3. Expected LC peak width was set to 16 s. APD was enabled. Lock mass
was [(Si(CH3)20)e+H]* (445.120025 m/z) from ambient air in scan-to-scan mode. RF Lens was set to
50 %. The full MS1 scan was set to 120k resolution, 300-1650 m/z, 300 % AGC target, 35 ms max.
injection time. Precursor selection was using peptide MIPS, charge-states 1-4, dynamic exclusion for
20 s at 6 ppm tolerance, excluding isotopes. Dependent MS2 scans were cycled for 3 seconds. Full
MS2 scan was set to 1.2 m/z isolation window, 27 % NCE, 15k resolution, automatic scan range,
200 % AGC target, 120 ms max. injection time.
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2.2.4.9 Untargeted LC-MS DIA acquisition for HLA IPs

The LC gradient was Grd4. Expected LC peak width was set to 16 s. APD was enabled. Lock mass was
[(Si(CH3)20)6+H]* (445.120025 m/z) from ambient air in timed mode for the first 3 min. RF Lens was
set to 50 %. The full MS1 scan was set to 120k resolution, 300-1650 m/z, 300 % AGC target,
35 ms max. injection time. Independent MS2 scans used 44 dynamic precursor windows from
299.5 m/z to 1650.5 m/z with 1 m/z overlaps. Full MS2 scan was set to 30 % NCE, 30Kk resolution,
scan range from 200 m/z first mass, 3000 % AGC target, automatic max. injection time.

2.2.4.10 General targeted LC-MS acquisition settings

Settings for targeted experiments are as stated here if not specified differently. The LC gradient was
OptiGrd3 or Grd4. Expected LC peak width was set to 16 s. APD was enabled. Lock mass was
[(Si(CH3)20)6+H]* (445.120025 m/z) from ambient air in timed mode for the first 3 min. RF Lens was
set to 50 %. Retention time standard MS2 was acquired with scheduled acquisition with 30 % NCE,
15k resolution, automatic scan range, 50 % AGC target, 40 ms max. injection time, all scheduled
target cycling. The dynamic retention time (RT) feature was set to use the PRTC kit with 6 min RT
window for the first peptide and 2 min RT windows for others. Precursor isolation was set to
minimum vendor recommendation: 0.4 m/z for precursor <400 m/z, 0.7 m/z for < 700 m/z, 1 m/z
for <1000 m/z, 1.5 m/z for < 1500 m/z, 2.0 m/z for < 200 m/z, 3 m/z for < 2500 m/z.

2.2.4.11 MS scan parameter tuning LC-MS acquisition

The LC gradient was Grd4_fast. The full MS1 scan was set to 120k resolution, 360-803 m/z,
300 % AGC target, 25 ms max. injection time. The dynamic RT feature was off. Target peptide RT
schedule was defined such that no targets overlap. Base settings for target peptide MS2 were
scheduled acquisition with 30 % NCE, 120k resolution, automatic scan range, 1000 % AGC target,
25 ms max. injection time, scheduled target cycling for 2.1 s. Only parameters to be tuned were
adjusted where needed.

2.2.4.12 SIL reference targeted LC-MS acquisition

The full MS1 scan was set to 60k resolution, 220-1450 m/z, 300 % AGC target, 25 ms max. injection
time. Target peptide MS2 was acquired with scheduled acquisition with custom NCE, 60k resolution,
automatic scan range, 1000 % AGC target, 7 point dynamic max. injection time, scheduled target
cycling for 2.6 s. Precursor charge-states 1-4 were all included in the acquisition until the best
precursor were selected.

2.2.4.13 IP targeted LC-MS acquisition

The full MS1 scan was set to 60k resolution, 220-1450 m/z, 300 % AGC target, 25 ms max. injection
time. Where spiked-in, SIL peptide MS2 was acquired with scheduled acquisition with custom NCE,
60k resolution, automatic scan range, 500 % AGC target, 350 ms max. injection time, all scheduled
target cycling. Target peptide MS2 was acquired with scheduled acquisition with custom NCE, 60k-
480k resolution, automatic scan range, 1000 % AGC target, 5-7 point dynamic max. injection time,
scheduled target cycling for 2.6-3.1 s.

Depending on the targeted HLA supertypes, sets of commonly presented allotypic peptides were
targeted as positive controls Table 1. These were helpfully suggested by Stefan Stevanovic. For
supertype A02, a set of negative controls derived from mouse genes were also included.
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Table 1. Allotypic peptides acquired as controls.

Supertype Peptide #1 Peptide #2

A01 DTDHYFLRY IADMGHLKY (sp|P12004|PCNA_HUMAN)
(sp|Q969N2|PIGT_HUMAN)

A02 YLLPAIVHI AIVDKVPSV
(sp|P17844|DDX5_HUMAN, (sp|Q9Y678|COPG1_HUMAN)
sp|Q92841|DDX17_HUMAN)

A03 KIADRFLLY KLLNYAPLEK
(sp|P61968|LM04_HUMAN) (sp|P62875|RPAB5_HUMAN)

All TSALPIIQK AVILPPLSPYFK
(sp|Q99541|PLIN2_HUMAN) (sp|095167|NDUA3_HUMAN)

A24 AYVHMVTHF KYPENFFLL (sp|P36873|PP1G_HUMAN,
(sp|P55061|BI1_HUMAN) sp|P62136|PP1A_HUMAN,

sp|P62140|PP1B_HUMAN)

B07 APRTVALTAL IPRAALLPLL
(sp|P04440|DPB1_HUMAN) (sp|Q92743|HTRA1_HUMAN)

B15 TQMPDPKTF GQVQKIVLY (sp|Q00610|CLH1_HUMAN)
(sp]Q9Y5V0|ZN706_HUMAN)

A02 mouse FGPVNHEEL KALINADEL (sp|P16546|SPTN1_MOUSE)

derived neg. (sp|P46414|CDN1B_MOUSE)

