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1 Abstract

1.1 Graphical Abstract
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1.2 Summary

For almost 30years now, the immunopepidome has been analyzed by eluting peptides from HLA
molecules. Tls method has already been established in several institutes and companies
worldwide and is now used for a wide range of investigations from the simple identificatio of
HLA peptide motifsfor different organisms to the detection of cryptic diseasespecific peptides.
The field of mmunopeptidomics is more popular than ever as drug development has focused on
the positive modulation of the immune systemin recent years Since the approval of lie first
checkpoint antibodies, the era of immunotherapy has been running and speciftamunotherapies
with fewer side effects are in the focus.There is a wide range of applications, yet the
immunopeptidome still contains a greatwealth of information waiting to be deciphered
Currently,immunopeptidomicsis limited in the identification of the large number of peptides with
different affinities and stabilities of the peptide-HLA complexes Therefore, amongst many other
factors, only limited recovery ratesare possible.When this doctoral thesis started, there were
several unresolved questions in the field of immunopeptidomics that should kepproachedin this

thesis:

Is it possible to validate immunopeptidomics and use it reliablyfor clinical studies anddrug
development? Is there nowadays a reliable method to identify the peptide motif fopeptide
presenting MHC class lallotypes, the cornerstone for epitope predictions or active substance
identification? Is it possible to use peptides talassify HLA allotypes or differentiate between
healthy and malighant tissu® Can tumorspecific peptides be reliablycharacterized with this

omic technology?

In this doctoral thesisthe immunopeptidomic method was validated to ensure the reliability of
LGMS/MS peptideidentification and dl required parameters of theEuropean Medicines Agency
(EMA) and Food and Drug Administration (FDA) were investigated. In addition, an updated
protocol for the identification of MHCligands, deconvolution of peptide motifs andgeneration of
matrices for epitope predictionwas established, which can be used for monoallelic cells as well as
multiallelic tissue. Finally, a methodwas developed to identify allotypic peptides that allowHLA
typing. Thesepeptidescanalso be used as an interal standard for semiquantitative investigation

of the tumor specificity of peptides.The developedmethod was also successfullyimplemented to
identify tissueanddignity specific patternsin the immunopeptidomeandto determine the dignity

of immunopeptidomic samples



1.3 Zusammenfassung

Seit fast 30 Jahren wird das Immunpeptidom durch Elution von Peptiden aus HiMolekilen
analysiert. Weltweit nutzen mittlerweile m ehrere Institute und Unternehmen dese Methode flr
ein breites Spektrum an Untersuchungen, die von der simplen Identifizierung von HLA-
Peptidmotiven fur verschiedene Organismen bis hin zum Nachweis Kkryptischer
krankheitsspezifischer Peptide reicten. Dielmmunpeptidomik ist popularer denn je,seit sich die
Medikamentenentwicklung in den letzten Jahren auf die positive Modulation ds Immunsystems
fokussiert hat. Die Zulassung der ersten Checkpoirfntikorper leitete die Ara der Immuntherapie
einund spezifische Immuntherapien mit weniger Nebenwirkungerstehen nun im Blickpunkt Das
Anwendungssp&trum der Immunpeptidomik ist mittlerw eile breit gefachert, dennoch enthalt
das Immunpeptidom immer noch eine groBe Fulle von Informationen, die darauf warten,
entschlisselt zu werden Aktuell ist die Immunpeptidomik darin eingeschrénkt,dassdie grof3e
Anzahl von Peptiden mit unterschiedlichen Affinitdten und Stabilitaten der PeptidHLA-
Komplexe, nicht optimal erfasst werden kann und daherunter anderem nur begrenzte
Wiederfindungsraten mdglich sind. Zu Beginn dieser Doktorarbeit gab es ungeloste
Fragestellungen auf dem Géiet der Immunpeptidomik, die in dieser Arbeit untersucht werden

sollten:

Ist es moglichdie Immunpeptidomik zu validieren unddiesezuverlassig fur klinische Studien und
die Medikamentenentwicklung einzusetzen? Gibt es heute eine zuvaskige Methode zur
Identifizierung von Peptidmotiven fur Peptid-prasentierende MHCKIlassel-Allotypen, dem
Grundstein fur Epitopvorhersagen und Wirkstoffidentifizierung en? Ist es mdglich, Peptide zur
Klassifizierung von HLAAllotypen oder zur Unterscheidungzwischengesundem und bésartigem
Gewebe zu verwenden?Konnen tumorspezifische Peptide mit dieser OrkiTechnologie

zuverlassigcharakterisiert werden?

In dieser Doktorarbeit wurde die immunpeptidomische Methode validiert, um die Zuverlassigkeit
der LCMS/MSPeptid-ldentifizierung zu gewahrleisten, und es wurden alle erforderlichen
Parameter der Europdischen Arzneimittel-Agentur und U. S. Food and Drug Administration
untersucht. Dartber hinaus wurde ein aktualisiertes Protokoll fur die Identifizierung vorMHG
Liganden, die Entschlisselungvon Peptidmotiven und die Generierung von Matrizen fur die
Epitopvorhersage erstellt, das sowohl fir monoallele Zellen als auch fur multiallele Gewebe
verwendet werden kann. Schlief3lich wurde eine Methode entwickelt, um altypische Peptide zu
identifizieren, die eine HLATypisierung ermoglichen. Diese Peptide kdnnen auch als interner
Standard fir die semiquantitative Untersuchung der Tumorspezifitdt von Peptiden verwendet
werden. Diese Methodewurde erfolgreich implementiert, um gewebe- und dignitatsspezifische
Muster im Immunpeptidom zu identifizieren und die Dignitat von immunpeptidomischen Proben

Zu bestimmen.



2 Introduction

2.1 Ashort trip through the immune system

There are numerous different cells and molecular structures in the innate and the adaptive
immune system protecting the organism against its own abnormal cells, foreigstructures, and
pathogenst. The first defense is provided by the ellular components of the innate imnune system
such asdendritic cells (DCs) and naturakiller cells (NK cells), but alsohumoral components such
as the complement system play a rel23. The macrophages and>Csphagocyt foreign bodiesby
binding with their pattern recognition receptors (PRRs)to pathogenassociated molecular
patterns (PAMPs), common foreign structures or damageassociated molecular patterns
(DAMPs), cell compounds released during cell damagedadeath45. In addition, these phagocyting
cells also function as antigefpresenting cells (APCs)presenting protein fragments, termed
peptides, from phagocyted and digested foreign bodies on their cell surface usinguman
leukocyte antigen(HLA) molecules This mechanismenables a connectiorof the innate and the

adaptive immune systen®.

In contrast to the innateimmune system,which ensures a rapid reaction and identification of
harmful antigens’, the adaptive immune system is highly specifié. It enables effective and specific
control of pathogens by its targeted response against certain antigefsThe cellular components
of the adaptive immune system arehte lymphocytes, which can mainly be divided into T and B
cells. The main groups of T cells are thduster of differentiation (CD)8* cytotoxic T lymphocytes
(CTLs), the CDA T helper cells (T4 cells), as well asthe regulatory T cells (Teg cells). A
characteristicof T cells is the preselection of antigenspecific T cells in the thymus. The avoidance
of selfantigen specific T cells prevents T cell reactivity against sedintigens and provides central

tolerance 10,

Naive T cells havung survived thymus selection can be activated by APGshich present their
specific antigent!. As illustrated in Figurel three signals ensure Tell activation. In the first signal,
the antigen-specific T cell receptor (TCR)binds the corresponding HLA-peptide complex, where
the peptide is the specific antigeA2. This binding is additionally stabilized by cereceptors.In case
of CTLs# $ ¢ A E 1 sAlGmaid &fthe HLA class | molecules oin case ofT4 cells,CD4binds the
[ -domain of HLA class Il molecule&. The second signal ia costimulatory signalgenerated by
interaction of the protein CD28 (T cell) and the CD80/CD86 complex(APQ. A missing
costimulatory signal might result in T cell anergy or peripteral tolerance, which, in addition to
thymic selection, acts as a second protectiveneasureto prevent T cell reactions against self
antigens 14, Thethird signal is mediated by cytokinesvhich are secreted fromAPG and T celbk

and polarizesthe T cell to a effector phenotype bagd on the cytokine milieu!1.1517,



The immune response of the adaptive immune system is diverse and antigepecific, which is
amongst othersachievedby recombination and speciication of TCRs'8 against antigens, but also
delays the immune response by several days. Anothpeculiarity of the adaptive immune system
is the memory of already opposed antigens aganst which quickly T memory cells are
reactivatable, permitting an earlier immune response!®20, The interaction of the innate and

adaptive immune g/stem enables an effectivelefenseagainst pathogens.

A0
- e
i\ipeptide O Cytokines
TCR

CD28

CD8" T cell

Figure 1: Activation of T cells via APCs.First, a ndve T cell recognizes a foreigmeptide-HLA
(pHLA complex from an APC. Second, the T cell receives the costimulatory segmating in the
survival and proliferation of the T cellinteraction of CD28and the CD80/CD86 complex(B7).
Third, the cytokine environmensecretedby the AP(olarizes the T cell to an effector phenotype

based on the cytokine miliett.

2.2 The human leukocyte antigenmolecule

A central element to enable T cells to recognizntigensand activate the highly specific adaptive
immune systemis the HLA molecule, aglycosylated membrane protein22, HLA moleculesare
divided into HLA class | and HLA class Il ardiffer in structure, protein source and expressioms.
As this doctoral thesis is concerned with HLA class | presented peptides, this chapter will mainly

focus onHLA class |

There are three classical molecules for HLA class |, H8ABand C, whose gess are expressedh
a highly polymorphic and codominantway. Besides the classical HLA alleles, HIEA F and G are

coded for class I.



The classical HLA moleculg which are examined in Chapter 4 and 5, alecated on the cell surface

of nudeated cells presenting peptides from intracellular proteins to CTLs The compilation of

different HLA presented peptides is described as the immunopeptidom&25. The HLA class |
DAPOEAA AT i Pl A AT 1T OEOOO lchan & 43xDadodmpbsddh 4E BDABOHK A AR
13-domains and the noncovalently bourA ET OA OEA TEQ Ol E£¢ Bi@ By Thelpepjide

EO Ai AARAAAAA ET OEA PAPOEAAEAEEAEKODOCATAIT ikihddA IEFODD AL
AROx AAT-ADB Adompips.TEA DADOEAA AET AET ¢ COIT T BdiceE 0 AT Al
and large aromatic residues and limits thepeptide length. The majority of HLA class | peptides

consists of 812 amino acids(aa) 27. The pHLA bond is generated due to interactions with the

peptide terminus and with aaresiduesas illustrated in Figure 2 28230, There are six pockets 4

which interact with the peptide, wherein pocket Band F,with their interactions with peptide

residues located at position 2 and the ®rminus, most constrain the peptide bond. These

positions in the peptide that aremost restricted are called anchor positionst.32, Theaapositions

in the binding groove are highly polymorphic and thus lead to different presented peptides by the
HLA allotypes33.34,

Figure 2: HLA class | peptide complex.An exemplary nonameric peptide is shown in the groove

with the pockets AF binding to the Nterminus, position 2, 3, 6, 7 and thet€@minus 35.

HLA class Il molecules are mainly found on APCs where they present ED4ells peptides of
majorly extracellular proteins. Compared to HLA class I, the anchor positions are less defined,
resulting in a high promiscuity between HLA class Il allotypes. The current state of known HLA
alleles is 19.031 for class | (ebi.ac.uk/ipd/imgt/hla/stats.html, date: February,2020).

2.3 Antigen processing

The immunopeptidome presented via HLA&Iass Imolecules is mainlyformed by the large protein
diversity in the cell® proteome, which is not only formed by the different genes in the genome,
but alsoby different transcription and translation by various messengeribonucleic acid(mRNA)

and protein isoforms 36240, During protein synthesis in the cellin addition to the correctly folded



and functional proteins a large rumber of misfolded proteins, socalled defective ribosomal

products are formedand account for about 10% of all proteasomdy degraded proteins41z43,

The emergenceof the HLA clas | presented peptidebeginswith prot ein degradation (Figure 3).
Proteins are labelled by addiion of ubiquitin molecules 44 and are proteolytically degraded in the
26S proteasome, a macromolecule consisting af 20S subunit (nucleus) and two 19S subunits
(caps), in a cavity formed by four ringsontainingO A O AT O GAGyl7) BrQK@ rirjg structures

I £ OEA Al OAh .8E A haediddlytc@divity. Ther 1 subunit prefers Gterminal
acidicrA O E A O A Gshibundd Ead a trypticlike specificity and prefers basic residues and thes
subunit has chymotryptic-like specificity and cleaves after Cterminal hydrophobic residues. The
linear peptides resulting from protein degradation have a length©4-25 aa, with an average length
of 7-9 aa4. In the caps of the 26S proteasome there are two protein groups, the Rpn proteins,

which recognize ubiquitin-labeled proteins, and the Rpt proteins, which unfold these proteins in

CD8* T cell

an ATRdependent manner4s,

Peptide

+
HLA

==

Protein ‘Proteasome
ﬁ?’eptide

TAP1GGTAP2 ER
N
M T

= 0 M0

Figure 3: HLA class | antigen processing pathway. Antigen processing commences with the
degradation of intracellularproteins(antigens, via the proteasome and other proteases to peptides.
The peptidesare transferred to the ER via TAP and then loaded dmaperone stabilized HLA
moleculesFinally, the complexes get transported on the cell membrane by the secretory pathiva

7



Interferon-r  j-) €. OAA OA OE loi CTISsio an.immurfe Aebpbrddeads to the exchange
i £ OEA DPOiT OATA UVOEAAIDERDIT B AEnd thus to the formation of the
immunoproteasome46:48, This exchange results iraltered proteolytic activity, whereby increased
trypti ¢- and chymotryptic-like specificity facilitates the formation of peptides having hydrophobic
and basic residues at the @rminus 4950, Furthermore,the IFN-r O A A @ildulates$ the peptide
generation by the PA28 subunits52, The peptides formed in the proteasomare also truncated
by cytosolic peptidases or in the endoglsmic reticulum (ER),where N-terminal trimming of the
peptides takes places. Overall, there is a modulation of the immunopeptidome in both HLA class
)y AT A )) AEOA®4) &.r OOEI O1 AGET 1

The peptides are loaded onto the HLA molecules in the ER. Preferably peptideaving
hydrophobic or basicresiduesat the Gterminusand 9 to 12 aa are transported ATRlependently
into the ER by the heterodimeric TAP1/TAP2 complex (transporter associated with antigen
processing). Thepeptide loading complex (PLC)transfers peptides onto HLA molecules.It
consists of the HLA class | stabilizing proteins calreticulinapasinand Erp57. The finished pHLA
is transported to the plasma membrane via the secretory pathwagp. Ultimately, only ore peptide
in a thousandis likely to be presented on a HLAnolecule after processingby the proteasome,
proteases in the cytosol and ERhe restrictions of the TAP complexand the pepide motif of HLA

allotypes on peptide length and Germinal aa 5658,

As described aboveHLA class | molecules mainly present peptideslerived from intracellular
cytosolic proteins andHLA class Il molecules peptides of extracellular proteins from the dé&
environment. An exception of this division by peptide origin is presented by cross presentation.
In this special casgeptides from extracellular proteins can alsdind to HLA clasd molecules59.69,
Peptides from intracellular proteins can be presentedon HLA class Il moleculeby the processing

pathway called autophagyp!.

2.4 The immunopeptidome and peptide motifs

The immunopeptidome isthe entirety of peptides presenting intra- and extracellular processeso

T cells. Besides the diversity of degraded proteinsvhich is influenced by intrinsic, extrinsic,
physiological and @thological factors, the expressed HLA allotypes also determine the peptide
repertoire 62, Depending on the cell type, there are about 1000 HLA molecules on the cell
surface, which present one to 10,000 peptide copies per cells. The immunopeptidome is
considerably modulated after tumor transformation or virus infection by altered cellular

transcription, metabolic pathways or metabolismé2z64,

HLA molecules influence peptide diversity through thé high polymorphism. The moleculeshave
distinctive peptide binding specificities, in particular through their different aa residues within

the binding groove This createsdistinctive peptide repertoires, which can berepresented in
8



peptide motifs. The motifssummarize the meaning of a psition (in bits) , the aa preferencesin a
particular aa position in the peptide (by size of theaa) 65 and non-covalent forces inthe pHLA
complex, which is described in detail inChapter 4 There arethree well establishedapproaches to
determine binding preferences of HLA molecules First, in vitro binding experiments using
synthetic peptides from mostly publicly available databases such as SYFPEIFHbr IEDB 67,
second direct peptide elution of HLA molecules on cell surfaces by HLA immunoprecipitation and
subsequent peptide identification by liquid chromatographic tandem mass spectrometry (L-C
MS/MS), also known as immunopeptidomics,and third, the in silico prediction of possible
peptides basedon already known peptides and the structural surroundingof the binding

groove 68,

The second approach is still the only approach tinvestigate the entirety of HLApresented
peptides and, compared tdhe first approach, not only considers which peptides have an affinity
to the HLA binding pocket, but also all previous antigen processing influencds.this thesis,the
third approach, in silicoprediction, will be addressed in Chapter 5, whereas in Chapters 3 and 4
the focus is mainly onthe second approach, immunoprecipitation with subsequent L&IS/MS

analysis.

The actual knowledge on binding specificities of HLA claskmolecules hasbeen integrated into
various prediction tools. Besides easyo-use widely-known tools such asSYFPEITHIeé and
NetMHCpan/Il 6.70the constant emerge of novel binding prediction toolsuch as mixMHCpred?,
mixMHC2pred72 and NNAlign_MA3, underlines the necessity @reliable in silico prediction. The
peptide prediction for HLA class | alleles isvell establishedandin case ofHLA class Il there have

recently been groundbreaking advance®73.

2.5 Key points in carcinogenesis and immune defense
Chapter 50f the doctoral thess deals with cancer in general and therefore this chapter provides
a brief insight into the development and treatment otancer butdoes not discuss specific types of

cancer in detail.

The interplay between thecarcinogenesisand the immune defensehas been known for half a
century 7475 and is described bythe cancer immunoediting hypothesis. It is a dynamic process
between tumor cells and the immune system, whichs divided into three phases, elimination,
equilibrium and escape. Through the mechanism of immunoselectiontumor cells try to
circumvent clearance by immune cells by generation of tumor cell variants, which are less
immunogenic. Thisleads to a state of equilibrium betweentumor cells andthe immune system,
so the lattermust continuously adapt its defense to the new tumor cell variants, which can extend
over many years 77. As soon as thetumor cells break through the immune @fense

(immunosubversion), the last phaseof immunoediting occurs, in which the tumor cells escape.
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A transformation from a normal cell to a tumor celbccurs step by step through successive genetic
changesobtained in time 78. Major steps arecertain critical mutations in oncogenessuppressor
genes,and DNA repair genes, secalled hdlmarks of cancer These hallmarksmust take place
before unregulated cell division occurs and the celieases to be able to respontb signals like
normal cells7. The tumors can remain localized as benign tumors or spread further as malignant
tumors and metastasize to distant tissueg°8l. Usually dl these cellular changes do notoccur
unobserved. Tumor transformation is manifested in the immunopeptidome and lead& the
presentation of tumor-specific antigens: antigens overexpressed in themor, tissuespecific
antigens, differential posttranslationally modified antigens, tumor-exclusive antigens such as
cancer testis antigens, oncofetal antigens, oncovirahtigensor mutated and cryptic antigens, also
known as neoantigenss638zss, |deally, a presentation of tumor specific antigens and Tell
recognition leads to therecruitment of the immune system and subsequent elitnation of the
transformed cells as illustrated in Figure 4. According to the cancerimmunity cycle, tumor
specific antigens are released by killed or dyinumor cells. Next APCs take up the antigens, prime
and activate T cells in theoroximate lymph nodesand subsequently,these T cells migrate to the
tumor cells. Theyrecognize and Kill the tumor cellsand in turn lead to further release of tumor

specific antigensse.
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3. Priming and activation ‘
(APCs + T cells) ‘ | \“\ o, O

2. APCs take up antigens

and present them
4. Trafficking and

infiltration of T cells into
tumors

Tumor cells

6. Killing of tumor cells by
T cells

1. Dying or killed cancer
cells release antigens

5. Identification of tumor
cells by T cells

Figure 4: Overview of the cancer-immunity cycle. The dying or killing of cancer cells leads to
antigen releaseAn APC taks up the antigens, pcesgsthem and presergthe peptidesto T cells.

