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PREFACE ANPUBLICATIONS

1. PREFACE

Thisthesisgives an overview ovethe projectsl had the pleasure to work on during the years of my
PhD thesisFurthermore,| aim to providean insightinto the rapidly developing field of mass
spectrometrybased immunopeptidomics andcEltbased immunotherapy approachdscusing on
leukemia patients.Obviously, this thesisan only summarize angresentthe main projectsand
outcomes of my work at th®epartment of ImmunologyBeside the projects within thBepartment

of Immunology at the University of Tubingamd the Department of Hematology and Oncology at
the University Hospital TUbingdnalso had the opportunity to work together with several other

outstanding researches in nw@rous cooperation projects.
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SUMMARY

3. SUMMARY

With the development and clinical success of immunheckpoint inhibitors, Tellbased
immunotherapyhas been revolutionizedTherefore in recent yearspecial emphasis was placed on
the identification of the target structures of the axtimor T-cell response These target structures
are represented bytumor-associatedr tumor-specificantigens presented on the surface of tumor
cellsvia human leukocyte antigen (HLAjolecules Further, thetremendous evolvindield of mass
spectrometry enabks nowadaysthe direct identification of naturally presented HLUi#yandsfrom
primary human samples undreamt depth This thesisaims toprovide an insight into therapidly
developing field of mass spectrometipased immunopeptidomicsand the development of

T-celkbasedimmunotherapeutic approachdsr leukemia patients

For chroniclymphocyticleukemia (CLLYur groupcharacterized tumoassociated antigenswhich

are associated with improved survivalrhis antigen panel isurrently investigated in a firstin-man
multicentric clinical phase Il study (IVV@CLO1NCT028029430f patientindividualized pepte
vaccination in CLL patientdowever, CLL is associated with a profound immune defect, which could
hamper the clinical success of-céltbased immunotherapy. Therefore, theombination of
antigenspecific Tcelkbased immunotherapy with immunomodulatory drugs such as lenalidomide
represents a promisingpproachto overcane this immune defect. In the first part of this thegis
therefore performed a longitudinal study rothe influence and effectof lenalidomide on the
immunopeptidome of primary CLL cells. Mass spectroreased profiling identified only minor
effects on HLAestricted peptide presentation and confirmed stable preseittatof the previously
described Cl:-Bssociated antigens under lenalidomide treatmentherefore, lenalidomide was
validated as suitable combination partmdor tailored Fceltbased immunotherapeutic approachis
CLlLpatients

In the second and third part of this thesise applied a mass spectromethyased approach to
identify naturally presented, Hk#estricted chronic myeloid leukemia (CMignd acute myeloid
leukemia (AMLassociated peptides, respectively. Thereforge utilized a compaative profiling
approachusing a comprehensive dataset of different benign tissuesr AMI. we furthermore
mapped the immunopeptidome agnrichedleukemic progenitor cells (LPCs) and defiaeditional
LPGassociated antigendNotably, we were also able to identify mutatiorderived neoepitopes in
primary AML sample$unctional characterization revealed spontaneotll responses againgie
novel identified CME and AMLassociated peptides in patient samples and their ability to induce
multifunctional and cytotoxic antigespecific T cellsThese antigengare thus prime candidates for

T-celkbased immunotherapeutic approaché&s CML and AML patients
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4. USAMMENFASSUNG

Mit der Entwicklung und dem Klinischen Erfolg der Immuncheckgaimbitoren hat die Zelt
basierte Immuntherapieeine Revolution erlebt In den letzten Jahrenrickte deshalb die
Identifizierung der Zielstrukturen der ArfumorT-Zellantworen immer weiter in den FokusDie®
Zielstrukturensind Tumor-assoziierte odeffumor-spezifische Antigene, die auf der Oberflache von
Tumorzellen Uber humankeukaytenantigeng HLAYrasentiert werdenZudemermaglicht das sich
enorm entwickelndeFeld der Massenspektrometrieeute die direkte Identifizierung von natiich
prasentierten HLA.igandenaus humanen Priméarprobein ungeahnter TiefeDieseArbeit soll einen
Einblick in das Gebiet déftassenspektrometridasierten Immumpeptidomik und indie Entwicklung