Ctrl

2.2.5 Direct infusion MS (DI-MS)

Dried mixtures of synthetic peptides at 10 pmol per peptide were resolubilized in 5 pl of 50 % ACN
/ 4% FA for a concentration of 5 pmol / ul. The sample was sonicated for 3 min and spun down. A
150 um inner diameter fused silica capillary with a length of ~40 cm was connected on one end to a
25 pl syringe, with the other end open. The capillary was filled with 5 % ACN. Next, 5 ul sample were
drawn into the capillary. The emitter (CoAnn, ID 20 pm, tip ID 10 um) was connected through the
Simple Link Uno at the sample end. At the syringe end, a 500 pl syringe was connected. The syringe
contained water and enclosed an air bubble to allow to set a consistent pressure. The 250 pl air
bubble was compressed to 50 pl to set a pressure and start flow at the emitter. The spray was driven
and applied potential of 2500 V and the MS acquisition method was started once strong signal was
observed in MS1. Expected LC peak width was set to 30 s. APD was enabled. Lock mass was
[(Si(CH3)20)6+H]* (445.120025 m/z) from ambient air in scan-to-scan mode. RF Lens was set to
50 %. Sets of 5,000 MS2 scans were specified with precursor target tables. For quality control, an
intermittent full MS1 scan was used at the start and after every completed set of MS2 scans. MS1 was
set to 120k resolution, 220-2000 m/z, 300 % AGC target, 100 ms max. injection time. MS2 was set to
45k resolution, automatic scan range, standard AGC target, 180 ms max. injection time. For each
synthetic peptide the mixture, precursor charge states +1 to +4 were targeted successively.
Methionine oxidation was set as variable modification. Cysteine alkylation was set as fixed
modification. For each precursor, NCE ranging from 4 % to 42 % in steps of 2 % were scanned in 5
iterations so that 5 datapoints were acquired per NCE value. Each iteration used a randomized order
with a fixed seed. The resulting pseudorandom pattern is the same for all precursors. Some
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optimization data that were acquired early on in the project spanned slightly different NCE ranges
and acquired only 4 datapoints per NCE value. The method runtime was set to 300 min and was
typically ended manually upon reaching the end of the scheduled scans which was signaled with a
continuously looping dummy scan.

2.2.6 Data analysis
2.2.6.1 Supertype population coverage calculation

Supertype population coverage was calculated using the offline version of the IEDB Population
Coverage Tool. The tool was repurposed for supertype coverage by specifying a complete set of
supertype associated alleles per epitope input. For single supertype coverage, a single mock epitope
input was used. For combinations of supertypes, one mock epitope was specified per supertype. HLA
supertype allele assignments were as specified in Sidney et al. (2008) using the restriction “exact
match(es) in the B and F pockets”.

2.2.6.2 Human proteome search for candidate peptides

The candidate peptides were searched in an extensive human UniProtKB fasta
(proteome:up000005640 OR organism_id:9606, canonical and isoform, accessed: 2023-10-10) using
regular expressions (regex) in R. The regex was ambiguous for MS-indistinguishable amino acids I
and L ([IL]). The only two matches were from trEMBL with tr|Q8V9K8|Q8V9K8_HUMAN,
tr|Q9Y4Y4|Q9Y4Y4_HUMAN which are unreviewed and denoted to relate to protein E6.

2.2.6.3 MS data and metadata extraction

Rawfiles were accessed using a custom .NET command line tool ‘rawfile_cli_base64’ that accesses the
MS data files (.raw) using the Thermo RawFileReader library. The tool is used for extraction of
extracted ion chromatograms (XICs), spectra, scan metadata and charge-state resolved total ion
currents (TICs). For charge-state resolved TIC, the tool iterates over every centroided datapoint in
every full MS1 scan to read out the charge state annotations and accumulates per scan the total
intensity values resolved by charge state. Data is returned through stdout and was accessed through
R.

2.2.6.4 Normalized spectral contrast angle

For comparison of acquired peptide signal to SIL reference signal, the normalized spectral contrast
angle (NSA) as defined by Toprak et al. (2014) was used. This is also the default approach termed
‘dotp’ in the Skyline software. The reference signal was derived from XIC of synthetic peptides
(typically SIL) which was extracted with Skyline. Fragment criteria for the reference library were all
fragment lengths of types y, b, a, and p with up to two neutral losses and 2 m/z exclusion around
precursor m/z. Allowed neutral losses were loss of water (D, E, S, T; -18 Da), ammonia loss (K, N, Q,
R; -17 Da) and loss of CH4SO (-64 Da) loss from oxidized methionine. The reference is indexed by ion
type (e.g. y3*, as**-18) and not m/z, to facilitate heavy vs. light intensity comparison. For comparison
of XICs, peak area was used as intensity. Similarly, for comparison of spectra, the extracted fragment
intensities were used and unidentified background signal was not considered. The resulting two
vectors, one for reference and one for the acquired signal, were sorted equally, according to the
fragment rank in the reference and missing fragments were filled with 0 intensity. Fragments labeled
non-quantitative (n.q.) were excluded from both vectors.

The vectors were both normalized according to Equation 1, where VO is the output vector and VI is
the input vector. The similarity score NSA is then calculated for the two normalized vectors V1 and
V2 according to Equation 2.
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Equation 1. Vector normalization for NSA scoring.

VI;
VO; = ———
/ 7:1 Vi
Equation 2. NSA calculation.
2 arccos(V; - V.
NSA = 1 — (V1-Vy)

T

2.2.6.5 MS parameter optimization

Targeted experiments were analyzed with the software Skyline, which was used for data extraction
and peak curation. Top 5 reference fragments were enabled. Fragment criteria were fragment m/z >
precursor m/z using fragments of types y, b, a with up to two neutral losses and 2 m/z exclusion
around precursor m/z. Allowed neutral losses were loss of water (D, E, S, T; -18 Da), ammonia loss
(K, N, Q, R; -17 Da) and loss of CH4SO (-64 Da) from oxidized methionine. MS2 XICs were extracted in
centroided mode with 3 ppm tolerance, except for resolution tests, where 7 ppm tolerance was used.
Where transitions were affected by interference, they were marked non-quantitative (n.q.) for
exclusion from NSA calculation and a further reference transition was enabled in its stead. To count
the amount of transitions detected, top 50 reference fragments = 3 amino acids were enabled in a
separate assessment. Data was exported as .csv tables for downstream analysis in R. Transition
counts were calculated by iterating from the top transition down to further transitions until the first
point when <90 % of transitions were detected. Reverting to the last detected transition then
indicated the count.