T cells are primed, activated and finally migrate to the tumor, penetrate and recognize the tumor
cells by the presented antigens. The recognized tumor cells are killed and antigensel@ased

again 8,

The escape of umor cells occurs through the mechanism ofloss of immunogenicity or the
acquisition of resistance to suppressive or cytotoxic mechanisms of the immune systeffo.9L,
Examples are reduced immune recognition through lossor downregulation of HLA or
dysregulation of antigen piocessing®2. A variety of immunosuppressive mechanisms are known,
such as the production of transforming growth factosr h  Edmiké-2,3-dioxygenase, vascular
endothelial growth factor or galectin, or the recruitment of regulatory immune cells, such as

myeloid suppressor cellsand TegcCells 76.93,

11



2.6 A short outline of immunotherapy aganst cancer

The therapy of diseases by using the immune system is referred to as immunotheragy
immunotherapy, an immune reaction is induced or enhanceduch asin tumor treatment, or the
immune system is suppressedas in the attenuation of the immuneresponse in autoimmune
diseases. Cancer immunotherapy began before the 19th century witlilliam Coley's discovery of
spontaneous tumor regression after treatment with bacteriaand with his development of Coley's
toxin from deadbacteria, streptococcus pggenes and serratia marcescen®.%s. Today there are
numerous immunotherapies, which can be divided into active and passive immunotherapies.
Active immunotherapies activate the body's own immunesystemand passive immunotherapies
are based on the activity of thelrugs administered. In addition, both approaches can be classified
into specific, such as direct targeting of cancer, or nespecific, general activation of themmune
system. Specific immunotherapies ardependent on antigenssuch as active immunotherapyvith
prophylactic virus vaccinations or with therapeutic antitumor vaccinations or passive
immunotherapies such as tumorspecific antibodies or adoptive cell dministration. Examplesof
non-specific immunotherapies that are independent of antigensare the active therapy with

immune checkpoint inhibitors or the passive therapy with cytokiness.

Based on the immunopeptidome specific immunotherapies can be developelh advantage of the
immunopeptidome isz in addition to surface antigens which can bedetected by antibodies- also
antigens of intracellular proteins presented via pHLAwhich aredetected by T lymphocytes can
be targeted This allows a wealth of new targets for immunotheraies, especially for neoantigens
that are found in large numberson intracellular proteins. Further advantages of specific
immunotherapies, especially in comparison to current chemotherapies, are the induction of a
memory function of the adaptive immure system and the low side effects due to immune tolerance
mechanismsthat maintain the integrity of the body in the presence of B and T lymphocytes with
their antigen receptor specificities 97. However, it must be mentioned that there have been
individual cases of immunotherapy with significanttoxiciti es98.99. Today, hese advantage$ed to
the development of numerous promising specific active immunotherapies based on pHLA
epitopes including peptides, peptide loaded DCENA,RNA, T cells for adoptive therapfACT)
and virus-based systemsMultiple approachesprogressedinto clinical studies and are on the way

to approval 1002103,

2.6.1 Peptide vaccination

The most important approach of the various immunotherapy platforms that were worked on in
this doctorate at the Department of Immunology, Tubingen,is peptide vaccination,for which the
Wirkstoffpeptidlabor was specially created and 2014 granted with the manufacturing

authorization of peptide vacination cocktails. Solid phase peptide synthesis enbds the
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production of peptide vaccines based on the epitope prediction described ®hapter 4 the tumor

antigens characterizedin Chapter 5or tumor antigens that have already been discovered using

the pipeline validated in Chapter 3

The peptide vaccina in the Wirkstoffpeptidlabor are used as active immunotherapyo stimulate

T cells byin vivostimulation with subcutaneous or intradermal injected peptide formulationsAn

effective pepide vaccine isbased on a strong activation of APCs leading tocCEll activation 104

(Figure 5).

Peptide vaccination
+
Adjuvant

'i - Depot formation:
éQ ] ~ slow and continuous peptide
Lt release

Stimulation of T cells

1 \
( f/ > \ CD8* T cell
)

h

Figure 5: Vaccination with peptides and

adjuvant . First, the peptide adjuvant
formulation is injectedsubcutaneouslyor
intradermally . Next,a depotis formed, and
peptides are slowly and continuousy
releasel. This induces a activation of
APCs by adjuvant binding ttRRsand T

cellsare stimulated105,

Normally, tumor-specific antigens are
identified by immunopeptidomics of
cancer samples Chapter 3 or epitope
prediction of HLA-presented peptides
from the aa sequence Chapter 4.
Subsequently the immunogenicity, Tcell
recognition ability and ability to elicit an
immune response of an epitope, are

tested by in vitro immunogenicity

screening 106, Peptide vaccinescontain one to more peptides consisting of short (0D8+ T cell

epitope) to longer (Tu cell epitope) peptides to prevent immunological tolerance of tumor cells to

these peptidesi07. Peptide cocktail formulations with multiple peptides albw a simultaneous

attack of different presented antigens compared to singlpeptide approaches, thereby reducing

the likelihood of immune escape or adaptation of the tumorPeptides per se have a weak

immunogenicity and must therefore be applied in combindon with an immunostimulatory

adjuvant 104, The combination with adjuvants enables the formatiomf depotsfor a gradual and

steady peptidereleaseand additionally an activation of APCs upon binding to PRRBy mixing the

peptides with the adjuvant a stable emulsion is formed, whiclgeneratesa depot effect1os,

Examples of adjuvants with depot formation ability arethe incomplete Freund's adjuvant, a

13



combination of water-in-oil, MF59, a combnation of oil-in-water, or Montanide ISAA51/720, a

water-in-oil emulsion 1092111

Modern vaccine adjuvantsactivate specific APCs via different channels by specific induction of the
Toll-like receptor (TLR)1/2 with XS15, TLR3 with poly(I:C), TLR4 withmonophosphoryl lipid A
(MPLA), TLR7 with imiquimod andTLR9 with CpGcontaining oligonucleotides 112113, Strong
immune responses can also beduced by combinations of adjuvants, such as the combination of
XS15and- T 1T OAT E A Aor thh&ddjavarp system AS01, a liposomeased vaccine adjuvant
system consistingof MPL and saponin Q21, which enables vaccine develapent against malaria
and herpes zoster through its synergistic effeci3.114, Meanwhile, there are 266 clinical trials with
peptide vaccines (25 active studies) and 4441 with immunotherapies for various diseases
(clinicaltrials.gov, search term: "peptidevaccine"/"immunotherapy", date: March, 2020), which
clearly shows the relevanceand the many new insights expected from immunotherapeutic

strategies in disease contral

2.7 Good manufacturing practic GMP): Compliance with quality standards and

method validation

Almost worldwide, all drugs must be manufactued,controlled, and distributed according to Good
Manufacturing Practice (GMP) t@ssurepharmaceutical patient safety. This also applies to clioal
trials where vaccine peptide treatments are currentiybeing applied. The manufacturing process
of the vacdne peptide cocktail from peptides to a drug is controlled and divided into peptide
production and sterile filling, always monitored by quality cantrol. Thus, GMP can guarantee a
continual product quality in the manufacturing process. Production and analys must follow
standard operating procedures (SOPs), be continuously documented and allow complete
traceability (Arzneimittel - und Wirkstoffherstellungsverordnung - AMWHYV, 2006, last amended
09.08.2019). The active ingredients, the peptides, must be proded synthetically in the required
quality by solid phase peptide synthesis and examined byhigh performance liquid
chromatography and mass spectrometric analysis for identity, purity and content with whictihe

product is declared

Within the scope of thisdissertation, following the recommendation of thePaul Ehrlich Institute,
Langen, we intended to validate the reliability of the peptide identification pipeline, which
provides the peptide sequences for flure active ingredients, according to GMP qualitytandards.
To ensurethat the analytical method is suitable and reliable for identification, a method validation
was performed(Chapter 3). According to the International Council for Harmonisation of Techoal
Requirements for Pharmaceuticals for Human Us@CH), different characteristics are evaluated
depending on whether the analytical procedure is an identification test, limit or quantitative test
for impurities' content or quantitative measurement of themajor component s (Table 1).
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Table 1: Validation ¢ haracteristics . Characteristicsregarded as most important for validation of
different analytical procedures. Robustness is disted; however, it should be considered at an
appropriate stage in analytich procedure development. Modified from validationf @nalytical
procedures: text and methodology Q2(R%}. Abbreviations:- normally not evaluated, + normally

evaluated.

Type of analytical . . .
Testing for impurities

procedure Identification Assay
Characteristics Limit tests Quantitative tests
Accuracy - - + +
Precision
- Repeatability - + +
- Intermediate - ) + +
precision
Specificity + + + ¥
Detection limit - + - -
Quantitation limit - - + -
Linearity - - + ¥
Range - - + T

Characteristics are the accuracy, closeness of a true value to the detected value, precision,
closeness between a series of measurements from multiple samplingepeatability: over a short
interval of time; intermediate precision: within-laboratories variation such as diferent
measurement days), specificity, the unambiguous determinability of the analyte in the presence
of components, limit of detection (LOD), te lowest detectable amount of the analyte in a sample,
limit of quantification (LOQ), the lowest quantifiableamount of the analyte in a sample, linearity,
the range that gives results directly proportional to the concentration of the analyte in the sample
range, section in which the analytical method has an appropriate degree of precision, accuracy
and linearity androbustness, capability of the analycal procedure to remain unaffected by small
variations of the method parametersts, It should be noted that the requirements are dependent

on the approving authorities and may differ fran the ICH guidelines.
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2.8 Objectives

For almostthree decadesiow, the immunopeptidome has been analyzed by eluting peptides from
MHC molecules. Immunopeptidomics has already been established in several institutes and
companies worldwide. The method is nw used for various investigations from the simple
identification of MHCpeptide motifs for different organisms to the detection of cryptic disease
specific peptides. The range of applications is already widespread, yet the immunopeptidome still

contains agreat variety of information still waiting to be deciphered (Chapter 2).

Despite the successes, the method is still not ideal. The immunopeptidome contains a large
number of peptides with different affinities. It can only be analyzed in its entirety usingGMS/MS
based immunopeptidomics, which is limited in its senigivity and therefore has shortcomings such
as a lower recovery rate. Consequently, immunopeptidoim data are not directly comparable

between different mass spectrometers.

Is it still possibleto validate immunopeptidomics and use it reliably for clinicalstudies and drug
development? Is there nowadays a reliable method to identify the peptide motif for each MHC
allotype, the cornerstone for epitope predictions or reliable active substance ideification? What
further information besides epitope identification for therapies can be derived from the individual
peptides? Is it possible taise peptides to classify HLA allotypes or differentiate between healthy
and malignant tissu& Can tumorspecific peptides be reliably identified with this omic

technology?

Within the scope of thisdissertation the immunopeptidomic method should be validated to
ensure the reliability of LGCMS/MS peptide identification. All required parameters of the EMA and
FDA shoud be investigated to verify GMP suitability Chapter 3. Furthermore, an updated
protocol for the identification of HLA ligands,deconvolution of peptide motifs andgeneration of
matrices for epitope prediction should be established, which can be used foronoallelic cells as
well as multiallelic tissue (Chapter 4. Finally, a method should be developed to identify allotypic
peptides that allowHLAtyping. In addition, the peptides could also be used as an internal standard
for semi-quantitative investigation of the tumor specificity of peptidesFurther possibiliti es of this
method were investigated in order to eventually be able to determin#he tissue origin or even the

dignity of samples(Chapter 5.
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3 Guidance document: validation of a higiperformance liquid
chromatography-tandem mass spectrometryimmunopeptidomics
assay for the identification of HLA class | ligands suitable for
pharmaceutical therapies

3.1 Publication and author contributions

The chapter was accepted for publication inMolecular & Celular Proteomics titled GBuidance

Document: Valdation of a HighPerformance Liquid ChromatographyTandem Mass
Spectrometry Immunopeptidomics Assay for the Identification of HLA Class | Ligands Suitable for
PharmaceuticalTherapiesd116, was selected as issue highlight and coveréddCPVol. 19, Issue 3, 1

Mar 2020. Authors contributing to this work are listed below.All experiments, data analysis and

manuscript writing were performed by the author of this thesis, except of the described
contributions in following lines. Marion Gauger supported the data analysis and writing of the

paper. Ana Marcu and Annika Nelde performed experimentsf the robustness section)Monika

Denk supported the data analysis. Heiko Schuster, HansAT OC 2 Al 1 AT OAAR 3 O0A £A1T

supported the design of research and data evaluatioAll authors proofread the manuscript
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AcN, Acetonitrile

BC, Bladder cancer

CLL, Chronic lymphocytic leukemia

EMA, European Medicines Agency

FDA, Food and Drug Administration

FDR, False discovery rate

GLP, Good laboratory practice

GMP, Good manufacturing practice

HLA, Human leukogte antigen

LOD, Limit of detection

OECD, Organisation for Economic Giperation and Development
PBMC, Peripheral blood mononuclear cells
PPM, Parts per million

SD, Standard deviation
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3.3 Abstract

For more than two decades naturally preseted, human leukocyte antigen (HLA)restricted
peptides (immunopeptidome) have been eluted and sequenced using liquid chromatography
tandem mass spectrometry (LEMS/MS). Since, identified diseasassociated HLA ligands have
been characterized and evaluateds potentid active substances. Treatments based on HLA
presented peptides have shown promising results in clinical application as personalized T cell
based immunotherapy. Peptide vaccination cocktails are produced as investigational medicinal
products under GMP conitions. To support clinical trials based on HLApresented tumor-
associated antigens, in this study the sensitive LRIS/MS HLA class | antigen identification
pipeline was fully validated for our technical equipment according to the current US Fdoand
Drug Administration (FDA) and European Medicines Agency (EMA) guidelines.

The immunopeptidomes of JY cells with or without spikedn, isotope labeled peptides, of
peripheral blood mononuclear cells of healthy volunteers as well as a chronic lymphoayt
leukemiaand a bladder cancer sample were reliably identified using a datdependent acquisition

method. As the LEMS/MS pipeline is used for identification purposes, the validation parameters

include accuracy, precision, specificity, limit of detectiomand robustness.

3.4 Introduction

The immunopeptidome is a vast and diverse compilation of Hl-Aresented peptides (HLA
ligands), which serve as a showcase of intemand intracellular processes. T cells recognize
presented peptides in the immunopeptidome, Wich is corstantly modulated by gene expression,
transcription, translation, posttranslational modification and antigen processing and
presentation!17z120, Especially in tumor immunology, HLA ligands are used in many ways. They
are suited as biomarkers, presenting intracellular abnormalitiedike malignant transformation

and as active pharmaceuticals, activating cancer specific T célls

Natural HLA ligands have been isolated and sequenced using-MS/MS for almost three
decades2z128, S far, the LEMS/MS analysis is the only method to investigate the entirety of HEA
presented peptides. However, based on these peptide daita silico prediction tools have been
developed, which allow the prediction of possibly presented peptides from exoenRNA or whole

genome sequencing data and have extended the toolbox even furtkeris4,

Developing from suchidentifications, peptide vaccination cocktails have been produced as active
pharmaceuticals under GMP conditior85. The acceptance, safety and efficacy of peptide
vaccinations have been investigated® and several clinical studies tesng peptide vaccinations
have been performed with our contribution (GAPVAE:, NCT02149225 and NOAS,
NCT02454634) or are ongoing (iIVAGCLLO1,NCT02802943. The procedures of active substance

production, analysis, and batch release have been validated and reliably lead to reproducible
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products of desired quality. However, the initial antigen identification procedure using mass
spectrometry-based immunopeptidomics has not been validated yet. bhis study, the LEMS/MS
antigen identification procedure was fully validatedfor our technical equipmentaccording to
current FDA and EMA guidelines to support further clinical trials based on H:gresented tumor-
associated antigensThis validation should serve as a guidance that can be adapted to other-LC

MS/MS platforms and samples.

Protocols for largescale immunopeptidomics using LEMS/MS and the identification of HLA
ligands are established and have been publishét36.137. To our knowledge, no validation of an
omics method using LEMS/MS-has been published so fdp8139, This article presents an
immunopeptidomics assay using L@AS/MS, which is fully validated according to the latest US
Food and Drug Administraion (FDA) and European Medicines Agency (EMA) guideliriég42, We
have to emphasize that such validations are specific only fdedicated equipment of one distinct
laboratory. We provide a first protocol and template to enhance the validation of other
laboratories with similar equipment and other omics fields using LAMS/MS such as proteomics,

metabolomics, and lipidomics.

3.5 Experimental procedures

3.5.1Peptide synthesis

The automated peptidesynthesizer Liberty Blue (CEM) was used to synthesize peptides following
the 9-fluorenylmethyl -oxycarbonyl/tert -butyl (Fmoc/tBu) strategy. The identity and purity of the
peptides were confrmed using a reversedphase liquid chromatography (Alliance e2965Waters)
and an uHPLC system (nanoUHPLC, UltiMate 3000 RSLCnano, Dionexlinencoupled LTQ
Orbitrap XL hybrid mass spectrometer (ThermoFisher) system. Synthesized peptides were
employed inthe validation of LGMS/MS identifications. Peptide sequences usddr the validation

are listed in supplemental Table S1.

3.5.2 Tissue samples
The EBVtransformed human Bcell line JY (ECACC 94022533) was cultured in RPMI1640 with
10% heatinactivated fetal bovine serum (FBS) and 1% penicillin/streptomycin to a total nmber
of 1*10:1 cells, centrifuged at 1,500 rpm for 15 min at £Hwashed two times with cold PBS and
aliquots containing 75*10 cells were frozen and stored at80 Cauntil use. The cellsvere tested
negative for mycoplasma contamination via PCR.
The peripheral blood mononuclear cells (PBMC), chronic lymphocytic leukemia (CLL) and bladder
cancer (BC) tissue samples were collected at the University Hospital of Tubingen with the
informed consent of patients according to the principles of the Declaration of élsinki. The local
institutional review board (Ethics Committee at the Medical Faculty and the University Hospital
of Tubingen) has approved the use of the patient samples.
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3.5.3 Immunoaffnity purification of HLA ligands

HLA class | molecules were isolatt using standard immunoaffinity purification as
described!25136,143,144 ysing the HLA class-kpecific monoclonal antibody W6/32145. First, the cell
pellets were lysed in 10 mM CHAPS (Applichem)/PBS (Lonza) containing proteasibitors
(Complete, Roche) and sasequently HLA molecules were purified using the pahlLA class §
specific monoclonal W6/32 Ab covalently linked to CNBactivated Sepharose (GE Healthcare).
Repeated addition of 0.2% trifluoroacetic acid (Merck) eluted HA molecules and peptides. The
peptides were isolated employing ultrafiltration with centrifugal filter units (Amicon, Merck
Millipore), extracted and desalted using ZipTip C18 pipette tips (Merck Milipore), eluted in 35 pl
acetonitrile (Merck)/0.1% trifl uoroacetic acid, vacuum centrifugedo 5 pl, and resuspended in
25 ul of 1% acetonitrile/0.05% trifluoroacetic acid. Finally, the peptide solutions were stored at
-20 Cauntil analysis by LEMS/MS.

3.5.4 Analysis of HLA ligands by L-®1S/MS
Peptides were separated by nanoflow higiperformance liquid chromatography (nanoUHPLC,

UltiMate 3000 RSLCnano, Dionex) and subsequently analyzed in anlme coupled Orbitrap

FWOETT ,0i1TO0 1TO0 ,41 |/ OAEOOAD 8, 1 AOO OPAAOOIT I AOAC
peptide solution were injected ontoA xuv 1 p ¢ Ai OOAPPEI C AlT1OI1

$EITAoq AO t 1 FIET £ O v8yxuv I EIlpefidesephididhwdsAAET EA
DAOA&I Oi AA A0 uvnmld# AO A Al T x OAOGA T £ onn TI17IET |

PepMap RSC, Dionex) applying a gradient ranging from 2.4 to 32.0% of AcN over the course of
90 min. Eluted peptides were ionized by nangsay ionization and analyzed in the Orbitrap Fusion
Lumos implementing top speed collisiorinduced dissociation (CID) fragmentabn. Survey scans
were performed at 120,000 resolution and fragment detection at 60,000 resolution in the
Orbitrap.

To demonstrate a method transfer, the immunopeptidomics pipeline was transferred from the
Orbitrap Fusion Lumos to a LTQ Orbitrap XL. In &lLTQ Orbitrap XL peptides were analyzed using
a top five CID method with survey scans at 60,000 resolution and fragment ion @etion in the
ion trap operated at normal scan speed. On both instruments, the mass range was limited to 200
650 m/z with precur sors of charge states 2+ and 3+ eligible for fragmentation.