2.2.6.6 Collision energy optimization

Data was extracted and analyzed using R with the MsRawAccess package. For each precursor, possible
fragments and their m/z were generated using the Julia package Peptidomics. For fragmentation, y,
b, and a ions and the precursor were used. 2 m/z exclusion window around precursor m/z. Allowed
neutral losses were up to two of loss of water (D, E, S, T; -18 Da), ammonia loss (K, N, Q, R; -17 Da)
and loss of CH4SO (-64 Da) loss from oxidized methionine. Charge states were from +1 to the
precursor charge state. MS2 data were extracted in centroid mode with 9 ppm tolerance. For
selection of the optimal normalized collision energy (NCE), the target was to maximized one of the
4th-6th most intense transitions. Furthermore, at least 6 transitions must be detectable at the optimal
NCE. Quantification of the optimization benefit was performed with an unpaired one-sided t test
comparing the 5th most intense fragment at the determined optimal NCE against the 5t most intense
fragment at 30 % NCE. For quality assurance, precursors in the overall efficacy evaluation are limited
to precursors that were determined to be relevant in LC-MS, meaning either dominant or with
comparable intensity to the dominant precursor. This assessment was made independently from the
optimization as it was routinely performed to decide which precursors to target in the targeted LC-
MS experiments.

2.2.6.7 HLA MAC decoding, supertype assignment and binding prediction

Multiple allele codes (MAC) represent groups of HLA alleles and are useful when the HLA typing is
ambiguous and does not allow to narrow down one single allele from a list of alleles. This can occur
for example where HLA typing is not based on full sequencing of an HLA gene, usually because the
employed technique is designed to resolve only differences in the peptide binding domains (Marsh
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etal., 2010). MAC are registered centrally with the US National Marrow Donor Program. The website!
offers a service to decode the MAC, which returns a list of sometimes dozens of HLA alleles that match
the HLA typing results.

HLA alleles specified using MAC codes were expanded to all associated alleles using the R package
immunotation, which provides access to the MAC Service of the National Marrow Donor Program.
HLA allele prevalence was calculated using the all world output of the IEDB Population Coverage
Tool. HLAs without prevalence data were discarded. Supertypes assigned at this stage were
unambiguous in all cases, meaning no two HLA alleles derived from a MAC code in this way were
found to belong to distinct supertypes. Peptide HLA binding predictions were performed with
netMHCpan for all supported alleles. Unsupported alleles were discarded. Finally, for each peptide
and HLA allele, a single Rank EL (%) binding prediction was selected by picking the weighted median
value, where weights are the HLA prevalences.

2.2.6.8 Hela digest untargeted DIA LC-MS

Data-independent acquisition (DIA) experiments were analyzed with the search engine Spectronaut
directDIA. Settings were automatic tolerances, Trypsin / P digest mode with a maximum of two
missed cleavages, and a max of 2 post-translational modifications (PTMs) per peptide. 1 % peptide-
spectrum match (PSM) false discovery rate (FDR) and 1 % peptide FDR was set. Carbamidomethy]l
(C) was set as a fixed modification. Acetylation (N-term) and Oxidation (M) were set as variable
modifications. Where the oxidation step was diagnosed, the modification was set as variable. The
database was Uniprot Human reference proteome (accessed: 2021-10-21). Data was exported as .csv
tables for downstream analysis with R.

2.2.6.9 SIL reference targeted LC-MS

Targeted reference acquisitions were analyzed with the software Skyline, which was used for data
extraction and peak curation. Initial peak selection was performed with fragments of = 3 amino acids
in length of types y, b with up to one neutral loss and 2 m/z exclusion around precursor m/z. Allowed
neutral losses were loss of water (D, E, S, T; -18 Da), ammonia loss (K, N, Q, R; -17 Da) and loss of
CH4SO (-64 Da) loss from oxidized methionine. MS2 XICs were extracted in centroided parallel
reaction monitoring (PRM) mode with 4-8 ppm tolerance. Following the initial peak picking, further
transitions were enabled by inclusion of all fragments of = 1 amino acid in length of types y, b, a, and
additional precursor-derived fragments (type p) with up to two neutral losses. The now available
extensive list of fragments was curated to exclude fragments not adhering to the peak shape. For each
peptide, the dominant precursor charge-states were noted for later targeting in IPs. Data were
exported as spectral library (.blib) and .csv tables for downstream analysis in R.

2.2.6.10 IP untargeted DDA LC-MS

Data-dependent acquisition (DDA) experiments were analyzed with the database search engine
PEAKS Studio. Settings were parent mass tolerance of 10.0 ppm, fragment mass tolerance of 0.02 Da,
unspecific digest mode and a maximum of 3 PTMs per peptide. 1% peptide FDR was set.
Carbamidomethyl (C), Oxidation (M) and Acetylation (N-term) were set as variable modifications.
The databases were Uniprot Human and HPV16 reference proteomes (accessed: 2020-04-22). Data
was exported as .csv tables for downstream analysis with R.

L https://bioinformatics.bethematchclinical.org/hla-resources/allele-codes/ (accessed: 2023-10-17)
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2.2.6.11 IP untargeted DIA LC-MS

DIA experiments were analyzed with the search engine Spectronaut directDIA. Settings were
automatic tolerances, unspecific digest mode and a maximum of 2 PTMs per peptide. 1 % PSM FDR
and 1 % peptide FDR was set. Carbamidomethyl (C) was set as a fixed modification. Acetylation (N-
term) was set as variable modification. Oxidation (M) was by default set as fixed modification. Where
the oxidation step was diagnosed, the modification was set as variable. The databases were Uniprot
Human and HPV16 reference proteomes (accessed: 2021-10-21), including a manual addition of
known HPV16 E6 and E6 mutations. Data was exported as .csv tables for downstream analysis with
R.

HLA supertypes were assigned according to Sidney et al. (2008). HLA allele prevalence was
calculated using the all world output of the IEDB Analysis Tool Population Coverage. HLA binding
predictions (Rank EL (%)) were performed with netMHCpan. Peptides were considered binders for
HLA alleles where Rank EL (%) was <2 %. HLA binder population density for violin plots was
calculated after log10 transformation using a gaussian kernel with bandwidth 0.1 and spanning
values from 1x10-4to 1x102.

2.2.6.12 IP targeted LC-MS

Targeted experiments were analyzed with the software Skyline, which was used for data extraction
and peak curation. Initial peak selection was performed with top 5 reference fragments enabled.
Fragment criteria were = 3 amino acids in length of types y, b, a with up to two neutral losses and
2 m/z exclusion around precursor m/z. Allowed neutral losses were loss of water (D, E, S, T; -18 Da),
ammonia loss (K, N, Q, R; -17 Da) and loss of CH4SO (-64 Da) loss from oxidized methionine. XICs
were extracted for MS2 in centroided PRM mode with 4-8 ppm tolerance. Following the initial
selection, further transitions were enabled, including top 25 reference fragments, = 1 amino acid and
additional precursor-derived fragments (type p). The now available extensive list of fragments was
curated to exclude low-specificity fragments (< 3 amino acids or precursor-derived) that were
affected by interference (as determined by non-adherence to the peak shape). Further fragments not
affected by interference, were marked non-quantitative (n.q.). The list of fragments was then
trimmed back to the rank at which most fragments are detected. Peaks scoring with an NSA value
> 0.85, based on at least 5 specific fragments (= 3 amino acids, types y, b, a), were indicated as
detected. Data were exported as .csv tables for downstream analysis in R.

2.2.7 Patient tumor genotyping

The tumor sample I received was acquired as part of the CAPTURE/CATCH prospective precision
oncology program (Hlevnjak et al., 2021). Whole genome sequencing had already been performed at
the DKFZ Division of Molecular Genetics. In brief, DNA and RNA from tumor sample was isolated
according to standardized workflows using the AllPrep DNA/RNA/Protein Mini Kit (Qiagen). DNA
concentrations were determined using fluorometric Quant-iT dsDNA BR Assay Kit (Thermo Fisher
Scientific). The quality of DNA was tested using an automated electrophoresis system (genomic DNA
ScreenTape for TapeStation System, Agilent). DNA libraries of fresh-frozen samples were prepared
for whole-genome sequencing (WGS) using the TruSeq Nano DNA Kit ([llumina) and were sequenced
paired-end on a NovaSeq 6000 platform (Illumina) yielding paired-end (PE) 151 bp long reads with
332.47 Gigabases. HPV16 read extraction from the raw WGS sequencing reads was performed using
Kraken2 (Wood et al. (2019), v2.09, confidence 0.1) with a database built on the human genome
(hg19) and the NCBI nonredundant nucleotide database (nt) (January 2020). Reads assigned by
KrakenZ2 to taxonomy id 333760 were extracted from the fastq files based on their read id.

To determine single nucleotide polymorphisms, 1 realigned the 4498 HPV16 reads (each
151 nucleotides) using the NCBI basic local alignment search tool (BLAST) service (accessed: 2023-
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10-07) (Sayers et al., 2022). The subject sequence was set to GenBank K02718.1, the algorithm to
megablast, and the maximum display number to 5,000 alignments.

2.2.8 ELISpot test for donor PBMC reactivity against synthetic peptide
The preliminary immunogenicity data generated by enzyme-linked immunospot (ELISpot) are not
results of this thesis and were performed by Dr. Maria Bonsack and Kathrin Wellach.

Buffy coat preparations of the blood from anonymous healthy female donors were obtained from
DRK Blutspendedienst Mannheim. Material of donors of at least 40 years of age was used to increase
the probability of prior exposure to HPV. HLA typing was performed by the DKMS Life Science Lab
GmbH in Dresden (Germany). Peripheral blood mononuclear cell (PBMC) isolation was performed
using a standard density gradient procedure with Ficoll-Paque PLUS in Leucosep tubes (Greiner Bio-
One). The isolated PBMCs were subsequently washed with PBS, and residual erythrocytes were lysed
by 5 min incubation with ACK lysis buffer (150 mM NH4Cl, 10 mM KHCOs3, and 0.1 mM EDTA). PBMCs
were washed, suspended in human serum with 10 % DMSO, and cryopreserved in the gas phase of
liquid nitrogen.

PBMCs were thawed and one T cell culture per antigen stimulation was set up with 1-
2x10¢cells / well in 24-well plates in T cell medium (RPMI-1640 with 10 % human serum,
2 mM L-glutamine, 10 mM HEPES, and 1 % P/S) supplemented with 10 ng / ml recombinant human
Interleukin 7 (rhIL-7; R&D Systems). Each T cell line was stimulated with 10 mg / ml of either one of
the HPV16 E6- and E7-derived synthetic peptides or 10 mg / ml of HIV-, CMV- or EBV-derived
synthetic control peptides, or 1 mg / ml per peptide of the positive control CEF peptide pool. On day
3 and day 7, cultures were fed with 20 U / ml of recombinant human Interleukin 2 (rhIL-2;
PeproTech), with a half medium change at day 7. At day 12, 1-2x105 cells / well were transferred to
sterile Multiscreen-HA membrane plates (Millipore) coated with 1:500 anti-human IFNy (clone 1-
D1K; Mabtech) in PBS. Cell lines were re-stimulated with respective peptide or CEF peptide pool (#
PA-CEF-001, PanaTecs) (four replicates). Concanavalin A (Sigma Aldrich, 2 mg / ml) and DMSO
(Sigma Aldrich, 1 ml / ml) (two replicates each) were used as positive and negative controls. After
24 h incubation, cells were discarded and plates were washed with PBS and developed with 1:1000
biotinylated anti-human IFNy (clone 7 B6-1-Biotin; Mabtech) in PBS, 1:2000 Streptavidin-Alkaline
Phosphatase solution (Mabtech) in PBS, and filtered substrate (NBT/BCIP; Millipore). Plates were
washed with ELISpot wash buffer (PBS with 0.05 % Tween 20) between steps. Spots were counted
with an automated ImmunoSpot reader (CTL-Immunospot S6 Ultra-UV, CTL, Bonn, Germany). For
each well, spot forming units (SFU) per 10¢ cells and the stimulation index (SI) (spot count divided
by mean spot count in DMSO-treated control wells) were calculated. Peptides were defined as
immunogenic, if the detected response induced SFU = 100 per 106 cells and SI = 2. Additionally, if the
SFU of the DMSO background control was < 5, responses with SFU = 50 per 10¢ cells and SI = 4 were
defined as positive.
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3 Results