Maintenance and OQ of the L®IS/MS system are performed annually (Termo Fisher Scientific).

I Pl OEOEOA Ei 1T AAIl EAOAOEUTOESOOdiVeGon dalibatioADIALARA |, 41 ¢
(Thermo Fisher Scientific) and a system suitability test using natural HLA classpiesented

peptides of JY cells is performed weekly

3.55 Database search and spectral annotation
Data was processed against the human proteome included in the SwiBmt database

(http://www.uniprot.org, release September 27, 2013; containing 20,279 reviewed protein
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sequences) applying the Sequest algahim46 in the Proteome Discoverer (version 1.3, Thermo

Fisher) software.

Precursor mass tolerance was set to 5 ppm, product ions mass tolerancaswset to 0.02 Da for

Orbitrap Fusion Lumos data and 0.5 Da for LTQ Orbitrap XL Data and oxidized methionine was

allowed as the only dynamic modification with no restriction by enzymatic specificity.
Percolatori4’-assisted A 1 OA AEOAT OAOU OAOA j &$2q AAI AOI AGET 1
(1% FDR). PeptideODAAOOOI | AOAEAO xEOE cbbrdisy tonadlditional x AOA A
orthogonal parameters to ensure spectral quality and validity. Peptide lengths were limited @8z

12 amino acids.

3.56 Validation procedures

The validation of the immunopeptidomics procedure was done according to the OECD principles
of Good Laboratory Practice (GLP3 and accuracy, precision, specificity, limit of detection and
robustness were validated according to the FDA and EMA guideliri¢sti4l, Clear definitions can

be found int40.141,148

As the immunopeptidome LGMS/MS system separates the peptides using the LC and
subsequently identifies the peptide ions

in MS mode and product ions in the

MS/MS mode, we tried to consider these
Tissue
HLA-peptide complexes three parts for every validation
parameter summarized in Table 1 and

Figure 1.

Immunoaffinity purification Figure 1: Schematic overview of the
of HLA-peptide complexes . .

validation of the LC-MS/MS
immunopeptidomics assay for the
identification of HLA ligands suitable

for pharmaceutical therapies. The LC

LC-MS/MS validation MS/MS pipeline is used for identification
sosiohrd purposes, consequently the validation
Specificity ..
Limit of detection parameters accuracy, precision,
Robustness e . . .
specificity, limit of detection and
MS: precursor mass robustness were validated according to
MS/MS: product ion mass =

current FDA and EMA guidelines.

3.5.7 Experimental design andstatistical rationale
A summary of the performedexperiments, samples, technicakplicates,and MS RAW files is given

in supplemental Table S2. Results were analyzed using GraphPad Prism (GraphPad software Inc).
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The recovery rate was obtained by takinghe average of the percentual overlapping peptides
between the technical replicates normalized to the total number of peptides. The LC peptide
retention times (RTs) were compared calculating the average of the Pearson correlations of the
technical replicates.

3.6 Results
3.6.1 Accuracy

To investigate the &curacy and specificity, the purified HLAeluted peptides from one JY batch
was spiked with 100 fmol isotope labeled synthetic peptides (Table S1) and analyzed in three
separate analytical replicates (for dentified peptides, see supplemental Table S3). €maccuracy
of the mass spectrometer did fulfill the acceptance criteria (Table 1) with a deviation below 2 ppm
between the median mass deviation from the theoretical mass of all identified natural (median
DM: 0.05 ppm) and synthetic peptides (mediarDM: 0.19 ppm) in Figure 2A. The peptide RTs
between the replicates of all natural and all synthetic peptides do have a mean Pearson correlation

above 95%, verifying the accuracy of the LC (Figure 2B).

24



Table 1: Acceptance criteria for the different parameters selected for LC -MS/MS validation.
The acceptance criteria for the selected parameters are indicated for the mass spectrometer and the

LC. Abbreviations: PC, Pearson correlation; SD, standandation.

MS and MS/MS LC

Characteristics Specification/ acceptance criteria

The median of the deviation of the
Accuracy theoretical masses (DM ppm) of
. ) 1 the entirety of peptides
(comparison to theoretical PC O 95%

. ) 1 the selected peptides
masses and synthetic peptides)

between natural and synthetic peptides
should be O 2 ppm

Precision

(natural peptides) SD of peptide numbert )
- repeatabilit PC O 95%
P y Recovery rate: 80% + 20%

- intermediate precision

The SD between the precursor ion and
five top fragment masses of selected
peptides: O 0.001 D¢

Specificity be identified in two of three replicates. PC O 95%

(natural and synthetic peptides) Selectivity of all identified peptides based

on precursor mass combined with top five
fragments

50% (n = 31) of the peptides have to be

Limit of detection dentified

- 0
(synthetic peptides) PC O 95%

Recovery rate: 80% + 20%

Robustness Accuracy: as mentioned above
(natural peptides from three Precision: )
primary samples isolated by three 1 repeatability: as mentioned above P € O 95%

different persons)

Specificity: as mentioned above
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Figure 2: Validation of the accuracy using immunopeptidomes from JY cells and spiked
isotope labeled synthetic peptides. Three replicates were analyzed. A, Mass deviation of the
detected precursor mass from the theoretical mas$A ppm) of all identified natural (n = 1648) and
synthetic peptides (n= 62). B, Mean Pearson correlation of the peptide retention times.
Abbreviations: PC, Pearson correlation; ppm, parts per milligh], mass deviation.

3.62 Specificity

Based on our experience from the first series of analyses, the five peptides AIVDKVPSV
RPSGPGPEL, YLLPAIVHI, KVLEYVIKV and SPSSILSTL are expecteduesd RHtA class A
presented peptides of JY cells. In order to prove the specificity, the mass spectrometer must fulfill
the MS mode acceptance criteria for precursor ions and the MS/MS modeceptance criteria for
five selected top product ions of the expded five peptides (Table 1). Here, we use two ways to
select the five top product ions, we simply choose the top five most intensive fragments (last
paragraph of specificity) or the most inensive fragments such as b and y fragments with the
highest intendty and relevance (penultimate paragraph of specificity). Furthermore, in the LC
separation, the correlation of the retention times of the natural and synthetic counterparts of the

five peptides have to fulfill the acceptance criteria.

The difference of the median of the mass deviation from the theoretical mas®# ppm) of the five
selected peptides AIVDKVPSV, RPSGPGPEL, YLLPAIVHI, KVLEYVIKV and SPSSILSTL, which were
identified as natural (median DM: 1.34 ppm) and synthetic peptides (mediabM: 0.09 ppm), is
below 2 ppm (Figure 3A) (for identified peptides and praluct ions, see supplemental Table S4).
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Figure 3: Validation of the specificity using immunopeptidomes from JY cells and spiked
isotope labeled synthetic peptides. Three replicates were analyzed. A, Mean of the mass deviation
from the theoretical precursomass M ppm) of the five identified natural and synthetic peptides
AIVDKVPSV, RPSGPGPEL, YLLPAIVHI, KVLEYVIKV andsEP886three technical replicates. B,
Mean Pearson correlation of the RTs of the five identified natural and synthetic peptides. Mass
deviation as S.D. of the (C) precursor ion masses in MS mode and the (D) resulting five selected top
fragments in MS/MS rades of the five identified natural and synthetic peptides. Abbreviations: PC,
Pearson correlation; ppm, parts per milliors:M, mass deviationS.D., standard deviation

The peptide RTs between the replicates of the five selected peptides AIVDKVPSV, RPBBEG
YLLPAIVHI, KVLEYVIKV and SPSSILSTL, which were identified as natural and synthetic peptides,

do have a Pearson correlation above 95% (Fige 3B).

The standard deviation (SD) of the mass accuracy of the precursor masses in MS mode (Figure 3C)
and of the five selected top product ions, selected based on intensity and relevance, in MS/MS
mode (Figure 3D, for MS/MS spectra, see supplemental Brg S1) of the five selected peptides
AIVDKVPSV, RPSGPGPEL, YLLPAIVHI, KVLEYVIKV and SPSSILSTL is below 0dy(doetiie

natural and synthetic peptides.

As an additional step to prove the specificity of the L&IS/MS system, we validated our manual

quality control method, to distinguish all peptides based on the mass of a precursor ion combined

27



with the masses ofthe top five most intensive product ions. As the SD of the mass accuracy
deviates at four decimals, our peptide identity criteria of the quaty control should enable
specificity at a fourdecimal level (Table 1). Based on the precursor masses in MS moddaair-
digit level there was an overlap of 7 to 12 natural peptide masses in the three replicates (Table
2A). These peptide masses could begarated using the top five masses with the highest intensity
in MS/MS mode. In MS/MS mode the highest number of efapping product ion masses were two
duplicates in replicate two (Table 2B). All synthetic peptides could be separated based on the

precursor masses at four decimals (Table 2C).

Table 2: Validation of the specificity and suitability of the top five produc tion peptide quality
control using immunopeptidomes from JY cells and spiked isotope labeled synthetic peptides.

A, Overlap of the detectedgptide precursor masses in MS mode of the natural peptides at four
decimals. BOverlap of the measured top fivegrluct ion masses of the manifold peptide precursor
masses from (A) in MS/MS mode of the natural peptides at four decima@vé€lap of themeasured

62 synthetic peptide precursor masses in MS mode at four decimals.

(A) MS: natural peptides, precursor masses

replicates 1 2 3
unique 1181 1260 1362
duplicate 7 12 12

(B) MSMS: natural peptides, five top-fragment masses

replicates 1 2 3
unique 70 116 120
duplicate 0 2 0

(C) MS: synthetic peptides

replicates 1 2 3
unigue 61 62 61
duplicate 0 0 0

3.6.3 Limit of Detection
To determine the limit of detection (LOD), four aliquots of purified HLAeluted peptides from JY
cells were spiked wih 0.1 fmol, 1 fmol, 10 fmol, or 100 fmol isotope labeled synthetic peptides

(Table S1) and analyzed in three reptates leading to 12 separate analytical replicates (for
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identified peptides, see supplemental Table S3). Based on our experience with JY catlsHLA
ligandomic experiments an optimal setting enables a peptide recovery rate of 80 + 20% between
two replicates. Thus, there is no LOD where 100% of the peptides will be discovered, especially in
data-dependent acquisition. Here, we set the LOD to @hpeptide concentration that enables an
identification of at least 50% (n = 31) of the peptides per replicate, th a recovery rate of 80% =+
20% and a Pearson correlation of the peptide retention times above 95% between three

replicates.

The JY sample spid with 10 fmol synthetic peptides had the lowest peptide content enabling a
reproducible identification of 50% of the 62 added isotope labeled peptides (Figure 4A). At the
LOD the recovery rate of peptides in a replicate mass spectrometric measurementrighe range
of 80% + 20% (Figure 4B) and the mean Pearson correlation of the retentiomies of the synthetic

peptides in the three technical replicates analyzed in the LC is above 95% (Figure 4C).
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Figure 4: Validation of the limit of detection using sp iked isotope labeled synthetic peptides.

Three replicates of JY samples spiked with 0.1 fmol, 1 fmol, 10 fmol, and 100 fmol isotope labeled
synthetic peptides were analyzed. A, Number of total identified isotope labeled peptides and shared
peptides identifed in the three replicates. The LOD%#% (n = 31) of the spiked synthetic peptides

is indicated with a red line. B, Recovery rate of synthetic peptides recovered between the three
replicates of each condition. C, Mean Pearson correlation of the pepéitimtion times between the

replicates.Abbreviation: PC, Pearson correlation.
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3.64 Precision

The precision (also referred to as imprecision) was determined by assaying three aliquots of HLA
eluted peptides from JY samples in three technical replicatesading to nine separate analytical
replicates. To prove the intermediate precision, the measurement series was repeated after seven
days (for identified peptides, see supplemental Table S5). The number of identified peptides
fulfilled the acceptance critera of + 10% SD of the repeatability on # initial day and after one
week (Figure 5A, B). Furthermore, the acceptance criteria of the recovery rate with a recovery of
80 + 20% of identified peptides in a repeated replicate were fulfilled on both measuringays
(Figure 5C). A closer look at the L@amonstrates that the mean Pearson correlation of the peptide
retention times between all nine replicates was above 95% and fulfilled the criteria of the

repeatability and intermediate precision (Figure 5D).
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Figure 5: Validation of the precision using i mmunopeptidomes from JY cells. A, Number of
synthetic peptides identified at day O and day 7 in nine replicates, respectively. B, Standard deviation
(S.D.) given in total peptide numbers and in percent. C, Recova®y of peptides between the
replicates. D, Mean Pearson correlation of the peptide retention times between the replicates.

Abbreviation: S.D., standard deviation; PC, Pearson correlation.
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3.65 Robustness of the precision, accuracy and specificity

The robustness was investigated performing a rebspective analysis of the purified HLAeluted
peptides of three primary samples: peripheral blood mononuclear cells from a healthy donor, a
chronic lymphocytic leukemia sample, as well as a bladder cancer sample. eTh
immunopeptidomes were isolated and anbzed by three different persons. To validate the
robustness the specifications indicated in Table 1 should be fulfilled with regard to accuracy,
precision, and specificity.

The identified peptides of the three primay samples fulfill the acceptance criteia of the accuracy
for the mass spectrometer and for the LC. The difference of the median of the mass deviation from
the theoretical mass of all identified natural peptides (mediarDM: PBMC-0.06 ppm, CLL 0.05
ppm, BC 0.14 ppm) (Figure 6A) and synthetic pdides (median DM: 0.19 ppm) is below 2 ppm
(Figure 6A). The peptide RTs between the replicates of all natural and all synthetic peptides have

a Pearson correlation above 95% (Figue 6B).
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Figure 6: Validation of the accuracy using immunopeptidomes from primary PBMC, CLL, and

BC samples.Three replicates were analyzed. A, Mass deviation from the theoretical precursor mass

ja- PbPiq O OEA OEAIT OAOEA ptides.iBAM2EN PeafBonkdrrelaticnAfA T O E /&I
the peptide etention times between the replicates. Abbreviations: PC, Pearson correlation; ppm,
DAOOO PAO TEITEITTN 3-h 1 AOO AAOEAOQOEIT 8

Regarding the precision, the three technical replicates of the three primary sargs fulfill the

acceptance criteria of the repeataliity for both the mass spectrometer and the LC. The replicates

have a percentage SD of identified peptide numbers below 10% (Figure 7A, B) and the recovery

rate is in the range of 80% + 20% (Figure 7C).He peptide RTs between the replicates have a

Pearsoncorrelation above 95% (Figure 6B).
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Figure 7: Validation of the repeatability using immunopeptidomes from primary PBMC, CLL,
and BC samples.A, Total number of natural peptides identified in three tedbal replicates,
respectively. B, Standard deviatid®.D.) given in total peptide numbers and in percent. C, Recovery

rate of peptide identifications between the replicates. Abbreviation: S.D., standard deviation.

The specificity can be investigated, asllaanalyzed primary samples are expected to contaiat
least one of the previously used 62 synthetic peptides as natural HLA clasgresented peptide.
The natural peptides should fulfill the acceptance criteria of the accuracy and specificity indicated
in Table 1 for the mass spectrometer and the LC, resgierely (for identified peptides and product

ions, see supplemental Table S6).

The three replicates fulfill the acceptance criteria of the specificity for the mass spectrometer and

for the LC. The differace of the median of the mass deviation from the tlogetical mass OM ppm)

of the peptidesAIVDKVPSV, YLLPAIVHI, GTYVSSVPR, RPSGPGPEL, SVINLVIVK and RVYGGITTK
which were identified as natural and 100 fmol spiked synthetic peptides, is below 2 ppm (Figure

8A).
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Figure 8: Validation of the specificity usin g immunopeptido mes from primary PBMC, CLL, and

BC samples and isotope labeled synthetic peptides spiked into JYThe samples were analyzed in

three replicates. A, Mean mass deviation of the detected precursor masses from the theoretical

i AOOAO | 3 - theBidentifed natdal peptides AIVDKVPSV, YLLPAIVHI, GTYVSSVPR,
RPSGPGPEL, SVINLVIVK and RVYGGITTK and 100 fmol synthetic peptides spiked into JY. B, Mass
deviation as S.D. of the precursor masses detected in MS mode and (C) the resulting five sefected to
fragments inMS/MS modes of the identified natural and synthetic peptides. Abbreviations: ppm,
PAOOO PAO TEITEITN 3-h 1T AOO AAOGEAOEI TN 38$8h OO0A
The SD of the mass accuracy of the precursor masses in MS mode and of the selected five top
product ions in MS/MS mode of the peptideAIVDKVPSV, YLLPAIVHI, GTYVSSVPR, RPSGPGPEL,
SVINLVIVK and RVYGGITT&below 0.001 Da for both the natural and synthetic peptides (Figure

8B and C, for MS/MS spectra, see supplemental Figure S1).

3.66 Transfer of the method to oher LGMS/MS systems

In addition to the previous robustness analyses, the method was transferred to an AMS/MS
system with a less sensitive LTQ Orbitrap XL and the Higluted peptides from JY cells were
analyzed. To demonstrate the methodransfer to another LGMS/MS system, the robustness
measurements of the method were investigated with regard to accuracy, precision, and specificity
on the LTQ Orbitrap XL containing LBAS/MS system regardless of the specifications indicated in

Table 1 setfor an Orbitrap Fusion Lumoscontaining LGMS/MS system. In order to increase the
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number of identified peptides, the MS/MS analysis is performed in the ion trap to enable a faster
scanning throughput. Consequently, different peptide spectra are expecteding adapted setings
(described in experimental procedures) and therefore besides the JY samples also 500 fmol
synthetic peptides of the five selected sequences AIVDKVPSV, RPSGPGPEL, YLLPAIVHI,
KVLEYVIKV and SPSSILSTL were spiked in JY matrix and measarethe LTQ Orhirap XL for a
spectral comparison. New five top product ions were selected based on intensity and relevance in
MS/MS mode for the LTQ Orbitrap XL system. To investigate the accuracy, the purified Hildted
peptides from one JY batch were atyzed in threeseparate analytical replicatesRegarding the
accuracy of the mass spectrometer in MS modbe median mass deviation from the theoretical
mass of all identified natural peptides (mediarbM: -0.37 ppm) is below 2 ppm in Figure 9A similar

to the Orbitrap Fusion Lumos system. The peptide RTs between the replicates of all natural
peptides do have anean Pearson correlation above 95%, demonstrating the accuracy of the LC
(Figure 9B).
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Figure 9: Investigation of the accuracy, repeatability and specificity usin g
immunopeptidomes from JY cells analyzed after method transfer to a less sensitive LC-MS/MS

system. Three replicates were analyzed. A, Mass deviation from the theoretical precursor mass

ja- BbPiq O OEA OEAT OAOEAAI dndddthe fivesdendified nattradh AT OE AE
peptides AIVDKVPSV, RPSGPGPEL, YLLPAIVHI, KVLEYVIKPSSIUSTIL. B, Mean Pearson

correlation of the peptide retention times between the replicates &if identified natural peptides
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and the five selected peptides. C, Total number of natural peptides identified in three technical
replicates, respectively. Dtéhdard deviation (S.D.) given in total peptide numbers and in percent.
E, Recovery rate of pepe identifications between the replicates. Abbreviation: S.D., standard
deviation. Mass deviation as S.D. of the (F) precursor ion masses in MS mode and thsulg

five selected top fragments in MS/MS modes of the five selected natural and syngbeptides.

| AAOAOGEAOGETI 10d o#h O0OAAOOIT Al OOAI AGEIT T N ©PIih
deviation.

The precision was determined by assapg the previously mentioned three technical replicates.
The number of identified peptides was snilar to the validated LGMS/MS system below 10% SD
with 5% SD of the repeatability on the initial day (Figure 9C, D). However, the recovery rate with

a recovely of 55 * 4% of identified peptides in a repeated replicate is below the specifications of

the Orbitrap Fusion Lumos system (Figure 9E).

The specificity was again investigated using the mass deviation from the theoretical mass of the

five selected peptidesAIVDKVPSV, RPSGPGPEL, YLLPAIVHI, KVLEYVIKV and SPSSILSTL. The

median of the identified natural peptides isDM: -0.57 ppm (Figure 9A) (for identified peptides

and product ions, see supplemental Table S7)

The peptide RTs between the replicates of théve selected peptides identified as natural and

synthetic peptides do have a Pearson correlation abe 95% (Figure 9B).