3.1 Optimization of the HLA immunoprecipitation protocol (Wet-lab)

3.1.1 Establishment of the HLA immunoprecipitation protocols

The HLA immunoprecipitation (IP) techniques used in this thesis were established over the course
of this project in collaborative efforts with two postdoctoral fellows in the group, first with Dr. Mogjib
Salek for a sensitive and robust batch IP technique, and later with Dr. Jonas Becker for the
implementation of the high-throughput 96-well plate-based protocol. The resulting protocols are
adaptations of the most influential published protocols in the field (Bassani-Sternberg et al., 2015;
Chong et al., 2018; Purcell et al., 2019). My contributions in this process were the implementation of
the targeted acquisition method to measure the outcome in terms of HPV16-derived peptide
detections, the development of quality control analyses after liquid chromatography-mass
spectrometry (LC-MS) acquisition and the establishment of chemical peptide modifications to
facilitate optimal detection of peptides containing methionine and cysteine. The high-throughput
protocol showed similar performance to the batch IP protocol and was therefore used
interchangeably. Whether the batch or high-throughput protocol was used is indicated throughout
this thesis and in Appendix Table 1.

The main cell line used for the establishment and refinement of the method in our lab is the widely
used CaSki cell line. It is derived from a cervical cancer metastasis and contains an integrated HPV16
genome. It is an adherent cell line that is well suited for cell culture and reliably expresses HLA and
the proteins E6 and E7 (Choo et al., 1994). A further cell line, C33A, was used as a faster growing
alternative that was also derived from a cervical squamous cell carcinoma, but is HPV16 negative and
therefore does not present HPV16-derived peptides (negative control cell line).

3.1.2 Charge state-resolved total ion current

One marked property of the common immunoprecipitation protocols is that the eluted HLA class I
binding peptides, while chemically diverse, have a limited length of typically less than 12 amino acids
and therefore ionize at the electrospray with charge states between +1 and +4 at the most. This
property creates a signal that is immediately distinguishable from the common proteinaceous
contaminants and polymeric detergents, which may acquire many more charges. On high resolution
mass spectrometers, these charge states can reliably be determined for most of the detected ions.
Specifically, the Orbitrap Exploris MS utilizes an advanced peak determination (APD) algorithm to
extract this information by observing isotopic clusters of ions and the spacing of the contained
isotopes on the mass-to-charge (m/z) axis (Hebert et al., 2018). To harness these data, which were
not accessible otherwise, I developed a command line utility that uses the low-level Thermo
RawFileReader .NET library for deep access to the experiment data (.raw files). This utility iterates
through every full MS1 scan and all ion signals, reading out the charge state annotations and
accumulating total intensity values resolved by charge state.

The extracted data enables the creation of charge state-resolved total ion current (TIC)
chromatograms. TICs are a graphical representation of all the ions detected by a mass spectrometer
over a period of time, which is in this case the complete LC gradient. In Figure 8, an example is shown
where two exemplary IPs show similar TICs (left panels) but resolving by charge state (right panels)
reveals drastically different character of the signal. A large proportion of the ions produced by the IP
in the upper row (labeled ‘contaminated’) are of very high charge states. The additional signal colored
in dark red is of undetermined charge state, likely a consequence of the resulting degradation in
spectrum quality. In contrast, the IP in the lower row (labeled ‘optimal’) shows a vast majority of
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signal to be of charge states +2-3, which matches well with the properties of the target analytes, i.e.
HLA binders. Co-eluting non-target ions are known to impact MS sensitivity through ion suppression
and through adversely affecting the dynamic range on the MS1 level as well as through co-isolation
in MS2 (Kaufmann et al., 2010; Domon & Gallien, 2015). The charge state-resolved diagnostic plots
have proven much more effective in revealing contamination issues than standard TIC
chromatograms.  made these quality control plots available from R and via a graphical user interface
and they have been a staple tool for quality control for our research group and over the course of this
thesis work.
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Figure 8. Charge state-resolved total ion current chromatograms. Two different
immunopeptidomics experiments are shown (top vs. bottom). The left panels show commonly used
total ion current (TIC) chromatograms. The right panels show the same chromatograms resolved by
charge state of the acquired ions. Charge states 1-4 can be considered viable peptide signal. Dark red
signal is of undetermined charge state.

3.1.3 Metallothionein-2 contamination

The use of charge-state resolved TIC chromatograms revealed a distinct contamination that
appeared in almost all immunopeptidomics experiments early on in the project. Exemplarily, the
contamination was present in [P experiments of the cell line C33A, where a cluster of mainly +6
charged ions appeared dominant early in the gradient (Figure 94, green arrow). A signal of similar
nature consisting of multiple ion species of 5.93 kDa to 6.25 kDa in mass appeared with most cell
line-based immunopeptidomics experiments. This was clearly an undesirable species of ions and in
testing for the source of the contamination, I found that the signal can already be detected in eluates
from a pre-clearing step. This optional step in the IP protocol, which is commonly used when tissue
sample is processed, is performed with bare Sepharose beads, i.e. beads that have not been coupled
to the HLA-specific antibodies. Typically, this step is used to deplete unspecific antibodies (pre-
clearing). Antibodies are not expected in this sample so this was purely exploratory. In principle, the
step could serve to deplete this contamination too, but the depletion is incomplete. The pre-clearing
step (bottom left panel) does not resolve the contamination in the IP step of the same experiment
(top left panel). Using beads only without cell lysate does not produce the signal (data not shown). I
found that the use of Protein A Sepharose beads instead of the Gammabind Plus Sepharose beads
resolves this contamination completely (right panels). To understand the nature of the contaminant,
[ worked with Dr. Mogjib Salek who performed a tryptic digestion of an IP that was prepared with
Gammabind Plus Sepharose beads and [ performed untargeted LC-MS analysis of the sample.
Database search, limited to tryptic peptide identification, identified only the protein Metallothionein-
2 (MT2_HUMAN) with major coverage (Figure 9B). This is a small cytosolic protein of canonical mass
6042 kDa, fitting well with the signature of the contamination. Other proteins were only detected
with minor coverage, likely due to a subset of HLA-presented peptides that resemble the products of
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a tryptic digestion. It was therefore determined that the contamination results from co-precipitation
of the protein Metallothionein-2 with Gammabind Plus Sepharose beads. This cytosolic protein is
likely present in high abundance in cell lysate. The contamination was resolved by using a different
Sepharose bead product.
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Figure 9. GammaBind Plus Sepharose beads elute Metallothionein-2. (A) Results of two C33A
HLA IPs using different Sepharose beads and including a pre-clearing step. Charge state-resolved TIC
chromatograms reveal a dominant contamination of majority charge state +6 at ~6 kDa (green
arrow). (B) Protein identifications from a tryptic digestion of a GammaBind Plus HLA IP eluate. Panel
B adapted from (Salek & Forster et al., 2023). Experiment in panel B was performed by Dr. Mogjib
Salek. Analysis by me.

3.1.4 Methionine oxidation

The presence of the amino acid methionine in many of the target peptides posed an additional
challenge for the detection via LC-MS. Methionine is readily oxidizable to methionine sulfoxide and
peptides containing methionine may therefore be detectable in one of two states with very distinct
properties (Figure 10A). The oxidized form typically elutes several minutes earlier and has a different
precusor mass (+16 Da) and fragmentation pattern. In initial targeted IPs,  measured various ratios
of oxidized vs. reduced forms of methionine-containing peptides in the LC-MS. I concluded that likely
sources of this variance are oxidation during the IP processing and LC separation. Consequently, a
sensitive targeted method would have to target both forms for each peptide at the cost of additional
instrument cycles and, in case of a 50% oxidation rate, may only receive half of the ions each. An
effective way to tackle this is to force oxidation of methionine, which is by now also described for
immunopeptidomics elsewhere (Pollock et al., 2021).

57



° - oxidized

o
3e+05 150408 4e407
o
3e+07
2405 o 1.0e+08
2e+07
1e+05
° 50407 1e+07
| S SR | S S

0e+00 0.0e+00 0e+00
None Forced oxidation None  Forced oxidation None  Forced oxidation

Treatment Treatment

H H
NI _— N
YT ON oxidation wW YT ONT
- H ——— - H
S ~ O’/S ~
Methionine Methionine sulfoxide
M M[Oxi]
YMLDLQPET AIVDKVPSV | ALNEKLVNL
1.5e+07 - 5e+09 -
1.5e+08
4e+09
1.0e+07 ° 3e+09 1.0e+08
— 5.0e+06 o 5.0e407
= = Tle+09
_ ~ Peptide state e i
0.0e+00 o @ 0e+00 0.0e+00 Peptide state
YMLDLQPETT | 181 wnoridized M KLGETTI YLLPAIVHI | o
g 5407
a
=

MS2 peak area (a

Figure 10. Oxidation of methionine-containing peptides in an HLA IP eluate. (A) Chemical
structure of methionine and methionine sulfoxide produced through oxidation. (B) Quantification of
signal for HPV16-derived peptides containing methionine. HLA IP samples either received oxidation
treatment or no treatment. Peptides were acquired both in the oxidized and the unoxidized form. (C)
Quantification of signal for known HLA peptides containing no methionine. (B-C) two technical
replicates per condition.

[ tested a treatment of the peptides with an oxidation solution of weakly concentrated performic acid
that is used to rapidly oxidize methionine and which can be briefly applied during the solid phase
extraction step. Figure 10B shows the measured MS2 intensities of the two detectable methionine
containing target peptides from a CaSki HLA IP, either with a standard IP protocol or with the extra
oxidation step. For this experiment, the eluate of a large-scale batch IP with a load of 400M2 cells was
splitinto four equal aliquots for two samples per condition. Without treatment, a substantial amount
of the peptide is detectable in the reduced form. By applying the oxidation step, the peptides were
fully converted to the oxidized form and the signal was boosted considerably. Interestingly, in this
example, the consolidated signal after treatment is for both peptides more than the sum of what was
measured without treatment. The cause for this was not determined but it is likely that the reduced
and oxidized MS2 signals do not appear in true proportion as the two species may ionize with
different efficiency and may fragment more or less suitably for quantitation. Control measurements
of known endogenous HLA binders showed no detrimental effects of the treatment on peptides not
containing methionine (Figure 10C). This oxidation step was therefore applied to most IPs in the
project, except for some early [Ps and where there were no methionine containing peptides targeted.
Whether the step was applied in any IP is specified in Appendix Table 1.

2 For cell counts, the ‘M’ suffix is used to denote millions.
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3.1.5 Cysteine alkylation

The HPV16 genes E6 and E7 are rich in cysteine and therefore, of the 242 candidate peptides, 148
contain cysteine. The detection of cysteine-containing peptides is particularly challenging for MS
experiments due to the propensity of the thiol side chain to undergo oxidative modifications. The
resulting dispersion of peptides into various forms does not allow for sensitive detection in targeted
experiments. For this reason, the preceding study did not target any cysteine-containing peptides
(Blatnik et al., 2018).