The standard deviation (SD) of the mass accuracy of the precursor masses in MS mode (Figure 9F)
and of the five selected top product ins in MS/MS mode (Figure 9G, for MS/MS spectra, see

supplemental Figure S3), selected based on intebgsand relevance, of the five selected peptides

DA (

AIVDKVPSV, RPSGPGPEL, YLLPAIVHI, KVLEYVIKV and SPSSILSTL is below 0.001 Da in MS Mode,

analyzed in the Orlitrap, and below 0.1 in MS/MS mode, analyzed in the ion trap, for the natural

peptides.

3.7 Conclusian/Discussion

To provide reliable biomarker and patientindividual tumor-associated target antigen
identification for clinical studies, the fast and sensitte LGMS/MS assay for the identification of
natural and synthetic HLArestricted peptides was validaed for the technical equipment of our
laboratory, consisting of ananoUHPLC, UltiMate 3000 RSLCnano-tine coupled to an Orbitrap
Fusion Lumos mass spectimeter. The immunopeptidomics pipeline is used for identification and
impurity detection, thus accordng to FDA and EMA guidelines a validation of the specificity and
LOD is required. Additionally, we validated the accuracy, precision, and robustness to

demonstrate the reliability of the pipeline.
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The results of the JY samples spiked with isotope labelsginthetic peptides enabled verification
of the accuracy of the LAMS/MS system in terms of similarity of the analyzed natural peptides to
the theoretical and synthetic peptide masses. With the same dataset we were able to identify five
specific peptides, &pected as natural and synthetic peptides, which fulfil the acceptance criteria
of the accuracy and could prove the specificity. Furthermore, we could shdtat with five selected
MS/MS product ions all identified peptides within one replicate can be digtiguished. Instead of
picking simply the five most intensive product ions for therapeutic peptide candidates, our quality
control selects the top five prodiet ions also according to meaningfulness (expert review:-lor y-
ions are preferred), thus further increasing specificity. The validation of the precision showed a
reliable identification of peptides with a uniform recovery rate proving the repeatability and

intermediate precision after one week.

A major limitation of MS-based datadependent acquisition ODA) discovery approaches is the
low recovery rate. In our immunopeptidomics experiments a recovery rate of 80% + 20% was
achieved for cell lines and tissa samples, owing to the tissue heterogeneity and high dynamic
range. Due to the recovery rate, in oulab routinely triplicate measurements are performed. At
the LOD a reasonable reliability should be provided with a recovery rate of 50%, when triplicate
measurements are performed. A peptide content of 10 fmol synthetic peptides in JY matrix
enabled a reiable identification of 50% of the peptides. An improvement of the recovery rate

i ECEO AA T AOAET AA xEOE A OADPI AAAI Aéenbacduigiior) E A
which has demonstrated a superior reproducibilityt49z153,

In order to prove the robustness of the immunopeptidomics assay, we synthesized a large variety
of known HLA ligands, with different length, massgrand average of hydropathicity (GRAVY),
theoretical isoelectric point (pl) and HLA allotype restriction. Inaddition, we employed seeral
primary, clinically relevant samples in addition to the JY cell line and further analyzesbluble
peripheral blood mononuclear cells from a healthy donor, a soluble chronic lymphocytic leukemia
and a solid bladder cancer sampl Lastly, for the thregorimary samples the HLA immunoaffinity
chromatography and immunopeptidomics analysis was performed from three different persons.
We could successfully verify the specifications of the accuracy, precision, and specificity for both

the mass spectrometer and.C, respectively.

Besides the robustness of the method, we exemplarily further investigated for precision, accuracy
and specificity after the method transfer to a L&S/MS system utilizing an LTQ Orbitrap XL.
However, in order to ddtain a high number of ickentified peptides, the MS/MS analysis is
performed in the ion trap, instead of the Orbitrap, to enable a faster scanning throughput.
Consequently, the mass accuracy of the product ions in the MS/MS analysis varies already at the

second decimal and for thepreviously selected top five ions, two new ions had to be defined for
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SPSSILSTL and one new ion for the other peptides, except of AIVDKVPSV. Furthermore, the

recovery-rate is much lower using the LTQ Orbitrap XL.

The specificationsof our validated Orbitrap Fusion Lumos based L&MS/MS system are not met
by the LTQ Orbitrap XL. In order to fully validate the method on the LTQ Orbitrap XL for peptide
identification according to the current FDA and EMA guidelines, at least the analysegarding
specificity and LOD have to be performed or, ideally, all mentioned parameters should be
investigated. The specifications of the precision, specificity and LOD have to be adapted to the
capabilities of the less sensitive mass spectrometer. Howex the specifications slould be tight

enough to recognize immediately any functional problems with the LGIS/MS system.

To enable standardization between different MS platforms and laboratories, the same
immunopeptidome batch from one cell line should baised for immunopeptidomics. Here we
present how the parameters accuracy, specificity, LOD, precision and robustness can be
investigated for the validation of LEMS/MS systems. However, every LRIS/MS system in every
laboratory needs to be validated indepedently with its own specifications!42. For the validation
the specifications should be adapted as closely as possible to the optimal performance of the
respective LGMS/MS system, btishould also consider tle harmless devicerelated performance
variations. Furthermore, it must be considered that more sensitive devices can detect peptides in
lower quantities that less sensitive devices cannot identify. Here, the Orbitrap Fusion Lumos

discovers twice the numberof peptides.

The validation is performed in a new process to show that the previously specified requirements
(acceptance criteria) are reproducibly met in practical use and that the analytical method is
appropriate for its intended use. After the validabn a system suitability test (SST) is used to
continuously monitor the performance of the instrument in different fixed intervals, to verify that
an analytical method is suitable for the intended purpose on the day of analysis.@wol peptides
known from experience to be reliably identified in the respective immunopeptidome of the cell
line in higher quantity should be selected for this purpose. The identification and the retention
time of these peptides in the immunopeptidomes aad be routinely checkedin the LGMS/MS
analysis. The selected peptides can be standardized between different suitable MS/MS systems
and laboratories. The scope of each EKS/MS validation and the SSTs can prove the suitability
and comparability of different laboratories for a particular analysis. The immunopeptidomic
pipeline is currently in use for the identification of tumor-associated target antigens of multiple
patients in the peptide vaccination study iVAGCLLO1(NCT02802943 and for the preparation of
further studies (e.g, PeplVACO01). Due to the peptide recovery rate of 80+20% per replicate,
patient samples are routinely analyzed in triplicates to ensure a high recovery. Finally, candidate

peptide antigens are always verified using synthetic pepdies to exclude false posives and
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artefacts. The identification procedure of tumorspecific HLA ligands using a comparison of ligand
source proteins to established tumor antigens or ligand mapping on different malignant and
benign tissues was carried outor cell lines and variows tumor entities!24.143154158, During the last
decades and irongoing studies the immuropeptidomics pipeline has demonstrated its reliability

and applicability.

In addition, we have now validated the accuracy, precision, specificity, LOD, and robustness in line
with the current FDA and EMA guidelines. This validatecpipeline enables the relable
identification of tumor -associated HLApresented target antigens to support current and future
clinical studies. Furthermore, dfferent validation approaches are presented, that can be
translated to other laboratories with similar equipment, or to other MSbased discovery

approaches, such as proteomics, metabolomics, and lipidomics.
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3.10.1 SupplementaryTables

Supplemental Table S1:Selected individual synthetic peptides for the validation of the-MS/MS
method. The 62 synthetic isotope labeled peptides consist of different amino acid sequences and
physicochemical propgies and depict a crossection of peptides identified in a tygal
immunopeptidomics experiment. For the assessment of the differences between the peptides, the
grand average of hydropathicity (GRAVY), the theoretical isoelectric point (pl) under phggiodl
conditions, and the molar mass of the peptides were chted using ProtParam
(https://web.expasy.org/protparam). Heavylabeled amino acids are indicated in bold (leucine +7

Da, proline and valine +6 Da). Abbreviations: pl, isoelectric point, GRAyanhd average of

hydropathicity.

Batch Sequence Molecular weight pl GRAVY
174121 DGPSSAPATPTK 1,128.20 5.84 -1.00
174013 SLNSNVYDV 1,010.07 3.80 -0.13
174014 FPHLPGKTFVY 1,305.54 8.60 0.08
174015 SVLTPLLLR 1,011.27 9.47 131
174085 RYQALFHDF 1,196.33 6.74 -0.53
174122 GPSSAPATPTK 1,013.12 8.75 -0.77
174123 FPHLPGKTF 1,043.23 8.76 -0.22
174124 FLLPAGWIL 1,029.29 5.52 1.96
174125 LLPAGWIL 882.11 5.52 1.85
174126 TPLLLRGL 882.11 9.41 1.00
174017 AIVDKVPSV 927.11 5.88 1.01
174018 YLLPAIVHI 1,038.30 6.74 1.83
174019 VYVVGTAHF 992.14 6.71 1.29
174020 GTYVSSVPR 965.07 8.75 -0.19
174021 TYQEVAQKF 1,113.24 5.66 -0.84
174022 SPQGRVMTI 988.17 9.47 -0.10
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Batch

174086

174087

174088

174089

174090

174127

174128

174023

174024

174061

174062

174063

174064

174065

174066

174068

174069

174070

174071

174072

174073

174074

174075

174076

Sequence

ITDSAGHILY

RVYGGLTTK

ALKTGIVAK

SVLNLVIVK

DLIIKGISV

NTDSPLRY

RPSGPGPEL

DLKEKKEVV

TLHDQVHLL

NVGGLIGTPK

FYFPTPTVL

RSYHLQIVTK

NPKAFFSVL

NPSVREFVL

VLVDQSWVL

APDAKSFVL

KVLEYVIKV

GVYDGREHTV

KVLEHVVRV

ALDEKVAEL

GVYDGEEHSV

FVYGEPREL

NAVGVYAGR

VWSDVTPLTF

Molecular weight

1,089.21

994.16

900.13

984.25

957.18

965.03

909.01

1,087.28

1,075.23

955.12

1,084.28

1,244.46

1,022.21

1,060.22

1,058.24

947.10

1,090.37

1,132.20

1,078.32

987.12

1,091.10

1,109.25

906.01

1,164.32

pl

5.08

9.99

10.00

8.47

5.84

5.84

6.00

6.18

5.90

8.75

5.52

9.99

8.75

6.00

3.80

5.88

8.50

5.32

8.75

414

4.13

4.53

8.75

3.80

GRAVY

0.47

-0.43

0.80

1.83

1.43

-1.51

-1.18

-1.11

0.17

0.16

0.86

-0.54

0.62

0.12

1.28

0.51

0.92

-0.91

0.61

0.11

-0.82

-0.44

0.21

0.68
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Batch

174077

174078

174079

174080

174081

174082

174083

174084

174092

174093

174094

174095

174096

174129

174130

174132

174205

174206

174207

174208

174210

174211

Sequence

AVLPLTVAEVQK

RVRELAVAL

HLTEVYPEL

SVLADLVTTK

IPFSNPRVL

VLYGPAGLGK

SPSVSQLSVL

VLYPVPLESY

TLLKALLEI

ALREEEEGV

SLLKFLAKV

LIHFLLLK

GLYDGREHSV

LAQPPSGQR

FPSLREAAL

SPSKAFASL

RLLDSVSRL

TYSEKTTLF

SLLQHLIGL

SPSSILSTL

VLLAGFKPPL

LYLPKSWTI

Molecular weight

1,267.53

1,026.25

1,100.24

1,046.23

1,042.25

974.17

1,016.16

1,179.38

1,013.29

1,031.09

1,018.31

996.30

1,132.20

953.07

1,003.17

907.03

1,058.25

1,089.21

993.21

904.03

1,054.34

1,120.36

pl

6.05

9.60

4.51

5.55

9.75

8.56

5.24

4.00

5.66

4.09

10.00

8.76

5.32

9.75

6.00

8.47

9.60

5.66

6.46

5.24

8.72

8.59

GRAVY

0.88

0.79

-0.22

0.82

0.37

0.56

0.77

0.59

1.49

-1.01

1.29

1.93

-0.96

-1.14

0.40

0.26

0.17

-0.56

1.31

0.73

1.27

0.32
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Supplemental Table S2: Experimental design. Information about the sample, performed analysis,
number of replicates, and raw file name of each sample is provided. Abbreviations: LOD, Limit of
detection; PBMC, Peripheral blood mononuclear cell; CLL, Chronic lymphocytic leuké&fia,;

Bladder cancer.

. Technical i
Sample Purpose Condition/ number ) Raw file name
replicate
JY cell o -
i Precision 1 (day 0) 1 JY_repeatability 1_1
ine
JY cell o -
i Precision 1 (day 0) 2 JY_repeatability_ 1 2
ine
JY cell o N
i Precision 1 (day 0) 3 JY_repeatability_ 1 3
ine
JY cell o B
i Precision 2 (day 0) 1 JY_repeatability 2 1
ine
JY cell . .
i Precision 2 (day 0) 2 JY_repeatability 2 2
ine
JY cell . .
i Precision 2 (day 0) 3 JY_repeatability 2_3
ine
JY cell o N
i Precision 3 (day 0) 1 JY_repeatability 3 1
ine
JY cell o N
i Precision 3 (day 0) 2 JY_repeatability 3 2
ine
JY cell o N
i Precision 3 (day 0) 3 JY_repeatability_3_3
ine
JY cell o JY_intermediate_precision_1_
] Precision 1 (day 7) 1
line 1
JY cell o JY_intermediate_precision_1_
) Precision 1 (day 7) 2
line 2
JY cell o JY_intermediate_precision_1_
) Precision 1 (day 7) 3
line 3
JY cell o JY_intermediate_precision_2_
) Precision 2 (day 7) 1
line 1
JY cell o JY_intermediate_precision_2_
) Precision 2 (day 7) 2
line 2
JY cell o JY_intermediate_precision_2_
) Precision 2 (day 7) 3
line 3
JY cell o JY_intermediate_precision_3
i Precision 3 (day 7) 1 1
ine
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Technical

Sample Purpose Condition/ number ) Raw file name
replicate
JY cell o JY_intermediate_precision_3
] Precision 3 (day 7) 2
line 2
JY cell o JY_intermediate_precision_3
) Precision 3 (day 7) 3
line 3
LOD, )
JY cell o spiked 0.1 fmol
) specificity, ) . 1 JY_100amol_1 1
line synthetic peptides
accuracy
LOD, )
JY cell o spiked 0.1 fmol
] specificity, ) . 2 JY_100amol_1 2
line synthetic peptides
accuracy
LOD, _
JY cell o spiked 0.1 fmol
] specificity, ) ] 3 JY_100amol_1_3
line synthetic peptides
accuracy
LOD, .
JY cell o spiked 1 fmol
) specificity, ) _ 1 JY_1fmol 1 1
line synthetic peptides
accuracy
LOD, )
JY cell o spiked 1 fmol
) specificity, ) _ 2 JY_1fmol_1 2
line synthetic peptides
accuracy
LOD, .
JY cell o spiked 1 fmol
) specificity, ] . 3 JY_1fmol_1_3
line synthetic peptides
accuracy
LOD, .
JY cell o spiked 10 fmol
) specificity, ) _ 1 JY_10fmol_1_1
line synthetic peptides
accuracy
LOD, )
JY cell - spiked 10 fmol
) specificity, ) _ 2 JY_10fmol_1_2
line synthetic peptides
accuracy
LOD, ]
JY cell o spiked 10 fmol
) specificity, ) . 3 JY_10fmol_1_3
line synthetic peptides
accuracy
LOD, _
JY cell o spiked 100 fmol
) specificity, ) . 1 JY_100fmol_1_1
line synthetic peptides
accuracy
LOD, )
JY cell - spiked 100 fmol
) specificity, ) _ 2 JY_100fmol_1 2
line synthetic peptides
accuracy
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o Technical ]
Sample Purpose Condition/ number ) Raw file name
replicate
LOD, ]
JY cell o spiked 100 fmol
. specificity, i . 3 JY_100fmol_1_3
line synthetic peptides
accuracy
PBMC Robustness 1 1
PBMC Robustness 1 2
PBMC Robustness 1 3
CLL Robustness 1 1
CLL Robustness 1 2
CLL Robustness 1 3
BC Robustness 1 1
BC Robustness 1 2
BC Robustness 1 3
Precision,
JY cell
i accuracy (LTQ 1 (day 0) 1
ine
Orbitrap XL)
Precision,
JY cell
i accuracy (LTQ 1 (day 0) 2
ine
Orbitrap XL)
Precision,
JY cell
i accuracy (LTQ 1 (day 0) 3
ine
Orbitrap XL)
Specificity, )
JY cell spiked 500 fmol
] accuracy (LTQ ) . 1
line ) synthetic peptides
Orbitrap XL)

Supplemental Table S3: Limit of detection. List of identified peptides in four aliquots of HLA eluted

ligands from JY cells spiked with 0.1 fmol, 1 fmol, 10 fmol, and 100 fmol isotope labeled synthetic

peptides. Tk lowercased amino acids indicate the isotope labeled aminasicAbbreviationsM,

mass deviation; PPM, parts per million; RT, retention time.

Direct link:

https://www.mcponline.org/hi ghwire/filestream/54083/field_highwire adjunct_files/6/154045 2

_supp_455925 g3txyl.xlsx
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https://www.mcponline.org/highwire/filestream/54083/field_highwire_adjunct_files/6/154045_2_supp_455925_q3txy1.xlsx
https://www.mcponline.org/highwire/filestream/54083/field_highwire_adjunct_files/6/154045_2_supp_455925_q3txy1.xlsx

Supplemental Table S4: Specificity. Information about the precursor mass, the mass deviation from
the theoretical mass, the retention time, and the selected top five product ions is provided.

Abbreviations:OM, mass deviation; PPM, parts per million; RT, retention time.
Directlink:

https://www.mcponline.org/highwire/filestream/54 083/field_highwire_adjunct_files/7/154045_2

_Supp_455926_q3txy2.xIsx

Supplemental Table S5: Precision. List of identified peptides in nine separate analytical runs and
further nine runs after one week. Abbreviations: PSM, peptiolespectrum matches; PERpsterior
error probability; Xcorr, cross correlation scoreeM, massdeviation; PPM, parts per million; RT,

retention time.
Direct link:

https://www.mcponline.org/highwire/filestream/54 083/field_highwire_adjunct_files/8/154045_2

_Supp_455927_q3txy2.xIsx

Supplemental Table S6: Specificity in primary patient samples. Information about the precursor
mass, the mass deviation from the theoretical mass, the retention time, and the seleqiefivio
product ions is provided. AbbreviationgM, mass deviation; PPM, parger million; RT, retention

time.
Direct link:

https://www.mcponline.org/highwire/filestream/54 083/field_highwire_adjunct fis/9/154045 2
_Supp_455928 g3txy2.xIsx

Supplemental Table S7: Specificity of the LTQ Orbitrap XL containing IMS/MS system.
Information about the precursor mass, the mass deviation from the theoretical mass, the retention
time, and the selected top fivequuct ions is provided. Abbreviation€M, mass deviation; PPM,

parts per million; RT, retention time.
Direct link:

https://www.mcponline.org/highwire/filestream/5 4083/field_highwire_adjunct_files/10/154045
2_supp_455929 g3txy2.xIsx
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https://www.mcponline.org/highwire/filestream/54083/field_highwire_adjunct_files/7/154045_2_supp_455926_q3txy2.xlsx
https://www.mcponline.org/highwire/filestream/54083/field_highwire_adjunct_files/7/154045_2_supp_455926_q3txy2.xlsx
https://www.mcponline.org/highwire/filestream/54083/field_highwire_adjunct_files/8/154045_2_supp_455927_q3txy2.xlsx
https://www.mcponline.org/highwire/filestream/54083/field_highwire_adjunct_files/8/154045_2_supp_455927_q3txy2.xlsx
https://www.mcponline.org/highwire/filestream/54083/field_highwire_adjunct_files/9/154045_2_supp_455928_q3txy2.xlsx
https://www.mcponline.org/highwire/filestream/54083/field_highwire_adjunct_files/9/154045_2_supp_455928_q3txy2.xlsx
https://www.mcponline.org/highwire/filestream/54083/field_highwire_adjunct_files/10/154045_2_supp_455929_q3txy2.xlsx
https://www.mcponline.org/highwire/filestream/54083/field_highwire_adjunct_files/10/154045_2_supp_455929_q3txy2.xlsx

3.10.2 SupplementaryFigures

Supplemental Figure S1: Validation of the specificity using the MS/MS spectra of the natural
presented peptides with the corresponding synthetic peptidesf the five selected peptides
AIVDKVPSV, RPSGPGPEL, YLLPAIVHI, KVLEYVIKV and SPSSILSTL.