One of the established solutions in the proteomics field is the reduction of the sample, exposing the
free thiols of the cysteines, and subsequent alkylation using reagents such as iodoacetamide (IAA)
(Figure 11A). Alkylation of cysteines has also been implemented for immunopeptidomics before. In
our group, Dr. Jonas Becker established a reduction/alkylation protocol for IP samples using tris(2-
carboxyethyl)phosphine (TCEP) for reduction, IAA for alkylation with a subsequent quenching by
TCEP, all buffered in HEPES. It is applied to the IP eluate prior to solid phase extraction. I
implemented a corresponding protocol for alkylation of the synthetic peptide mixtures, which
allowed me to develop the targeted assay. With these prerequisites established, the application of
the alkylation step for the immunopeptidomics experiments allowed for detection of cysteine-
containing HPV16-derived peptides.
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Figure 11. Alkylation of cysteine-containing peptides in an HLA IP eluate. (A) Chemical
structure of cysteine and carbamidomethyl cysteine produced through alkylation. (B-C) Results of
untargeted DDA acquisition of treated HLA IP eluate. Equal aliquots of a 300M cell load CaSki HLA IP.
(B) Peptide identification counts separated by non-cysteine-containing and cysteine-containing
peptides. (C) Peptide length distributions of the detected peptides. The right panel reflects the small
populations of alkylated peptides in (B). (D) Results of targeted acquisition of the samples. NSA >
0.85 is the main criterion for detection (red dot). Red box marks the novel detection of a cysteine
containing peptide after alkylation.
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To test for detection of cystine-containing HLA binders, I set up an experiment based on a single
large-scale batch IP with 300M3 cell load which was split for testing into six equal aliquots (50M load
equivalent). Two aliquots received no treatment. Two aliquots were treated with the same steps and
solvents as the alkylation protocol, but without the reactants TCEP and [AA. This was done with the
objective to judge whether potential losses are due to sample handling or due to the induced
reactions. The last two aliquots received the full alkylation treatment. I performed targeted and
untargeted data-dependent acquisition (DDA) LC-MS analysis with each sample using 56 % (28M)
and 44 % (22M), respectively. Figure 11B-C show the results of the untargeted acquisitions. The
overall most peptide detections were achieved using no treatment (Figure 11B). The HEPES
treatment did not meaningfully affect the result. The alkylation treatment resulted in an overall
reduction of peptide identifications but the right panel for cysteine-containing peptides shows that
it enabled the detection of cysteine-containing peptides in the alkylated form. None of the other
samples showed an appreciable amount of cysteine-containing peptide detections in any form. Figure
11C shows that the alkylated peptides resulting from the alkylation treatment (right panel, blue)
follow the same characteristic size distribution for HLA binders as the non-alkylated peptides. This
is a strong indication of their validity. Figure 11D shows the results of the targeted experiments in a
heatmap format, where high confidence detections (indicated by NSA = 0.85) are marked with a red
dot. The alkylation treatment enabled the novel detection of a single cysteine-containing HLA binder
TIHDIILECV (red box). Taken together, these results confirmed that the alkylation protocol allows
for the detection of cysteine-containing peptides. Due to this, I decided to include cysteine-containing
peptides as viable targets for this thesis. To account for the observed losses incurred by alkylation, I
split the initial rounds of epitome map experiments into a set targeting non-cysteine-containing
peptides and a distinct set of alkylated HLA IPs targeting cysteine-containing peptides.

3.2 Optimization of peptide LC-MS detection

MS detection of peptides using the newly acquired hybrid quadrupole-Orbitrap mass spectrometer
is based on drastically different principles than the method of the preceding study that used a time-
consuming and labor-intensive MS3 technique on a triple quadrupole linear ion trap (QTRAP) mass
spectrometer. Therefore, I re-evaluated and optimized most aspects of peptide LC-MS acquisition
with the aim of establishing a method for targeted acquisition that achieves optimal sensitivity and
is scalable for the detection of hundreds of peptides.

3.2.1 Detection diagnostics

The high-resolution accurate-mass Orbitrap mass spectrometer used for this thesis resolves ions of
extremely similar m/z and determines the ion m/z-ratio very precisely. The tolerance on the m/z axis
that is used to identify an ion of interest is typically below 8 parts per million (ppm). This allowed to
extract trace ion signal even from the most complex of spectra and project them as extracted ion
chromatograms (XICs). The classic way that peptides are identified is through the interpretation of a
single spectrum but the comparison of XIC peaks is a potent technique for parallel reaction
monitoring (PRM) and data-independent acquisition (DIA). Both these approaches are contrasted in
Figure 12.

3 For cell counts, the ‘M’ suffix is used to denote millions.
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Figure 12. Peptide detection diagnostics. Synthetic peptide detection in a complex sample. Three
different concentrations of the peptide in the same complex matrix are shown in the three columns.
Diagnostics from top to bottom are: Precursor sequence and charge state with detected
fragmentation sites marked in red. Precursor m/z and normalized collision energy (NCE) are
annotated. The upper chromatogram shows precursor isotopic envelope acquired in MS1 and the
normalized spectral contrast angle (NSA) quantifying the similarity to the theoretical distribution.
The colored chromatogram is the MS2 extracted ion chromatogram. The extracted ions, including
further ions <Other>, are the known fragmentation products according to the synthetic reference
acquisition. The assay-external reference signal is mirrored below for comparison. The NSA
quantifies the similarity of the fragmentation pattern to the reference. The spectrum at the bottom
shows the best spectrum that was acquired, compared to the reference spectrum. Spectrum y-axes
are zoomed to the most intense characteristic ion (here: b2*). The NSA quantifies the similarity of the
identified spectrum signal to the reference.

[ used a dilution of a known synthetic peptide in a constant amount of a complex peptide matrix
(tryptic digest of HeLa cells), to determine which techniques are suitable to enable sensitive
detection with high confidence. A representative example is shown to illustrate the effect of
decreasing analyte concentration (Figure 12). The left panel represents a clear detection due to
strong target signal. At the top, the sequence coverage achieved by the detection is marked along the
precursor sequence. The red marks indicate the location of the peptide backbone breaks that were
observed through the resulting y-, b- or a-type fragments. A red number specifies how many different
fragments were observed for each mark. Good sequence coverage increases confidence that the
observed signal does not stem from a peptide of the same or similar amino acid composition with a
sequence permutation. Below, a full MS1 chromatogram was extracted for the precursor ion. In this
case, the three dominant isotopes can be seen and appear with characteristic hierarchy. This is
quantified with the normalized spectral contrast angle (NSA) comparing the observed peak areas to
the theoretical isotopic distribution of the precursor (termed isotopic envelope). Below, in the MS2
extracted ion chromatogram a large set of different characteristic ions show. The relative intensities
of the ions can similarly be quantified and scored via NSA to compare them to a known reference
acquisition, in this case scoring near the optimum of 1. The reference acquisition is included as the
bottom panel of the mirror plot. This configuration allows to gauge the similarity of the
fragmentation to the reference and in addition shows a comparison of retention time and peak shape.
These two additional factors, based on the LC separation, are not as precise as the MS-derived data
but serve an important role in the determination of detection validity. In the bottom panel, the best
acquired spectrum is shown. It allows for a clear visual correlation of the extracted signal to the
reference. The dominant peaks of the acquired spectrum clearly match the reference, with the
exception of the precursor window at ca. 520 m/z and some undetermined ions in the low m/z range.
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The precursor window is susceptible to contamination from off-target ion species that co-isolate with
the precursor but don’t fragment due to a different chemical composition. Low m/z ions may or may
not originate from the precursor of interest but are generally not as characteristic as ions that are
composed of multiple amino acids. Due to this they are often noise-affected and are less informative
about the precursor sequence.