Direct link:

https://www.mcponline.org/content/ mcprot/suppl/2020/01/14/C119.001652.DC1/154045_2_su
pp_455919_q3txyl.pdf

Supplemental Figure S2: Validation of the robustness and specificity using the MS/MS spectra of
natural presented peptides with theorresponding synthetic peptides of AIVDKVPSV,PAIVHI,
GTYVSSVPR, RPSGPGPEL, SVINLVIVK and RVYGGITTK. Abbreviations: PBMC, Peripheral blood

mononuclear cell; CLL, Chronic lymphocytic leukemia; BC, Bladder cancer.
Direct link:

https://www.mcponline.org/content/mcprot/suppl/2020/01/14/C119.001652.DC1/154045 2 su
pp_455920_qg3txyl.pdf

Supplemental Figure S3: Investigation of the specifity of the LTQ Orbitrap XL L&IS/MS system
using the MS/MS spectra of the natural presented peptides with the corresponding synthetic peptides
of the five selected peptides AIVDKVPSV, RPSGPGPEL, YLLPAIVHI, KVLEYVIKV and SPSSILSTL.

Direct link:

https://www.mcponline.org/content/mcprot/suppl/2020/01/14/C119.001652.DC1/154045_2_su
pp_455921 g3txyl.pdf
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https://www.mcponline.org/content/mcprot/suppl/2020/01/14/C119.001652.DC1/154045_2_supp_455919_q3txy1.pdf
https://www.mcponline.org/content/mcprot/suppl/2020/01/14/C119.001652.DC1/154045_2_supp_455919_q3txy1.pdf
https://www.mcponline.org/content/mcprot/suppl/2020/01/14/C119.001652.DC1/154045_2_supp_455920_q3txy1.pdf
https://www.mcponline.org/content/mcprot/suppl/2020/01/14/C119.001652.DC1/154045_2_supp_455920_q3txy1.pdf
https://www.mcponline.org/content/mcprot/suppl/2020/01/14/C119.001652.DC1/154045_2_supp_455921_q3txy1.pdf
https://www.mcponline.org/content/mcprot/suppl/2020/01/14/C119.001652.DC1/154045_2_supp_455921_q3txy1.pdf
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4.2 Summary

MHC class | peptide motifs are used on a regular basis to identify apgedict MHC class | ligands
and CD8+ T cell epitopes. This approach is abové ah invaluable tool for the identification of
diseaseassociated epitopes ranging from pathogen associated epitopes, tumor associated natural
and neoepitopes to autoimmune disase associated epitopes. As a matter of fact, the vast majority
of T cell epitgpes discovered during the past two decades was identified by means of epitope
prediction and MHC ligand identification. Here we describe the steps which are necessary to
identify MHC epitopes from monoallelic and multiallelic cells and establish MHC cldsgeptide
motifs to compose a reliable scoring matrix for epitope prediction. As an example, the ligands of
monoallelic C1R cells and multiallelic peripheral blood mononuclearat! tissue will be identified
and a scoring matrix for the prediction of HLAC*1:02-presented T cell epitopes will be

developed.

4.3 Introduction

Major histocompatibility complex (MHC) class | molecules play an important role in cellular
immunology with impact on the growing fields of individualized medicine and cancer
immunotherapy 64160.161. The main purpose of thee protein complexes is to present peptides of

intracellular origin to T cells for immunosurveillance. Only a specific subset of peptides is
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showcased in such a way. Peptide pcearsors are mainly produced by the proteasome and are
transported into the endoplasmic reticulum (ER) by the transporter associated with antigen
processing (TAP). Further trimming by ER proteases yields peptides which are transported to the
plasma membraneafter being bound to MHC complexe2z164, All these steps are dependent on
the peptide sequence and are summarized in the selected ligands presented by MHC molecules.
Hence peptides presented by a certain MEiallotype share common characteristics referred to as
MHC peptide motifi25. These motif usually determine the preferred peptide length and specific
amino acid residues in certain positions called anchor&5. In most cases the peptides comprise
nine amino acids and the anchors are the second and theté&@minal amino acid 166 (Figure 5).
Here we show how the amino acid distribution of naturally processed and presented ligandsé
the MHC allotypes HLAC*01:02 and HLAB*56:01 can be exploited for the elucidation of the
corresponding peptide motif. We further describe the procedural stepto confirm the accuracy
and validity of such a motif. Nowadays, there are multiple ways to identify NIC ligands and
generate a peptide motif.Figure 1 illustrates the consecutive steps to identify MHC ligands, to
generate a peptide motif and to set up acoring matrix for epitope prediction. Here we focus on
the identification of MHC ligands from moneand multiallelic cells, which can be used to identify

unknown MHC motifs.
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Isolation of peptides using MHC
. ::: > immunoaffinity chromatography and . :
Monoallelic samples subsequent identification using LC- Multiallelic samples
MS/MS

Vv

Identification and grouping of naturally
processed and presented MHC ligands
using
= GibbsCluster
= SYFPEITHI
= NetMHC

v

Determination of the MHC peptide
motifs

Vv

Generation of a prediction tool
= Distribution and scoring matrix (e.g.
SYFPEITHI)
= Machine learning tools (e.g.
NetMHC)

‘ Prediction of T cell epitopes I

Figure 1: Workflow to identify MHC ligands and establish MHC class | peptide motifs.

Nowadays, there are several options to identify MHC ligands (see Note 5). A simple and efficien

Validation of the
matrix

workflow using clustering is performed for the identification and successive scoring matrix

generation of MHC ligands from monand multiallelic cellsdescribed in more detail below.

4 .4 Methods

1. lIsolate at least 200 naturally presented MHC ligands of ¢hdesired MHC allotype
(see Note 1).

2. Create a curated list of these ligands that contains only valid MHC ligands (see Note 2).
Here GibbsCluster 2.0 is used to identify MHC class | ligands from meaad multiallelic

cells167. Use the recommended settings for MHC class | with one to six clusters enabled.

a. To analyse mmoallelic cell lines use GibbsCluster.2 with an appropriate number
of clusters to remove contaminants. In case of the HE8*01:02 transfected C1R
cell line (data provided from Di Marco et al154 used in our example alow

expression of endogenous HLMA*35:03 and C*04:01 is expected. At least two
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clusters will be needed to separate MHC ligands and contaminants from the MHC

ligands of the desired allotype Figure 2).

For the analysis of MHC ligands isolated from multidlic cells multiple clustering
steps reed to be performed (Note 3). In case of multiallelic cells it needs to be
considered, that clustering might not separate similar motifs and MHC ligands of
HLA-C, as there will be a lower number of ligands of every ALC compared to the
HLA-A and-B clustas. Hence a repeated clustering using only ligands from the
clusters consisting of multiple not deconvoluted motifs might lead to a motif
separation. The MHC ligands extracted from peripheral blood mononuclear cells
(PBMC) were clustered into five differehmotifs using two clustering approaches
(Figure 2). As HLAB*56:01 is rare, no reliable prediction motif based on eluted
B*56:01 ligands is available yet. Thus, the motif can be identified excluding the

other ligands of known MHC motifs.
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Monoallelic HLA-C*01:02 transfected C1R
cell line

3125 peptides identified

Up to three different allotypes expected

1-3 clusters
@ First clustering
co1
“ N ot ’ = . ax
i Eoeg R ;EJ £
g ° z [ B
Number of chustors @!ﬁi:
£ 8
=, .

Anchor amino acid definition and addition of missed
peptides with the identified anchors

Multiallelic PBMCs
6262 peptides identified
Up to six different allotypes expected
1-8 clusters

@ First clustering _—

B"56 | c01 A*02
" = —‘-u_,as.’-,'e < E
ooy Euesdll 2l w &
o Grpiets
B840
‘ E @Second clustering
’ ' 2 E 4 s E o DIETOSTY
Numiar of slustors e L

Anchor amino acid definition and addition of
missed peptides with the identified anchors

1 L T A
: i
2 2 4 5

Figure 2: Identification of
MHCclass| ligands using
GibbsCluster2.0. All identified

peptides are uploaded into the
Gibbs cluster
(cbs.dtu.dk/services/GibbsCluster
2.0/). In case of the HLA*01:02
positive C1R dbs, three clusters

web application

were created.Typically, the best
number of clusters with the highest
Kullbach Leibler distance will be
suggested. However, often a lower
or higher number of clusters is
beneficial with an improved or no
motif

further unnecessary

segre@tion. In comparison to
known motifs (Figure 5), the

desired C*01:02 motif can be
identified. Here we generate a
matrix for ligands comprising 9
Figure  3).

performing a

amino acids
Subsequently,
filtering for the desired anchor

positions (position 3: P ath9: L, M,

V, I and F) will resulin a list of peptides with the selected anchor positions independent of the peptide

length. Using the web application Seg2moti¢8 the motifs can be visualized. In case of the
multiallelic PBMC the first round of clustering could elucidate 4 tif@ We could identify the HL-A

A*02, B*40 and HLAC motifs based oRigure 5. Another round of clustering using the peptides of

cluster 2 deconvolutes the two HE@ motifs. The first motif is most similar with HEB*55. HLA
allelotyping of the PBMCs reded in HLAA*02:01, B*40:02B*56:01, C*01:02 and C*03:04 and

confirmed the previous findings. Knowing that the donor is HBA6:01 positive we can identify the

first cluster as the missing B*56:01 motif. As the number of ligands of the-Ht0® cluster & the

largest, and no further know HLAA motif was identified, it is assumed that the patient is HAA02

homozygous.

3. Create a distribution matrix based on the relative frequency of amino acids in the different

positions. Matrices should be generated fopeptide lengths which make up morethan
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10% of the entire peptide repertoire, usually 810 amino acids regarding HLA class |. An

example is depicted inFigure 3.

Generation of an amino acid distribution matrix

9-mer: 1 2 3 4 5 6 7 8 9

A 0.07  0.28 0 007 011 0.09 0.09° 0.21 0
c 0 002 0 0 0 001 001 001 0
D 0 0 0 007 003 002 001 003 0
E 0.01 0 00 015 0.03 002 003 0.16 0
F 01 002 0 004 005 005 001 002 003
G 0.02 008 0 010 011 007 003 003 0
H 0.02 0 0 002 004 002 004 003 0
1 0.08 0.09 0 003 003 005 0.04 0 0.03
K 0.06 0 0 004 004 004 006 001 0
L 0.07 018 0 006 003 008 01 002/ 084
M 0.03 0.2 0 001 001 002 002 001 0.05
N 0.06 0 0 003 005 003 004 002 0
P 0 0 1 008 011 006 004 005 0
Q 0.02 001 0 004 002 004 009 003 0
R 0.05 0 0 002 007 007 01 001 0
s 0.14 018 00 012/ 042 0.09 017 021 0
T 0.08 0.05 0 005 007 01 009 008 0
v 012 0.06 0 006 004 009 005 005 0.05
w 0 0 0 001 001 001 0 001 0
Y 0.08 0 0002 0.3 0.03 0_ 002 0

!
Generation of a scoring matrix

9-mere 1 2 3 4 5 6 7 8 9
A 0 3 0 0 1 1 1 2 0
C 0 0 0 0 0 0 0 0 0
D 0 0 0 0 0 0 0 0 0
E 0 0 0 1 0 0 0 1 0
F 1 0 0 0 0 0 0 0 4
G 0 0 0 0 1 0 0 0 0
H 0 0 0 0 0 0 0 0 0
I 0 0 0 0 0 0 0 0 4
K 0 0 0 0 0 0 0 0 0
L 0 2 0 0 0 0 1 o 10
M 0 0 0 0 0 0 0 0 4
N 0 0 0 0 0 0 0 0 0
P 0 0 10 0 1 0 0 0 0
Q 0 0 0 0 0 0 0 0 0
R 0 0 0 0 0 0 1 0 0
s 1 2 0 1 1 0 1 2 0
T 0 0 0 0 0 1 0 0 0
v 1 0 0 0 0 0 0 0 4
w 0 0 0 0 0 0 0 0 0
Y 0 0 0 0 0 0 0 0 0

@

Validation of the generated nonamer
scoring matrix using ROC curves.

HLA-C*01:02

1.0-

0.8+ f/ AUC=0.97
[
-é 0.6
£ 0.4

0.2

0.0 . . T r ]

0.0 0.2 0.4 0.6 0.8 1.0
FP rate

Figure 3: Amino acid distribution matrix,
scoring matrix and ROC curve validation

of HLA-C*01:02 ligands. In the distribution
matrix columns represent the respective
position of amino acids (AA) within the
peptide sequence (shown here for 9mer
The the

preference for amino acids of the respective

peptides). number indicate

positions indicated as @rcentage of
occurrence. For example, 100% of the 9mer
ligands carry proline (P) in position 3.
Values above 10% are highlighted in grey.
The distribution matrix can be usk to
generate a scoring matrix. A way to
generate scoring matrices is presented in
step 4 and Note 4. Finally, the matrix has to
be validated. To visualise the performance
of the matrix in step 8 it is described how to
generate a receiver operating
characteristic (ROC) curve. Each point of
the curve represents the TFPand FR
predicted pepides using the generated
scoring matrix applying thresholds from 0
to 100% of the maximal score of the matrix

in 5% steps.
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4. Using the results of this amino acid disfbution matrix a scoring matrix is assigned. A
scoring matrix based on the frequencyf amino acids in each position of the investigated
MHC class | ligands represents the simplest example of such a matrix. There are numerous
strategies to create a scoringnatrix, including those based on automated systems (for
example machine learning, spport vector machines, artificial neural networks169.170, We
will describe a procedure that can be followed without the need of bioinformatics. A
method is to assign paits for the different amino acids in the different positionsés.
Obviously, this can be done in various ways.

The following approach is suggested as a guideline: Amino acids with similar chemical
properties are combined in one group (see Note 4). If the relative frequency of one group
in a certain position exceeds 80% it is declared an anchor. The most frequent amino acids
are scored 10 points, amino acids with 1/3, 1/5, or lower frequency are awarded 8,or 4
points. If a group constitutes 5880% in one position it is declared an auxiliary anicor. The
most frequent amino acids are scored 6 and amino acids below 1/2 of the most frequent
amino acid are scored with 4 points. If a group constitutes 280% of amino aids in a
specific position, 1 to 3 points can be awarded e.g. 3®% (3 points), 20-29% (2 points)
and 10-19% (1 point). Theseamino acids are called preferred residues. This is only one
exemplary strategy to award points, which can be altered on a logichasis (see Note 4
and Figure 4). A typical scoring matrix is shown inFigure 3. Rae amino acids such as
methionine can be awarded with points even if their respective frequencies do not reach
the%-threshold in a specific position. The natural frequencyf the amino acids in the

SwissProt database is depicted irFigure 4.
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I Lcucine
I Alanine
IR  Glycine
I \Valine
I  Scrine
I  Glutamate
I [soleucine
I Arginine
I  Threonine
I A spartate
I Lysine
I Proline

IR  FPhenylalanine

I A sparagine

I  Glutamine

IR Tyrosine

IR Methionine

I Histidine

IR Tryptophan

IR Cysteine

0% 2% 4% 6% 8% 10% 12%

Figure 4: Amino acid frequency in the Swiss-Prot database (www.uniprot.org, release
February, 2018). Regarding the importance of every amino acid in the scoring matrix the frequency

of the amino acid in the proteome should be considered.

5. Defining anchor residues: dentify highly abundant residues in your distribution matrix.
Investigate whether chemically closely related amino acids are also overrepresented. As
shown in Figure 3 in position 9 (P9) leucine dominates, furthermore methionine, valine,
phenylalanine andisoleucine are most present. Together these amino acids occur at 100%
in P9 of the investigated MHC ligands. The amino acids share some characteristics and are
therefore put in one group. Because leucine is dominant 10 points are awarded. The other
amino acids in this group are less abundant and are awarded 4 points. The second anchor
is proline in position 3 (P3). A vast majority of the investigated ligands (100%) contain

this residue in P3. Thus 10 points are assigned to this amino acid in P3.

6. Defining auxiliary anchors: This is carried out analogously to the definition of anchor
residues described in Step 5. A group of chemically related amino acids is defined as an
auxiliary anchor, if its relative frequency in a specific position lies between 50% arD%
(see Note 4). In the present example (seléigure 3) no auxiliary anchors can be defined

according to these criteria.
7. Defining preferred residues: All nonanchor positions are investigated for the occurrence

of preferred residues. If the relative freqiency of a specific amino acid exceeds 10% in one

position, it is considered a preferred residue.
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8. The next step is to evaluate the performance of the proposed scoring matrices. There are
different approaches, here an approach from Di Marco et dg4 is used for nonamer
peptides. A 5fold cross-validation was performed. All peptides identified in step 2a were
randomly split into 5 same sized groups. Four folds are used to generate a scoring matrix
(step 2a to 7), which is subsequently used to identify the ligands in the fifth fold. Clustered
peptides matching to the HA-C*01:02 motif were defined as true positives and the
remaining peptides as true negatives. ROC curve analysis was performed using GraphPad
Prism (version 6.00; La Jolla California USA) in 5% steps from 0 to 100% of the maximal
possible score of the matix. Figure 3 indicates the specificity and selectivity of the
developed matrix. Based on the HLA motifs generated so far, a recommended AUC of 0.8
and higher should be achieved. Other methods to verify the reliability is using decoy
peptides 171 or testing the ability to predict the identified peptides from their source

protein sequence as shown iA72,
9. If the matrix performs poorly, the clusters have been to unspecific, and should be purified

using a further clustering step. MHC class | molecules have clear anchors, which should

enable a stringent epitope prediction.
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Figure 5: Summary of the most frequent known MHC motifs from primary tissue visualized
using Seq2Logo 2.0168, Black, aliphatic residues; green, hydrophilic residues; blue, basic residues;

red, acidic residues.
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45 Notes
1.

For a brief review of strategies for the isolation of MH@gands andthe protocol for
immunoaffinity purification of MHC class | ligands used for the example at hand, see
Gpurification and identification of naturally presented MHC class | and Il ligands A U
Nelde et al173in this issue. Usually the following step should be a filtering as described

in Note 2 to identify the MHC ligands with a motif and exclude contaminants.

To validate MHC class | derived peptides they kia to be veffied for several criteria.

The peptides should have an appropriate length for MHC ligands. It is suggested to use
only peptides with 8-12 amino acids for HLA class | and-25 amino acids for HLA class

Il. Secondly, the occurrence of specifio@no acids d the Gterminal position (which
always serves as an anchor position in MHC class | restricted peptides) has to be
evaluated. MHC class | ligands usually do not possess glycine, serine, or acidic amino
acids in the Cterminal position. Furthermore, peptides derived from known
contaminations or artefacts have to be excludedr4. Depending on the tissue origin
usually 60-100% of the isolated peptides are MHC ligands after a proper

immunoaffinity purification of MHC class | derived peptides.

To identify the different motifs of the MHC allotypes, sufficient ligands of every
allotype have to be eluted, which is mostly ensured only for H:-A and B. Secondly,
the clusters will be identified if the motifs have strong differences in the anchor
positions. In case of missig motifs, the peptides identified in each cluster should be
repeatedly clustered independently to identify, whether similar motifs have been
merged and are separated in a second clustering. HI& molecules are lower
expressed than HLAA and -B and therefore lead to less isolated peptides. Hence,
enough peptides have to be isolated first. After the first clustering the remaining
peptides should be excluded from HLAA and-B ligands and clustered independently

again.

Amino acids are usually grouped accordigto their chemical properties and size. Such
grouping may vary between MHC ligand pools of different allotypes. For example,
aspartic acid and glutamic acid are often grouped together. However, there are several
cases where only one of these amino acids acceptedm an anchor position (e.g. HLA
B*49 majorly allows glutamic acid in position 2). Sometimes even amino acids with
considerably different properties may occupy the very same anchor position. For

example, in HLAB*13:02 glutamine and leucine constute the P2 anchor position.
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In this example GibbsCluster 2.0 was used to enable an unbiased clustering of MHC
ligands and no knowledge about the HLA allotype of the sample is required. Knowing
the MHC alleles of the samples, MHC ligands can be simplgritified using tools such

as SYFPEITHI (http://www.syfpeithi.de/index.html) and NetMHC
(http://www.cbs.dtu.dk/services/NetMHCpan/). Here peptide lists can be entered
directly into the web application after selection of epitope prediction in SYFPEITHI or
peptide in type of input in NetMHC. Having more bioinformatical skills FRED2 and
MixMHCpred 171 can be implemented, which provide additional benefits. FRED 2
enables a prediction of the best fitting MHC motif for a peptide based on e.g. all MHC
provided in SYPEITHI and NetMHC. Recently, MixMHCpred enabled a high
deconvolution of 78% of HLA allotypes in 50 HLA ligandomes including rare HLA types
like HLA-B*56:01 171,
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5 An innovative approachfor HLA typing, molecular tumor testing
and the validation of tumor exclusive antigens

5.1 Graphical abstract

Peptide
identification
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5.2 Abstract

The immunopeptidome,representing all human leukocyte antigen (HLA) presented peptides, is
the key for adgptive immunity . Each pesented peptide holdsan abundance of information not yet
well understood. Up to nowthe scientific focus has beeon the definition of pathogenic or tumor-
derived epitopes and the deconvolution of HLA peptide motifs of the entireimunopeptidome.
Here we go one step further and assess the properties of individual peptides to identify defined
HLA allotype-specific and frequently presentedpeptides. Such allotypic peptides represent a
versatile tool to determine HLA allotypes or serve as internal standardfor characterization of
cancer antigens and differentially processed antigeng:inally, individual tissue- and dignity-
specific antigens were defined, and the latter were successfully implemented for molecular tumor

testing.

Using mass spectrometrybased mmunopeptidomics a databasewas generatedconsisting of
~900 HLA-typed samples. The identified allotypic peptides enablecdh HLA class | allotype
determination, which was 95% correct in our in-house dataset and 98% in an externalataset.
These abundant pepides were implemented as internal standard for a semguantitative
investigation of established tumorantigens andantigens processedlifferentially in malignant and
benign tissue. Defined dignityspecific antigensallowed 87% correct tumor detection across

numerous tumor types.

In summary, we describe a machine learning approach for mining immunopeptidomic data
order to develop aclassificationmethod, allowing to differentiate HLAclass Fallotypes of a sample
or to distinguish between healthy and mabnant state of tissues.Furthermore, based on tlis
method, we developeda procedure for the validation of tumor exclusive antigensOur results
support the classification ofimmunopeptidomic data sets using machine learning andighlight

their potential utility for biomarker development.

5.3 Introduction

The immunopeptidome comprises avast number and diversity of human lewocyte antigen
presented peptides (ligands)providing T cells insights into inter- and intracellular processes.The
ligands are constantly modulated by cellular metabolism, including gene expression,
transcription, translation, posttranslational modifications, and antigen processing and
presentation!17.119.176  |n the HLA class | pathway, itracellular proteins are enzymatically
degraded by the proteasome and resulting peptides are transported into the endoplasmic
reticulum (ER) via the transporter associated with antigernprocessing (TAP) protein complex. In
the ER peptidescanbind to HLA chss | molecules andire transported to the cell surface, where

CD8+ T cells caninteract and recognize these HLA-peptide complexes.Such meptides are manly
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presented onthe classical HLA molecules HLA-A, HLAB and HLAC. HLAA and HLA-B are most

abundant, whereasHLA-Crepresentsonly about 10% of the classical HLA moleculess.

Each HLA allotype has different peptidepreferenceswhich lead to a vat and diverse peptide
presentation in each individual. HLA class | metules present short peptides of 8.2 amino acids
(AA) length. The peptidespresentedby an allotypecan besummarized in a peptide motifs. Amino
acids occurring with increased frequency at a defined position of the peptide sequence were
identified and designated & anchors®s. For the distinct HLA allelesvarious genetic associations
with disease susceptibility have been establisheds4177z179, Besides genetic associationslso
pathogentderived T cell epitopes presented on infected cells have been discoverf various
HLA allotypes and an array of immunogenic epitopes is available 1802182, |n cancer many
endogenous tumorspecific peptides 14315718187 gnd mutation-derived peptides have been
identified and provento be immunogenic 124.18&190, Such mmunogenic presented peptidesnay

also berecognizedby T cells incase of arautoimmune diseaselo?,

Today, immunopeptidomic approaches are increasingly used and the application is widely
diversified. The knowledge of HLA peptide motifs has enabled epitope prediction with a high
sensitivity and reliable specificity 6569.154.167.192 Stijll, current predictions are lacking in
discrimination of peptides derived from HLAmoleculeswith similar peptide motifs. Inferring the
HLA allotype ofa patient based onHLA-presented peptides has so far not been possible in an

automated manner.

In this study we identified allotype-specific peptides for the most frequent HLAclass lallotypes
to enable peptidebased HLAclass lallotyping. In addition, allotypic peptides were implemented
as internal standard to clarify whether established tumor antigens are presented exclusively in
tumors and whether certain antigens are diffeentially processed in tumorscompared tobenign
tissue. Finally, we applied the machine learningtrategy to investigate, whether it is possible to

distinguish between tumor and benign tissue on the basis of the immpeptidome.

5.4 Materials and Methods

54.1Tissue samples and cell lines

Immediately after surgery, mtient derived primary tissues from histologically confirmed non-
malignanttissuesamples, tumorsamplesandtissuefrom adjacentsiteswere snap-frozen in liquid
nitrogen and stored at-80°C.In Chapter 5these sample types will be referred to as benign,
malignant, and adjacent benign and are summarized by the term dignitieBrom every patient,
written informed consent was obtainedin accordancewith the Declaration of Helsinkias well as
local laws and regulations. Polymerase chain reactio (PCR-basedHLA typings of cell lines and

tumor samples were carried out at the Department of Hematology and Oncology, University of

62



TlUbingen, GermanyThe samples werecollected by many different employees of the Department

of Immunology, Tubingen, for about the last tegears.

5.4.2 Cell lines, transfectionand selection

Data frommonoallelic cells were retrieved from Abelinet al. 126, Di Marcoet al.154 and in-house
analyzed C1R cells. Hmouse generatedC1R cells were transfected and selected gseviously
described 154, cultured up to an amount of at least 1®cells and harvested by centrifugation at
1500 rpm for 15 min at 4 COAfter two washing steps with cold PBS, cells were collected and frozen
at -80°C.The immunopeptidome analysis of the irhouse generated C1R cells was carried out by

many different employees of the Department of Immunology, Tubingen.

5.4.3 Isolation of HLA ligands by immunoaffinity purification

HLA class | molecules were isolated using standard immunoaffinitgurification as previously
described 137, using the panrHLA class ¥specific monoclonalantibody W6/32 145 (produced in-
house)to extract HLA ligands. The obtained peptide solutions were stored at-20 Cantil analysis

by liquid chromatographyztandem mass spectrometry(LGMS/MS).
5.4.4 Analysis of HLA ligands by L&AS/MS

Peptides were separated by nanoflow higiperformance liquid chromatography (nanoUHPLC,
UltiMate 3000 RSLCnano, Dionex) and subsequently analyzed in one of twelime coupled mass
spectrometers, either an Orbitrap Fusion Lumosor LTQ Orbitrap XL both Thermo Fisher

Scientific) using data-dependent acquisition (DDA)as previously described!1s,

5.45 Database search, spectral annotiin

The acquired LEMS/MS data vas processed against the human proteome included in the Swiss
Prot database (http://www.uniprot.org, September, 2013; containing 20,279 reviewed potein
sequences) applying the SequestHT algorithm4é with Proteome Discoverersoftware (version
1.3 and 1.4,Thermo Fisher Scientifig. Precursor mass tolerance was set to ppm, product ions
mass tolerance was set to 0.Ba (LTQ Orbitrap XL)/0.02 Da (Obitrap Fusion Lumos) and
oxidized methionine was allowed as the only dynamic modification. Percolatd¢’-assisted false
discovery rate (FDR) calculation was set at a target value 050.05 (5% FDR). Peptide lendtwas
limited to 8712 AA.

5.4.6 Classification with random forest

We chose the random forest machine learning classification algorithm using thdefault
parametrization (ntree =100; Mtry =10) of the R Statistical Computing aftware (v.2.5.0)
package randomForest (v4.6). In al0-fold cross-validation this parametrization was determined
to achieve reliable accuracy (AUCHere, the principle ofthe random forest decision tree is that
the leaves at the top represent class lats (HLA positive or negative) and branches represent

conjunctions of features HLAODAAE £ZA DPADPOEAA OANOAT AAOQ8 4EA
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by the chosen branches, FAAEAAO OEA 1 OO0OPOOIT T EHUOKBA | H0RPIEG&GH EAAOE
were considered) The leaes between the root and the tree top represent the weighted prediots
(peptides) that decide about the best split of branche®3. The random forest analgis inChapter 5

was arried out by Gizem Giuler and Leon Bichmann.

5.4.7 Experimental designand statistical rationale

Peptide lists of every sample were exported from Proteom®iscoverer and summarized with
sample ID, dignity, tissue type and HLA allotypen the opensource database SQLiteRandom
Forest classification and AUC calculations were performedsing R In order to determine the
parameters - number of samples,percentage of allotypepositive samples andpercentage of
allotype restriction (Table 1) - peptides were exportedas csv filefrom the SQLiteand the
parameters determined using Microsoft ExcelPearson correlation andunpaired t-tests were as

well calculatedusing Microsoft Excel

5.4.8 Generation d an immunopeptidome tissue database

To obtain maximal biological diversity and robustness, alatabasewas generated containinghe
immunopeptidomes of humanprimary tissues and cell lines covering various organs frorhenign,
adjacent benign, and malignant tissues from various donors, tissues, andtumor entities
(SupplementalFigure S1 and S2)The database contains peptide data of samples that have been
analyzed from many different employees of the Department of Immunology, Tubingen, for about
the last ten years.The database was primarily ompiled and maintained by Ana MarcuFor HLA
class I, this databasecomprised 1,237 different patient or cell line samples containing392
different HLA-typed tissues and103 HLA-typed human cell lines(all samples were at least twe
digit HLA-typed (2-d-DB)) with a total of 333,431 peptides derived from 18,624 source proteins
(only unique protein annotations considered) SupplementalFigure Sldepictsthe distribution of
samples across different tissuesThe samples in the database includetatal of 19 different HLA-

A, 28 HLAB and 14 HLAC allotypeson two-digit level (Supplemental Figure S3j. Several
publications have emerged from tiis immunopeptidome database with partially deposited data

in online repositories 143.157.18%187

Additional 28 in-house analyzed samples, not included in the database, and ten additional samples

from the literature 192 were used to test the HLA typing based on HLpresented peptides.

5.4.9 Geneation of four-digit peptide frequency tables for HLAA, B and C

All four-digit typed samples from the generated database {d4-DB), containing 498 samples, were
used to generate tablesor HLA-A, B and GSupplemental Figure S3)These tabledist eachpeptide
frequency for each HLAA, B and C allotype in the 4i-DB and enablethe determination of the

parametersdescribed in table 1 The tables were createdn collaboration with Jonas Scheid.
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Comparing the HLA allele frequency of thdour-digit typed samples (allotype | 5%) with theallele
frequency net database!94 (04.2020; German pop 8n=39,689) the frequenciesin both cohorts
correlate to 97% (Supplemental Table S|

5.4.10 Data availability

The mass spectrometry data have beerdeposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.org) via the PRIDE?5® partner repository with the
datasetidentifier PXD009531for the HLA-C and G positive monoallét cell lines A summary of
the monoallelic samples technical replicatesand MS RAW files iprovided in Supplemental Table
2.

5.5 Results

5.5.1 Higher peptide frequency increases reliabilityof peptide identification

First, we investigatedwhether a larger database with multiple peptide identifications increases
the reliability of the identified peptide sequence and minimizes L&AIS/MS artefacts. In our
generated immunopeptidome database hie majority of sampleswas analyzedin three technicd
LCGMS/MS replicates. Using HLAB*15:01-transfected C1R cellswe could verify that three
technical replicatesof  of the total eluted peptides suffice to characterize most identifiable
peptides (Supplemental Figure S4; 8%+2% novel peptides in the thirdeplicate). The analysis of
30 replicates ¢hree biological x ten technicalreplicates) revealsthat a large part of the peptides
(26%) was only found in one replicate (Supplemental FigureS). A comparison of the gvalue and
x-Corr of the peptidesfound in one or 30 replicates clearly shows that the minimal false discovery
rate at which theidentification is considered correct and goodness of fit of experimental peptide
fragments to theoretical spectra is significantly better in the latteSupplemental Figure S5) In
order to avoid measurement and processing artefacts, onlyeptides sequenad in | 5 samples
were selectedfor the database analysis (except for differential antigen processin§upplemental
Figure S3).

5.5.2 Characteristics of HLApresented peptides

In the next step, weinvestigated how many of the HLAA, B and C presented pemtes are
exclusively restricted to the respective HLAallotype and how many are shared by several
allotypes. Wecompared ligandseluted from monoallelic HLA-transfected C1R cells (iternal and
external data to cover more allotypeg with the 4-d-tables (see Materials and Methods) We
determined all HLA ligands of the transfected alleleworkflow in Supplemental Figure S6) and

mapped these ligands to the 4l-tables (Figure 1, peptide sequences in Supplementdlable S3).
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Figure 1: Peptides, HLA ligands and mapped ligands of monoallelic cell lines. The total number
of peptides identified, the peptides matching to each HLA peptide motif and the peptides mapped to

the 4-d-DBof the internal (in) and external (ex) monoallelic celtge indicated.

The peptide mdifs of the mappedligands matched the known peptide motifs of the respective
HLA allotypes(Supplemental Figure 3). Most presented peptides of HLA-B*35:03 and C*04:01
endogenously expressedin C1R were removed. Regarding the peptide length distribution,
nonamerswere preferred for most allotypes. Only in the case of HL-B*52:01 the octamersdid
predominate andalsoHLA-B*51:01 had a high proportion of 31% octamers (Supplemental Figure
xV).

We were able to determine theoarameters in Table Ifor the mappedligands. Theaverage number
of samples on which ligands eluted from one allotype were foun@imean number of samples,
Figure 2), the average percentage of these samples thatere positive for this allotype
(mean%allotype positive samples, Figure 3) andhe difference of this percentage between the

allotype with highest percentageand the secondhighest (mean %eallotype restriction, Figure 4).

Table 1: Parameters to assess the peptide relevance in the immunopeptidome. Paramder and

equation used for calcul@on.

Parameter Feature

Number of samples 1 Number of samples presenting the peptide and positive for

the allotype

Percent of allotype positive samples of all peptide

presenting samples

%allotype restriction 1 Difference of the specificity from the most specific to the
second most specific allotype

=

%allotype positive samples

When considering the parameters, we wanted to examine not only the average of all mapped

ligands, but also explicitly thetop ten peptides for each allotype and parameter. This allow
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determine whether low values for a parameter of the mapped ligands ah HLA allotype are valid

for all peptides or whether individual peptidesare presentedthat achieve higher values.

e Mappedligands m Top 10 e Mappedligands = Top 10 e Mappedligands m Top 10
o 4004 o 4004 o 400+
[ o @
5 5 g
3004 } 300 4 300 4
5 § ; 5 ] 5 ] { }
P w“ i
° 2004 2 200- ° 200- ]
5 § & 5
a a "B | } 8 i
E 1004 I E 4004 { E 1004
= £ =
[ =] c s
s Wt HHI;H EEREEEEE 33333222 522288!
= = =
o*' N e'* e-* &r oS o e *’ \“ a"' Gl e"' e-"' '\“ '\“ \<‘ S S S G SSRGS S
b olle
S »;5‘6"»“ fsé" S S S eSS, @@@«Q
© v‘-’@ "'vfp q, & Q’h“& #;" & 6@ q?i" o“c.“o“ Q”Q:"OQ Q?’QQ @'Q ALY

Figure 2: Average number of ligand positive samples. The meannumber of samples on which
ligands eluted from one allotypef the internal (in) and external (ex) monoallelic cellwere
identified for HLAA, B and C allotype$he overall number of mapped ligands was considered as well

as theten peptides with the highst number of ligand positive samples per allotyfEop 10).
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Figure 3: Average percentage of allotype positive samples. The meanpercentage of allotype
positive samples on which ligands eluted from one allotygfethe internal (in) and external (ex)
monodlelic cellswere found for HLAA, B and C allotype¥heoverall number of mapped ligands was
considered as well as then peptides with the highest number of ligand positive samples per allotype
(Top 10).
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Figure 4: Average allotype restriction . Themeanallotype restriction is indicating the difference

of the mean %allotype positive samples of the best fitting and the next highest allotype for the ligands
eluted from one allotypef the internal (in) and external (ex) monoallelic celisr HLAA, B aad C

The overall number of mapped ligands was considered as well agegh@eptides with the highest

number of ligand positive samples per allotyg€op 10).

Despite the largedisparities in the allotype frequency in the database, the differences betwedine
mapped ligands of the allotypes appea&d to be rather small regarding the three analyzed
parameters. However, deviations between allotypes wereobserved particularly in the top ten

peptides.

The averagenumber of samplesof the topten peptides wasconsistent with the allotype frequency
in the database The top ten peptides of HLAA*02 and -B*15 were identified in most samples
However, thiswas not the case with HLAC. Against expectationHLA-C*07 dd not stand out This
was probably due to fewerHLA-C molecules on the surfageesulting in a lower number of eluted
peptides that can only be identified with sensitive LEMS/MS, especially in larger samples or

samples with high peptide presentation.

For the mean %eallotype positive samplesthere were less differences between the topten scores
An exception were the subtype$iLA-A*02:07, C*03:03and C*17:01 which dd not present highly
specific peptides.Most of the HLA-A*02:07 presented peptides were also detected in A*02:01
positive samples ManyHLA-C*03:03 presented peptides were alsadentified on C*03:04 The
HLA-C*17:01 presented peptideshad a peptide motif that resembles several allotypes such as
C*02:02 C*03:03/04,C*12:03and C*16:01

Concerning the %sallotype restriction, HLA-A*02:07, C*03:03 ad C*17:01 still reached high
percentages. This is due to the calculation in Table @&gmparing the best allotype with highest
%allotype-positive samples with the second best allotypén thesecasesthe %allotype restriction
is still high becausehe peptides of HLA-A*02:07 are also presented om*02:01, the peptides of
C*03:03 also presented orC*03:04 andthe peptides ofC*17:01also presentedon the allotypes
C*02:02,C*0304,C*12:03and C*16:01 In contrastto the top ten, themean%allotype restriction
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of the total number of mappedligands varied greatly. HLA-A*01, A*02, B*15 and B*51 mapped
peptides were the most allotype-restricted. In general, he selected HLAA allotypes, except HLA
A*02:07, seened to have the mostallotype-specific peptides. For HLA-B the overall peptide

specificity was lower, especially for HLAB*52:01 and B*58:01. In case of HL.& the peptides

seenmedto be poorly specific

5.5.2.1 Characteristics of allotype classification pepdies

In order to identify allotypic peptides, which enable a classification oHLA allotypes, we applied
the random forest (RF) algorithm to the 2d-DB (as described in the method section)The
calculated area under the curve (AUC) for each allotypavas detrmined to estimate the
performance of the trained RF model using the 21-DBand ledto an AUC90% (mean AUC: HLA
A=95% £ 5%, HLAB=94% * 8%, HLAC=93% +8%; maximal AUC: HLAA*01 =96% + 3%

We determined the most weighted predictorgfor the allotypes - the 20 top ranking classification
peptides (Top20_CP)- to investigate whether the top peptides for the classificationwere
rationally reasonable {Top20 CP ist provided in Supplemental TableS3) and, compared to the
ligands eluted from monoallelic cells, have above average valuewar to the top ten values
depicted in Figure 24. An alignment of the Top20 CHRgenerated from the 2d-DB) with the 4-d-
tables (generatedfrom the 4-d-DB) revealed that the Top20_CMad a high consensus osample
frequency (number of peptide positive samples)specificity (%allotype positive sampleg and
restriction (%allotype positive samples) for the respective allotype as depictured for each
individual peptide in SupplementalFigure ®-11. Similar to the monoallelic cells, the C*17 allotype

was outstanding with poorly specific and restricted classification peptides

A closer look at the peptide motifs of th&op20 CRiemonstratedthat the peptides of most HLA
A and B ha homogeneous peptide motifs and match the known motifs of the allotypes
(Supplemental Figure S2). In the case of all HLAC, exceptfor C*01, *05, *14 and *16,there was
arelevant contamination of peptides with motifs matding other HLA allotypes. Thisvas mainly
related to the linkage disequilibrium. For an overview of alleles that could be inherited via a
possible HLA linkage diequilibrium, a heat map for HLA with more than five positive samples in
the 4-d-DBwas createdat two-digit level, showing howfrequently the combination of two alleles
occur in a sample of the 4-DB. When comparing the alleles, the allele frequencie$the German
population (allele frequency net database 194, 04.2020; German pop 8 n=39,689) were
subtracted from the calculatedfrequency, resulting in the linked alleles(Supplemental Figure
S13). Most HLA-Cwere coexpressed with other HLAB alleles on the sampledpr example inthe
form of peptideshaving a HLAB*07 motif in the Top20_CP of HLA*07.
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5.5.2.2 Characteristics of allotype classification peptides excludingnkage disequilibrium

To further characterize the top 20 allotypic peptides from each HLA, allgptide contaminants of
linkage disequilibrium were removed.Amongall RF predicted peptides, the 20 peptides with the
highest RF scoref all peptidesmatching the peptide motif of the allotypewere determined using
GibbsCluster2.0 167 or the peptides eluted from monoallelic transfected cell linegas described in
Supplemental Figure SH. The top 20 allotypeassociated peptides devoid of peptide motifs
characteristic for other allotypes, will be referred to as Top20associated peptidesTop20_AP,
Top20 AP Istis provided in Supplemental Table 8). Especially in the aseof HLA-C*07,C*08 and
C*17 the Top20_AP, matching th@eptide motifs, were distributed in the RF ranking from the first
to the thousandth position. All linkage disequilibrium derived peptide contaminations in the
Top20_CP peptide motifs weresuccessfuly removed in the filtering to the Top20 AP
(Supplemental Figure Sh).