The dilution series reveals several general trends. In the 1:16 dilution (Figure 12) of the analyte, I
reduced the number of extracted ions, as lower ranked ions did not produce discernible signal. The
MS1 signal does not produce a viable peak anymore. For the MS2 extracted ion chromatogram (XIC),
extraction at 3 ppm tolerance doesn’t entirely prevent remnant off-target signal that stems from the
complex matrix from disturbing the characteristic peak. In this case, the bz* ion was clearly eluting
before and after the peak of interest and is therefore not quantitative. Manually marking ions clearly
affected by this as non-quantitative (n.q., dashed) ions allows to exclude them from the NSA
calculation and thereby to focus on the most informative signal for producing the NSA score.
Surprisingly, the spectrum at this point is already dominated by off-target ions. Visual comparison of
the spectra is only enabled by highlighting the ions of interest and there is context missing to
understand why the b,* ion is stronger than the reference suggests. This results in a degraded NSA
score. In the 1:128 dilution (Figure 12), even fewer fragments are of use, negatively affecting the
sequence coverage. Still, remnant signal in the MS2 XIC appears to be highly characteristic, with all 9
remaining fragments appearing in one of the spectra that comprise the peak. The spectrum is even
less informative than before. This led me to conclude that the MS2 XIC along with the NSA score is by
far the most informative evidence for peptide detection on the Orbitrap MS. Additionally keeping
track of sequence coverage can help ensure that the extracted signal is characteristic of the peptide.

I found these observations to be highly relevant for the detection of the HPV16 peptides. Figure 13
shows that this dynamic for low intensity detections also manifests with HLA binders in
immunopeptidomics experiments. The peptide E7/11-19 is clearly detectable in the cell line CaSki
but is barely detectable in SNU-703. Peptides frequently presented first with very low level of
evidence that could typically be improved upon through more focused acquisition and replication.
To indicate successful detections consistently, [ decided on a minimum threshold for the NSA score
of 0.85, where scoring includes at least the top 5 reference ions larger than two amino acids in length.

Cell line: CaSki Cell line: SNU-703
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Figure 13. HLA-presented peptide identification at limit of detection. Detection diagnostics as
explained before. The same peptide as detected in two different cell lines.
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3.2.2 Retention time shifts

Many of the initial HPV16-derived peptide detections showed a considerable discrepancy on the
retention time (RT) axis between the target signal and the separately acquired (assay-external)
reference (Figure 14A). While some fluctuations are expected on low-flow nano-LC, the observed
discrepancies on the order of minutes were problematic. Proving exact co-elution of the target with
the reference is an important addition to the fragmentation data, as HLA binders tend to fragment in
unbalanced fashion, allowing only for limited sequence coverage. A sequence permutation of the
amino acids that are not covered typically produces a considerable retention time shift and thus exact
co-elution can serve to alleviate remaining uncertainties due to limited sequence coverage.
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Figure 14. HLA IP retention time shifts and alignment using standard peptides. (A) MS2 XIC
produced from an HLA IP with mirrored reference XIC. The reference XIC is shown with RT as-is. (B)
Retention time shift of spiked-in reference peptides observed with an HLA IP, compared to an LC
control acquisition immediately before. Negative delta indicates early elution in HLA IP. The x-axis is
that of the HLA IP. The method for the blue trendline is locally weighted scatterplot smoothing
(Loess) in R with formula y ~ x. (C) Scheme for RT correction of (A) using linear interpolation
between adjacent reference peptides (red, green). Peak maximum intensities are normalized to 1.
Above the x-axis are peaks from the HLA IP. Below x-axis are peaks from the reference acquisition.
Top panel is the unaligned case. Bottom panel is the realigned case. (D) MS2 XIC from (A) with
realigned mirrored reference XIC.

To better understand the issue, I used synthetic reference peptides that I spiked into the IP samples
and into basic negative control samples that were run between the IPs. These synthetic peptides are
unrelated to the candidate peptides and the sequences of the peptides do not occur in any natural
protein. They are specifically designed to cover most of the retention time range (Zolg et al., 2017).
Comparing retention times of these peptides between control and the experiment in Figure 14A
revealed a systematic shift towards early elution mid-gradient (Figure 14B). This was a common
occurrence in the epitome map experiments. [ therefore used the reference peptides to correct the
reference chromatogram retention times. The technique is shown in Figure 14C. The top panel shows
the mismatch of the two LC-MS runs in Figure 14A, with the IP on top and reference run mirrored
below the x-axis. Reference peptides adjacent to the target peptides indicate the local RT shift and all
RT values of the reference are adjusted according to a linear interpolation between the two (middle
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panel). In the bottom panel, the corrected resultis shown. Figure 14D shows the improved alignment.
Consequently, I used this technique for all targeted immunopeptidomics experiments where assay-
external references are shown.

I observed RT shifts with different magnitudes between different IPs and noticed that it was likely
related to the load on the liquid chromatography system. To determine whether this is intrinsic to
the system and if there are negative effects, I ran a series of tryptic Hela digest acquisitions with
different loads (in ng of peptide). A low-load reference acquisition with 50 ng and three further runs
with up to 800 ng were acquired in sequence (Figure 15A, top to bottom). Comparing retention times
for the 71,811 peptides detected in all samples shows the same trend that was observed for the IPs,
where peptides elute early mid-gradient. However, the effect is confirmed to be transient, as the LC
reset back to the initial condition for the 50 ng run after high-load 800 ng run (Figure 154, very
bottom). Notably, the shifts at any timepoint come with considerable variance between peptides. I
observed that this even leads to elution-order inversions, which have been described in literature
before (Gupta et al., 2019). These non-linear effects indicate that the approach I used for correction
of retention time shifts is limited in power and retention time mismatches are still to be expected.
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Figure 15. Systematic RT shifts as a function of peptide load on the LC system. (A) RT shift
observed for peptides in untargeted acquisition of different amounts of tryptic HeLa digest. Only
peptides detected in all runs are shown. The top run serves as the reference for the RT shift.
Sequential runs from top to bottom. The method for the blue trendline is a generalized additive model
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