The peptide length distribution ofthe Top20_APRwassimilar to that of C1R cells. In some allotypes
a higher proportion of octamers as in HLAB*52 or deca and undecaners as in B*35was found

besides the typical nonamerswhich matches the literature?™ (Supplemental Figure S#).

An analysis of protein abundance and protein turnover by overlapping Top20_CP aA& source
proteins with proteome studies of Hela cells!?5 demonstrates that the proteins cover the entire
range of protein abundance and protein turnover of cytoplasmic proteis (Supplemental Figure
S17). A closer look at the UniProt keyword annotations of the source proteins of the Top20_AP
resulted in 69% cytoplasm annotations, but also57% nucleus (Supplemental Figure S&,;
completedata in Supplemental Table &). About 20% ofthe source proteinswereinvolved in host-

virus interaction.

5.5.3 Allotypic peptides implemented forHLA allotyping

In order to test whether a simpleHLA typing based on theTop20 peptides is possible and can
provide comparable results to the RRyping, HLA-classifications of 28 internally (17 malignant

tumors, 5 adjacent benign and6 benign samples and ten externally analyzed malignant

samplesi®¢ (processed as described in the methods sectiprwere performed using the RF

algorithm, Top20_CP and\P. The cutoff was a minimum of three peptides of th&op20 peptides

per allotype that have to be identified.Two internal samples contaired allotypes not considered

in the training data set (HLA-A*66 and B*47), asthere were less than ten positive samples

available (Supplemental Table S5)

HLA allotyping at peptide level using the RF algorithm enabled the correct pyng of over 80% of
the allotypes in theinternal and external data set with a maximum of 3% mistyped alleles
(Table 2). Typing of more than sixallotypeswas rare and the greatest limitation was the absence

of almost 20% of the allotypesSurprisingly, allotyping using the Top20_CP reduakthe missing
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alleles to a maximum of 5%. At the expense ddlse typing and overtyping, over 95% of the
allotypes in the data setscould be typed correctly (98% in the external dataset) The Top20_ AP
could not keep up with the Top20_CP in typing.

Table 2: HLAallotyping performance. HLA allotypingat the peptide level using the RF algorithm,
Top20_CP and AP. A summary of all correct, fatdesing,and overtyped allotypes of the 38 novel

internal and external samples is given.

Allotyping Dataset Correct False Missing Overtyping
Internal 83% 3% 17% 2%
RF Internal# 81% 2% 18% 2%
External 83% 2% 15% 0%
Internal 96% 10% 3% 9%
Top20_CP Internal# 95% 11% 5% 10%
External 98% 13% 2% 13%
Internal 94% 21% 5% 19%
Top20_AP  Internal# 93% 23% 7% 20%
External 95% 17% 5% 17%

#containing HLA allotypes not considered in the RF training, Top20_CP or AP

When consideringall allotypes per samplethe overtyping of the Top20_CP seeed to result in no
more correctly typed samples compared to the RF algorithrfTable 3).

Table 3: Sample typing performance . HLA allotypingof each sample at the peptide level using the
RF algorithm, Top20_CP and AP. A summary obialcorrect and false typed HLAllotypesper

sample of the 38 novel internal and external samples is given.

False allotype

Allotyping Dataset 0 1 2 >2
RE Internal# 52% 31% 21% 17%
External 60% 20% 0% 20%
Internal# 59% 10% 17% 14%
Top20_CP
External 40% 30% 30% 0%
Internal# 10% 55% 14% 21%
Top20_AP
External 30% 30% 20% 20%

#containing HLA allotypes not considered in the RF training, Top20_CP or AP

An advantage olusing the Top20_CRvas that the typing ould be subjectively improved. If more
than two allotypes per HLA locuswere suggestedand the allotype with the fewest peptides from
the respective Top20 CP listwas omitted, four samples of the internal (AML1, Mngl,
MaCal and 2)and external (CD165, Mel1215 and 16) data setwere typed without error. Thus

72% of the internal and 80% of the external samples would be typed without errorslhe three
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most challenging samples (CLL1; Mngl and Sarclwere tumor samples in which too many
additional allotypes were suggested. A more precise examination of thedlotyping of the alleles in
the different dignities (benign, adjacent benign, malignanexclusionof allotypes not considered
in the RF training) showed that the overtyping occurred mainly intumor samples(16% of the

malignant samples; Table 4)

Table 4: HLA allotyping performance per dignity. HLA allotypingat the peptide level using the
RF algorithm, Top20_CP and AP feemples ofach dignity(benign, adjacent benign and malignant
tissug. A summary ofll correct, falsemissing,and overtyped allotypesf samplesof each dignity of

the 28 novel internal samples is given. The samples with infredqudLA, not considered in the RF

training, are excluded.

Dignity Dataset Correct False Missing  Overtyping

Benign Internal 89% 0% 8% 0%
Adjacent Internal 100% 0% 0% 0%
Malignant Internal 98% 17% 2% 16%

Overtyping occured mainly at higher peptide numbes (Figure 5D) and thus led mainly to
incorrect annotations (Figure 5B). These false annotations involvednainly additional allotypes
with similar motifs . In case ofTIL1 the incorrect HLA-C*12 and C*16were suggested, whose
motifs have similarities to HLAA*02 and are therefore likely to present Top20_ GR*02 peptides
in small quantities. This effect is expected to occur during kdepth measurements with large
sample quantities and sensitive mass spectrometergsulting in a high peptide yield. The correct
typing of allotypes per sample seenad to be lessinfluenced by peptide rumbers, as well as the
proportion of missing allotypes (Figure 5A and C).Among the missing HLA, C*07 was most
frequently missing. HLACwas probably most challengingto type, due to te significantly lower
expression and associated reducedumber of HLA-C peptides 154, HLA allotypesnot considered
during the training of the RFalgorithm were not typed at all.In this case, the deciphering of the
peptide motifs in the sample as shown 65192 canprovide further indications whether an allele is
missing or the sample is homozygousThere were no typing difficulties with the homozygous
samples. If overtyping should occur, the excess HLallotype most likely has significantly less
Top20_@than the correct HLA.
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Figure 5: Visualized HLA allotyping performance. HLA allotypingat the peptide level using the
Top20_CP. A visualization of all correct (A), false (B), missing (C) and overtyped (D) allotypeshof e
sampleof the 28 novel internal samples is given. The two samples with HLA not considered in the RF

training are excluded.

In case of thanfrequent HLAallotypesthat were not includedin RFtraining, top lists were created
from in-house data For these allotypesat leasta prioritization based on the peptide frequency on
HLA positive samples and the motif wagperformed (Supplemental Figure 3$9; TopX lists in
Supplemental TableS6). If an unknown allotype is suspected, a comparisowith the TopX

peptides of theinfrequent HLA can be performed after typing using Top20_CP.

5.5.4 Allotypic peptides for application as inernal standard

Due to the high immunopeptidone diversity and low abundance ofHLA ligands, it is difficult to
reliably identify peptides that can be used as internal standards to compare different samples.
Here we evaluated the Top20_CP and AP sgitable unlabeled internal standards.Based on
peptides eluted from a JY cell batcanalyzedin 18 replicates overtwo weeks(as described int16),
the technical influence on theTop20 peptide identification and unlabeled semiquantification was
investigated (Supplemental Figire SDA and B) In a comparison of two replicates each, there was
a>90% overlap for the Top20_CP andd\P (Supplemental Figure SRC). The area of the peptides

overlapping in all 18 replicates, as compared to two replicatedjad a low relative standard
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deviation (%RSD of 8% in the Top20_CPn(=33) and 10% in the Top20_ AFRn =41) and across
all 18 replicates the %RSD was stik20% (Supplemental Figure S@D).

Measuring a replicate of peptides eluted froma JY celbatch (batch production described int16)
every two months, we were also able to determine a reliable identification of peptides from the
top 20 pools over a period of ongrear (the JY ell batches were analyzed from Annika Nelde, Ana
Marcu and Jens Bauer)The peptide abundance of the pool peptides fluctuatesimilarly to the
total peptides (Supplemental Figure S2A and B) Many of the peptides from the Top20_CP and
AP pool were highly abundant in the immunopeptidome Supplemental Figure S2C and D. In
comparison to the sum of peptideareas per replicate, which had a Pearson correlation of 100%
between the total peptidesand the Top20_CP and AP, the peptide overlap of thep20 CP and\P
between the replicateswas significantly higher compared to the total peptidegSupplemental
Figure S2A). Almost one third of the total peptides (28%)was only found on one replicate
(Supplemental Figure S2C). For the peptides from the Tp20 pools, however, thiswas only 7%.
The majority of the pool peptides were found in alsevenreplicates (Top20_CR=71%, AP=67%)
while only 22% of the total peptides were found in all replicatesln terms of retention time, the
Top20 peptides shoved less variation in RTcompared tothe total peptides(Supplemental Figure
S22B). In contrast to the total peptides, the Top20 pool peptidesseemed to beaeliable candidates

in the immunopeptidome.

5.5.4.1 Investigation of diffgential antigen processing andumor exclusive peptides using
allotypic peptides

Numerous factors influence protein metabolism from synthesis through antigen processing to
antigen presentation, which modulate the pool of presented peptides For thesereasonsit is
difficult to determine whether peptides are actually not presented at all or onlyn low numbers.

In order to investigate whether peptides are presented exclusively or modulated in tumors,
malignant and adjacent benign tissues were examinefthe peptide data of all malignant ad
adjacent benign tissues described in chapter 5.5.4.1 and the mentioned supplemental figures were
derived from the internal database described in chapter 54 To identify peptides modulated in
tumors, resulting from differential antigen processing (DAP), the top five single transcript
proteins (STP)were selected which were most frequently identified viaa tumor-specific peptide
and an additional peptide identified on healthy samples(Supplemental Figure S3). In addition,
we selectedthe top STP with the reverse casewhich was mostfrequently identified via a benign-
specificpeptide andadditional peptides found on malignant samplesBy usingSTFs (downloaded
from ensembl.org, November, 2016), influences prior to antigen processing should bealmost
precluded with few remaining influences such as proteasomal splicing?. The allotypic peptides
will be used to determine the respective tumor and adjacent benign sample size so that the

differentially processed peptides in both samplesould be comparedIn addition, we searched for
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establishedtumor-associated peptides (TUMAS) in our samples The allotypic peptides should
be analyzed to ensure theTUMAPswould have been identified in ajgacent benign tissue if the

peptides had been presated in the same proportions.

We investigatedexemplarily the samples of five donors and examined thBAP in four samples
(colorectal cancer non-small-cell lung carcinomaand renal cell carcinoma | and tlIFigure 6;
Supplemental Figure S2 and S&, 27) and the TUMAP presentation in threesamples ¢olorectal
cancer, non-small-cell lung carcinoma and gastric cancer; Figure 6, Supplemental Figure4sand
25).

In the colorectal cancer sample and the respeet adjacent benignsample, the TUMAP
VWSDVTPLTF anthe peptide YGGLIFNSY, probably generated by DARre presented tumor-
exclusively (Figure 6A). In comparison to the areas of the Top20_CP, the two peptides were
presented poorly (Figure 6B). Nevertheless, there were peptides of the Top20_CP in the tumor
sample which were presented in lower quantities and also found in the adjacent benign sample.
Therefore, it could be assumed that the peptidawvould have been detected ithey were presented

to the same extent or slightly less in the adjacent benign samplien case of the STBsteoclast
stimulating factor 1 (OSTF) the peptides seemed to have a similar ratio of the mean area in the
adjacent benign and tumor tissue which might indicate a similaprocessing Figure 6C). In
contrast, the STRytochrome ¢ oxidase subunit 2(MT-CO2 seems to be processed differentially
in the colorectal cancer samm@. Despite the larger tumor sample according to Top20_CP, the
peptide LPIEAPIRM was found in smaller ammts in the tumor and the peptide YGGLIFNSY was
exclusively identified in the tumor. There seened to be no downregulation of HLA class |

moleculeson the tumor (Figure 6D).
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Figure 6: TUMAPs and DAP in colorectal cancer and adjacent benign tissue.Area d the
identified TUMAP (VWSDVTPLTF), STP (@02 and OSTF1) piges and the Top20_CP of each
replicate (total replicates: r=4) in the adjacent benignand malignant sample (A). Individual

peptide area of the TUMAP, STP peptides and Top20_CP (B). Ratio of the mean area of the peptides
in the adjacent benigrand malignant sample(C). The proportion of the allotypspecific Top20_CP

in the malignant and adjacent benign sampl®y.
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Similar to the case ofcolorectal cancer also for thenon-small-cell lung carcinomaand gastric
cancersample it could be shown that the TMAPs are most likely presented tumotexclusively.
Compared to allotypic peptides, TUMAPSs are presented less alantly (Supplemental Figure S2
and SX).

With regard to differential antigen processing, a similar processing of the STP of ferritin light chmai
(FTL) in both dignities seems to take place in the case of the neamall-cell lung carcinoma sample
(Supplemental Figure S21). In the renal cell carcinoma | and Il samples, however, a differential
processing of the proteins STPs MTO2 and armadillo repat-containing Xlinked protein 1
(ARMCX1) seems to take plad&upplemental Figure S8 and SZ).

In cases wherea peptide is only found in a few replicates such as KVLEYVIKV (Supplementary
Figure SX) or only a few replicates have been measured, no reliabhssumptionis possible.For
example, in the case othe non-small-cell lung carcinoma (Supplemental Figure S2) the
sensitivity of the mass spectrometricDDA method does not allova statement whether the peptide

is presented at all on adjacent benigntissue. Since onlytwo replicates of this sample were
analyzedand our LTQ Orbitrap XL has a recovery rate of about 6084th a 5% FDR198, there still
remains a small probability of about 20% that the TUMARvas existing in the adjacent benign

samplebut not detected.

The inhomogeneous Top20_CP ratios between the adjacent ben@nd tumor tissues in FiguresB
and Supplemental Figure S2-27B display the multiple factors impacing the immunopeptidome
and influendng the peptide presentation of each peptide differently. Here, the Top20_CP should
be used summarized (as in Figur6éCand Supplemental Figure S2, 26 and 27C) to assess the size
of the immunopeptidome of each tissuekor the STP derived peptideshowever, there should be
lessdifference in presentation compared b the Top20_CP as they derive from the same protein,
which originates from one single transcript. Thereseemedto be no downregulation of HLA class

I on the tumor tissues (Figure 6C,Supplemental Figure S2, 26, 27D and 5C). Besides the
biological influences, additional mass spectrometer and data processing deeid effectswere
possible as assessed in Supplemental Figure(®2 The Top20_CP serve as internal standard to
estimate the size of the immunopeptidome and cover the detectable area range. Nevertlsslea
spike-in of synthetically labelled peptides and targeed methods are the gold standard to
investigate peptide quantities via LGMS/MS

5.5.5 Identification of dignity and tissue classification antigens

In addition to HLA classification based on pepties, RF haalso been successfully used toassify
the dignity (benign or malignant) of the samples in the database and additionally identify tissue
specific proteins presented in the immunopeptidome. Since tumor transformation is a

multifaceted process hat proceeds differently in each tumorigenesis, benign rather than
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malignant was used for classificatiorand dignity distinction. Toidentify tissue-specific proteins,

only benign samples fromtumor -free donors were used.

The dignity classification was caried out at both peptide and source protein level and the AUCs
of the classification of the 2d-DB were slightly betterfor the latter (Supplemental Figure S8A).
The AUGwas probably higher because the peptide restriction héiless influence on proteins han
on thepresented peptides and thus there was an improved classification of samples with different
HLA-presented peptides but shared source proteing-or a closer look into theindividual source
proteins of the Top_20benign classificationpeptides (Top20_BCPep)as well as Top20benign
classification proteins (Top20_BCPro) the number of benign samples positive for the
peptides/proteins and the percentage of benign sampleamong the peptidéprotein positive
samples were analyzed (Supplemental Figure 8B and C).The Top20 indicated high sample
coverage and the peptide and protein positive samplesere on average69% and 6% benign

samples

To provide simple Top20 listswhich can be used for simple dignitydetermination and to partially
bypass the HLA Hotype restriction, the criteria of the Top20 BCRo protein lists for benignity
were used to create Top20 listghat were at least 65% positive forbenign (Top20_BPro) and
malignant (Top20_MPro) samplesand have a high sample frequencySupplemental Figue S28B
and C). The Top20_Lists are provided in Supplemental Tabl8.2\n analysis ofthe Top20_ BCPep
source proteins, Top20 BCPrq Top20_BPro and Top20_MPrannotated UniProt keywords and
disease annotations from the GAD datasé&® did not present conspicuous tumor annotations for
the benignTop20, buttheTop20_MProdid havetumor -associated annotations for both categories
(Supplemental kgure 29).

Toidentify tissue specific proteins only benignsamples fromMarcu et al.183 were used. The HLA
restriction was partially circumvented by classification using the peptide source proteins instead
of the peptides.High AUCs could be achieved using RF thatre comparable to the previously
obtained AUCgor HLA and dignity classification(mean AUC: tissues 92% + 11%; maximal AUC:
adrenal gland=94% + 9%; minimal AUC: Mamma 76% + 23%). A closer look at theUniProt
keyword and disease annotationf the Top20 source proteins danonstrated that many of the
annotations matched the respectivetissue functions as depictured for the most annotated tissues
liver, muscle, adrenal gland and kidney (Supplemental Figure S8, disease and keyword

annotations in SupplementalTable S).

5.5.5.1 Molecular tumor testing based on dignity classification antigens

After the promising HLA-classifications we also aimed to investigate a dignity classificatiopased

on the immunopeptidome.Due to theideaof typing the ®enignitydof the tissue, the tyjing should

be applicable to all tumor typesUsing the RF algorithm based on thpeptides of ourdatabase it
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was possible to perform a more than 83% correct dignitydsting on the 28 internal test samples,
covering more than ten tumor types (Supplemental Table $). 94% of the tumor samples were
correctly classified and one tumor sample wasalsely assignedoenign. In contrast, only 50% of
the six benign samples were correctly typed asenign. A larger database, with more dférent

tumor types and benign tisues, should significantly improveesting.

A tumor testing using Top20_BCPro should theoretically allow a gooiksting with more than
three identified proteins, as thesewere found on average in 65% of the healthy sampledn
practice, however, up to seve of the proteinswere found on thetumor samples and a cubff of
7-10 proteins led to the best result of 87% correctly typed samples (Supplementalable S7;
Top20_ BCPro cubff=10 proteins). The use of Top20 BPro and Ppa@0_MPro provides an
additional parameter for tumor testing. In most tumor samples almost all Top20_MPravere
located and thelowest were 13 proteins. However, many of the Top20_MProould also be found
on the benign samples,which may be attributable tothe disproportionately high number of blood
and bone marrowtumorsin the databaseand much lessenignblood and bone marrow samples.
A cut-off with a ratio Top20_BPro/Top20_MPro of 0.4.8 led to the bestlassification with 87%
correct samples. When usig the Top20_MPro, care should bdaken, especially with
haematological samples, as benign samplemight be often classified as tumor samples
(SupplementalTable S7; Top20_BPro/Top20_MPro cubff = 0.8). Interestingly, the mean value of
the ratios from Top20_BPro/Top20_MPro for the adjaceinbenign samples with 0.25 0.18 was
between the tumor samples with 0.11+ 0.12 and thebenignsamples 0.56+ 0.40 and with the cut

off 0.8 all would have been classified as malignant.

5.6 Discussion

Theimmunopeptidome has been studied for almost three ecades It harbors ample information
and will enable versatile future applications2%. Nevertheless, we have only understood a fraction
of the information potentially contained in the immunopeptidome. Machine learning enables
deciphering the great diversity of the immunopeptidome to identify individual antigens that
enableassessmentsaabout the HLAallotypes, tissue dignity or tissue origin. The primary goal of
this present study was the identification of allotypic peptides that allow HLAclassification. The

approach also turned out to be suitable to assign tissue dignity

First, we confirmed that the approach to determine peptides with the highest possible sample
frequency leads to relable identifications. Assessment ofrue ligands of monoallelic cell lines
revealedthat most of theseligands are not specific fora distinct HLA allotype but are present on
several allotypes.This supports the concept of grouping HLA &itypes according to the anchor
specificities of the peptide motifs in sugrtypes 154201202 However, there are highly specific

peptides for each allotypeln the consideredmonoallelic cell lines the HLAA presented peptides
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were the most allotype-restricted peptides. The HLAC presented peptides, on the other hand,
seemed to be poorly restricted to each HLA molecule HLA-A*01, A*02, B*15 and B*51 mapped
peptides were the mostallotypically restricted, which might be explained by their relatively

unigue motifs and the high molecule count on the surface compared to HIG\

To reliably determine which peptides are highly specific andidentified on most respective
samples, a largedatabase was generated covearg many HLA allotypes across differenttissues.
The RF algorithm enabled usto identify those HLApresented peptideswith highest specificty
and frequercy for HLA allotype assignment.The top 20 peptidesof each allotype found on many
samples,are very specific and restricted except for HLAC*17. The RF aorithm consideredthe
linkage disequilibrium and thus achieved optimal HLAclassification at the peptide level.
Assessing thetop 20 proposed peptides of the algorithmwhich were unaffected by linkage
disequilibrium and fit the motif of the respective HLA we discovered that these peptides are
derived from proteins distributed over the entire range of protein quantities and protein
degradation rates in the cytoplasmThese poteins represent the most common protein functions

in the cytosol, andsome ae also involved in hostvirus interactions.

The HLA allotyping using individual peptides enables a good HLAclassification based on the RF
algorithm, trained with the entire database In addition, using merely the top 20 proposed
peptides per allotype (Top20_@) lead tosuccessful classificationsA manual dlotyping based on
the Top20_CRnablesan additional subjective assessment of the proposed allotypes and can even
improve the typing. An interesting observation wasa frequent overtyping of tumor samples wih
additional allotypes.One possible explanation could be the increased peptide presentationtime
tumor samples So far, there was no simple tool available to eliably identify the allotype after
immunopeptidomic analysis, except oPCRtyping of additional donor tissue or extensive dataset

comparisons .g9.MixMHCpred192), which can now easily be doe using the Top20_CP.

In addition to allotyping, the Top20_CPwere also suitable as aninternal standard and
outperformed the total peptides in semi-quantitative estimation of the "size" of the
immunopeptidome. This allows a comparison of tweseparate samples with different presented
peptide numbers. In this way, it is possible to determinevhether acertain peptide is indeed tumor
exclusive and to ensure that the peptide did not remain unidentified due to a smaller sample of
surrounding benign tissue.In addition, it can be investigated whether the source protein was
differentially processed in the tumor compared to the surrounding benign tissueTo date, semi
guantitative analyses haveusually consideredthe total amount of peptides as a comparative
value53.186, However, the allotypic peptides might be a better reference ademonstrated in this
study. The search or a reliable internal standard is an important prerequisite to ensure the

comparability and robustness of immunopeptidomic analyss and is especially relevant for
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promising applications such as quantitative immunopeptidomic$4.203, So far, protocols exist for
the validation of LCMS/MS kased immunopeptidomics pipelines according tgharmaceutical
good manufacturing practicef GMP)for peptide identification 116. Nevertheless, there is currently
no method validation available for (semi-)quantitative immunopeptidomics, in which allotypic

peptides mightbecomean important tool as internal standard.

Allotypic peptides are a tool for a variety of applications, many of ch are sure to be foundin
this paper, presented gplications are HLA allotypingor the use asnternal standard for unlabeled
semi-quantitative experiments. Further implementations include quality control in HLA-peptide
monomer refolding or, as previowsly used,negative control inimmunogenicity assays?04, or to

generate monomers forUV-mediated ligand exchangetss,

Besidesthe determination of allotypic peptides, our RF pipeline also proved successful in the
identification of tissue- and dignity-specific antigens. Using the RF algorithpirained with the
entire database effectively the dignity (benign or malignant) of samples could be determined on
protein level as well as by typing based osolely the top 20 benign and malignant associated
antigens. The extensive peptide diversity in \arious tissues and the high sensitivity of mass
spectrometry highlight the potential use of immunopeptidomic for antigen classification and

biomarker diagnosticsfor cancer testing and further disease°s.206,

In this study, we have demonstrated which conclusions are possible by means of the
immunopeptidome, based on a large database combined with ditial intelligence. With even
larger databases, more reliable and robuststimations will be possible. In future it might become
feasible to classify individual tumor entities or different diseases We have compiled top20 lists
that anyone can perform HIA-classification and molecular tumor testing of immunopeptidomic
data without a database. Itvasalso shown how the combination of subjective evaluation with the
proposed results of machine leaming could even improve testing. However, with a larger
database, we assumeaubjective evaluation will be dispensable soonln future, machine learning
might revolutionize and improve clinical diagnostics, precision treatments and health
monitoring 297. The immunopeptidome, with itssubstantial diversity and detailed immunological
information, which can be structured andmade comprehensible with the help of artificial

intelligence, hasthe potential to become an important part of it.
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5.8 Supplementary data
5.8.1 SupplementaryTables

Supplemental Table S1: HLA allele frequency.Comparison of the HLA allele frequency of the four
AECEO OUPAA OAIDPIAO jAI 117 OUPA H Geomed pop BOe Al 1 A

frequencies of HLA\, B and C correlate 97% each (Pearson correlation).

Allele frequency

HLA 4-d-DB Germany
A*01:01 13% 15%
A*02:01 28% 27%
A*03:01 16% 15%
A*11:01 7% 6%
A*24:02 11% 10%
B*07:02 12% 12%
B*08:01 9% 10%
B*15:01 7% 6%
B*18:01 7% 5%
B*35:01 8% 6%
B*40:01 6% 5%
B*44:02 9% 7%
B*51:01 9% 6%
C*01:02 5% 4%
C*02:02 6% 5%
C*03:03 5% 5%
C*03:04 9% 7%
C*04.01 15% 13%
C*05:01 7% 6%
C*06:02 9% 10%
C*07:01 14% 15%
C*07:02 14% 13%
C*12:03 7% 6%
Pearson correlation 97%
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Supplemental Table S2 Monoallelic cells. Summary of the monoallelic samples, technical
replicates and MS RAW files

Cell line | Transfected HLA Technical Raw file name
replicates

CiR A*02:01 8 C1R-A02_msms1-8
CiR A*24:02 3 C1R-A2402_msms1-3
CiR A*32:01 5 C1R-A3201_msms1-5
CiR B*15:01 3x10 C1R-B1501_msms1-3_1-10
CiR B*52:01 5 C1R-A5201_msms1-5
CiR B*58:01 5 C1R-A5801_msms1-5
CiR C*01:02 5 EClK0102éms-iik 13
CiR C*02:02 5 6C1lK0202¢émslhs 7
CiR C*03:03 5 6C1l1K0303¢é msbms 1
CiR C*03:04 5 ClRE0304émsB6 31
CiR C*04:01 5 Cl1RKE0401émsihs 7
CiR C*05:01 5 éCl1RE0501éms-iick 13
CiR C*06:02 5 EClRE0602éms-2x 18
CiR C*07:01 5 EC1lE0701émsdAs 41
CiR C*07:02 5 EClFE0702éms-Bis 47
CiR C*08:02 5 éCl1R0802éms-iik 13
CiR C*12:03 5 ECRC1203éms-26 23
CiR C*14:02 5 C1lK1402¢émslhs 5
CiR C*15:02 5 ECl1502éms2x 25
CiR C*16:01 5 EClK1601éms2& 19
CiR C*17:01 5 EClK1701émsB8k 31
CiR G*01:01 5 6C1lK0101é mslms 7

Supplemental Table S3: Mapped ligands from monoallelic cell lines and Top20
peptide/protein lists. List of peptide sequences, which weéselated, clustered, and mapped to the
4-d-DB from the irhouse analyzed and unpublished monoallelic cell linBammary of generated
HLA speific Top20_CP and AP, tissue specifop20_TissuePro and dignity specific Top20_BCPro,
Bpro and MPro lists.

Supplemental Table S8 attached externally.
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Supplemental Table S4: Disease GAD and UniProt keyword annotations.Summary of all Top20
(Top20_A°, BCPro, BPro, MPro, TissuePmisease GAD and UniProt keyword annotations
(Top20_AP: only source proteins of peptides witf protein annotations were considered). Disease
annotations and functional UniProt keyword annotations were obtained using DBV

david.ncifcrf.gov.
SupplementalTable 3 is attached externally.

Supplemental Table S5: Novel samples forHLA allotyping verification. Summary of the ovel
28 samplesanalyzed inrhouse and 10 samples from the literature, not included in the database,

which were used to test the HL#ping based on peptides.
Supplemental Table%is attached externally.

Supplemental Table S6: Infrequent allotypes. Summary of generated HLA specific TopX peptide
lists not included in RF. For infrequehtLA ,a prioritization based on the frequency of the pide on
HLA positive samples and the peptide motif was performed. The number of overlaps was reduced

until at least a Top20 list was reached (except for HCAL8).
Supplemental Table &is attached externally.

Supplemental Table S7: Novel samples for molecular tumor testing verification. Summary of
the novel 28 samples analyzed-imouse, not included in the databaswhich were used to test the

dignity-typing (malignant or benign)based on peptides.

Supplemental Table Bis attached externally.
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5.8.2 SupplementaryFigures

400

[ Malignant
300 B Benign

200

100

Number of samples

Supplemental Figure S1: Primary tissue and cell line database. The immunopeptidome
database contained benign and malignant primasamplesfrom 36 different tissues from various

donors and cell lines.
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Supplemental Figure S2: Number of HLA positive samples in the database. The

immunopeptidome database covered 1#fdrent HLAA, 28 HLAB and 14 HLAC allotypes on twe
digit level.
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Number of HLA-A

A*01:01 A*02:01 A*03:01 typed peptide
presenting samples
ITDSAGHILY 75% 26% 13% 121/498
RPSGPGPEL 15% 41% 30% 113/498
FAAGYNVKF 24% 64% 19% . 421498

Number of samples
Number of peptide positive HLA-A, B or C typed samples
ITDSAGHILY: 121 (HLA-A)

Number of HLA-B
B*07:02 B*14:02  B*15:01 typed peptide

presenting samples %allotype positive samples

Percentage of peptide and allotype positive samples
ITDSAGHILY  18% 4% 5% 119/498 - +  ITDSAGHILY: 81 (HLA-A*01:01) + 121 (HLA-A) = 75% (HLA-A*01:01)

RPSGPGPEL 70% 4% 4% - 113/498
FAAGYNVKF 9% 2% 4% 46/498

%allotype restriction
Difference between the %allotype positive samples of the first and second
maximum allotypes (allotypes of similar HLA locus) for the peptide
ITDSAGHILY: 75% (HLA-A*01:01) — 26% (HLA-A*02:01) = 4%

Number of HLA-C

C*01:02  C*02:02 C*03:03 typed peptide
presenting samples
ITDSAGHILY 4% 13% 6% 112/498
RPSGPGPEL 5% 6% 2% 103/498
FAAGYNVKF 5% 90% 5% 40/498

Supplemental Figure S3: 4-digit HLA-A, B and C tablesThe 4digit typed samples were used to
genegate tables of the peptide frequencies for each HAAB and C allotype psample in the 4d-DB
and the total number of peptide positive samples in the DB (homozygous HLA allotypes weresdount
as one allotype per sample). The frequency tables were usedetermine the parameters mean
number of samples, mean %positive samplesianean %allotype restrictionExemplarily, these
three parameters were determined for the peptide ITDSAGHILY using theAltable.

2000 Il Total peptides Novel peptides

1500
10001
500
0- T T T T T T T T T T
Yy Vv > O () © A £ &) \/0

Number of technical replicates

Number of peptides

Supplemental Figure S4: Novel peptides per repicate. Three HLAB*15:01 transfected C1R
samples were analyzed in ten replicates on the LO@itrap XL LEMS/MS system. The total number
of peptides and the novel peptides per replicate are indicatéli HLAB*15:01 peptide extractions

were carried outby Merd Beyer.
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Supplemental Figure S5: Peptide overlap and quality per replicate. Three HLAB*15:01
transfected C1R samples were analyzed in ten replicates on the LTQ Orbitrap-XISIMIS system.
The peptide overlap after eacteplicate and the peptide mtif, QValue and xCorr of all peptides
found in one or thirty replicates are indicated\ll HLAB*15:01 peptide extractions were carried out
by Meret Beyer
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C1R presented peptides (total peptides)

N\
AT

AL

Gibbs clustering of peptides with similar motif

HLA-A*24:02

Alignment of the peptide sequences with the 4-digit database (mapped ligands)

Supplemental Figure S6: Isolation and mapping of HLA ligands. Using Gibbs clustering, all
peptides matching the motif of the transfected HLA were isolated and subsequently aligned to the
peptides in the 41-DB.
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A*01:01 A*24:02 A*68:02 B*51:01 C*02:02
external external external external internal
A*02:01 A*24:02 . B*15:01 B*52:01 : C*03:03 : E
internal internal | internal internal internal LA
F §2st2
A9
A*02:01 A*29:02 B*35:01 |, B*57:01 |, i C*03:04
external external external | - external " internal
. R = ‘;‘- * ‘- = IEC
A*02:07 |, A*31:01 |, B*44:02 B*58:01 c*04:01 |,
external external external internal internal |
A*03:01 A*32:01 B*44:03 C*01:02 C*05:01
external internal external internal internal

C*06:02 C*14:02

internal internal

c*07:01 C*15:02

internal internal

C*07:02 C*16:01

internal internal

C*08:02 C*17:01

internal internal

C*12:03 G*01:01 |,

internal internal . 14
R
AT 3

Supplemental Figure S7: Peptide motifs of mapped ligands from monoallelic cell lines. Peptide
motifs of peptides from the internal ard external monoallek cell lines which wereisolated,

clustered and mapped to the-4-DB.
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Allotype Length Yo Allotype Length Yo Allotype Length Yo Allotype Length Yo

8| 3 8 0 sl 6 sl 14
A0101 o N 54 B4402 ol s B5801 o [ 3 €0702 o
external 10 31 external 10 . 34 internal 1ol 8 internal 1ol 6
111 9 110 11 111 7 11] 5
12| 2 12| 2 121 7 121 6
8| 1 8 0 sl 8 sl 16
AD201 o I 5 B4403 ol s3 c0102 o > €0802 e
external 10N 14 external 1o . 35 internal 10l 14 internal 1ol 7
11 10 1] 9 1] 4 1] 3
12| 1 12| 2 12| 2 12 1
8 0 sl 31 sl 5 gl 6
AD207 o IS B5101 o I 62 €0202 o [N—" c1203 o .2
external 10l 6 external 10l 5 internal 10l 9 internal 10l 5
11] 5 11| 2 11] 5 11| 4
12 1 12 1 12] 4 12| 2
8| 1 8| 2 sl 7 sl 14
A0301 o 55 B5701 o N 57 C0303 o [I—" c1402 A —
external 10 25 external o 26 internal 10l 7 internal 108 10
110 17 10 13 11] 3 111 5
12| 3 12| 1 12| 1 12| 3
8] 1 8| 2 sl 9 sl 7
A2402 o s AD201 o [N 5 0304 o [N 4 €1502 o GG
external 10l 15 internal 10l 15 internal 1ol 9 internal 10| 2
111 6 111 8 111 5 11| 2
12| 1 12 1 12| 3 12| 2
8 0 8| 3 s 20 sl 14
A2902 o= |, o —Eo ..., o T o0 o 72
external 10 . 14 internal 10 . 12 internal 10 I 6 internal 10 I 6
11| 3 1] 4 11| 2 11] 5
12| 1 12| 1 12| 1 12| 3
8| 2 8 0 sl 16 sl 14
A3101 ol 40 A3201 o [N e €0501 o [I——1 c1701 ol 40
external 10 19 internal 100 1 internal 10l 8 internal 10N 14
1110 26 10 11 111 5 10 14
12| 3 12] 2 12| 1 121l 10
8 0 sl 8 sl 7
26802 o s .o, o2 ... o T
external 10 . 16 internal 10 . 15 internal 10' 2
1] 6 1] 4 11| 1
12| 2 12| 1 12| 4
8| 2 sl 54 sl 10
B3501 o [0 B5201 ol 44 co701 o 70
external 10l 16 internal 10] 2 internal 10l 7
10 9 1 0 1| 5
12| 2 12 0 121 8

Supplemental Figure S8: Length distribution of mapped ligands from monoallelic cell lines.
Length distribution of peptidesfrom the internal and external monoadllic cell lines which were

isolated, clusteredand mapped to the-4-DB.
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Supplemental Figure S10: Percentage of allotype positive samples of Top20 CP and AP
Percentage of allotype positive samplés 4-d-DB) from the samples on whicleach individual
peptide from the Top20_Cand AP of each allotypeasidentified for HLAA, B and C allotypes.
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Supplemental Figure S11: Allotype restriction of Top20_CP and AP Allotype restriction is

indicating the difference of the mean %allotype positive samples of the best fitting andhthe

highest allotypefor each individual peptide ofhe Top20_ CP and AP of each allotype for HL/AB

and C.
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A*01 A*24 A*31 B*07 5PE - B*18
20 peptides 20 peptides 20 peptides 20 peptides | g . = 20 peptides
x
A*02 A*25 A*32 B*08 B*27
20 peptides 20 peptides 20 peptides 20 peptides 20 peptides
A*03 A*26 A*33 B*13 . B*35
i
18 peptides 20 peptides 20 peptides 20 peptides | ° 19 peptides
A1 A*29 A*68 B*14 B*37
H
19 peptides 20 peptides 20 peptides 20 peptides 20 peptides
A*23 A*30 A*69 B*15 o 22 B*38
19 peptides 14 peptides 13 peptides 20 peptides | . fap § 19 peptides
B*39 B*50 B*58 c*05 c*14
18 peptides 20 peptides 17 peptides 19 peptides 20 peptides
B*40 B*51 c*01 c*06 Cc*15
20 peptides 19 peptides 20 peptides 17 peptides 18 peptides
B*41 B*52 Cc*02 c*07 ) c*16
i,
18 peptides 19 peptides 19 peptides 14 peptides 20 peptides
B*44 B*55 c*03 c*08 Cc*17
8 H
20 peptides 20 peptides 16 peptides 19 peptides ' 17 peptides
B*49 B*57 c*04 c*12
19 peptides 20 peptides 18 peptides 20 peptides

Supplemental Figure S12: Peptide motifs of the Top20_CP for each HLAPeptide motifs
generated fromthe Top20_CP for each allotype. Duethe linkage disequilibriumHLA-C peptide
motifs contain contaminating peptidesvith motifs matching other HLA allotypegexcept forC*01,
*05, *14 and *19.
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Supplemental Figure S13: Linkage disequilibrium of the alleles in the 4 -d-DB. Heat map for
HLA wih more than five positive samples in theddDB at two-digit level, indicating how frequently
the combination of two alleles occun a sample of the 4l DB. The allele frequencies of the German
population (allelefrequencies.net: German pop 8, 04.2020)yavsubtracted from the calculated
frequency, resulting in the linked allelel the samples of the-d-DB, especially HL& allelesare

frequently presentin combination with HLAB allelesThe heatmap was created by Jonas Scheid.
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