T-Zeltbasierte immuntherapeutischeAnsatzerfir Leukamiepatientergeben

Fur die chronischymphatische Leukdmie (CLLdentifizierte unsere Gruppelumor-assoziierte
Antigene, die mitverbessertemUberlebenassoziiertsind. Diese Antigenwerden derzeit in einer
ersten multizentrischen klinischen Pha$&tudie ((VACLLOL, NCT02802942)s patienten
individuelle Peptidimpfung bei CHRatienten untersucht. Die CLL ist jedoch durch einen umfassen
den Immundefektgekennzeichnetder den klinischen Erfolg derZEltbasierten Immuntherapie
beeintrachtigen kénnte. Die Kombination dantigen-spezifischen “Eeltbasierten Immuntherapie
mit immunmodulatorischen Medikamenten wie Lenalidomid stellt daher einen vielverbprelen
Ansdz zur Uberwidung dieses Immundefektes dain einer longitudinalen Verlaufsstudie
untersuchten wir deshalbden Einflussron Lenalidomid auf das Immpeptidom von primaren CEL
Zellen.Die Massespektrometriebasierte Untersuchung zeigteur geringe Ausirkungen auf die
HLArestringierte Peptidprasentation und bestatigte die stabile Prasentation der beschriebenen CLL
assoziierten Antigene unter Lenalidomidbehandlun§o konnte Lenalidomidals geeigneter

Kombinationpartner fur die TZeltbasierte Immuntlerapie bei CLIPatienten validiert werden

Fir die chronisch myeloische Leukamie (CML) urdie akute myeloische Leuk&amie (AML)
identifizierten wir mittels Massenspektrometribasierter Analyse und dem Vergleich mit einem
umfassenden Datensatz gesunder Gbwaatirlich prasenierte, HLArestringierte CML: und AML-
assoziierte Peptidd=ur die AML analysienewir aulRerdemdas Immurpeptidom vonangereicherten
leuk&mischenVorlaufezellen um Vorlauferzelassoziierte Antigeneu definieren Des Weiteren
konnten wir zusatzlichMutations-abgeleitete Neoepitope in primaren AMRroben identifizieren.
Mittels funktioneller Charakterisierunglieser neudefinierten Antigene konnten spontane Zelt
Antworten in Patientenprobensowie die Induktionmultifunktionaler und zytotoxische Antigen
spezifische T-Zellen nachgewiesen werden Diese Antigenestellen somit vielversprechende

Kandidaten fur %Zeltbasierte immuntherapeutische AnséatreCML- und AML:-Patientendar.
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5. INTRODUCTION

5.1. HEMATOLOGIGALIGNANCIES

Hematologic malignancies comprise all types of neoplastic diseases of hematopoietic and lymphatic
tissuesincludingleukemiaandlymphoma. The ternteukemiais derived from the Greek wordsukos

and heimareferring to the massive accumulatiaf leukocytes in the blood of leukemia patients.

Leukemia was first described as a malignant disease in the middle of theehfury, as physicians
becameaware that leukocytosis can occur in the absence of infectiébn5 dz§ G2 t | dz 9 KN
development of a cell staining method that allows distinction of blood &elis, different types of

leukemia were first classified and distinguisleabToday, leukemia islassified into four major

types¢ acute lymphoblastic leukemia (ALL), acute myeloid leukemia (AML), chronic lymphocytic
leukemia (CLL&and chronic myeloid leukemia (CML), as well as a number of less common types. The

main clinicaland pathological differences between these four types are their progression rates
(chronic versus acuteps well as the cell tygefrom which they originate and develop (myeloid

versus lymphoid). Chronic leukemias are characterized by the accumulatielatdfely mature but

still abnormal leukocytes over a long period of time. In contrast, immature precursor cells proliferate

and accumulate rapidly in acute leukemfas{ A y OS t I dzf 9 KNI AOKQa RAa02@S!
decades, our understanding of theathogenesis and biology of hematologic malignancies, and
particularlyleukemia, has changed dramaticallyhis advanced knowledgediad to significant and

impressive advances in diagnosisd treatment options,as well asclinical outcomes opatients

suffering fromthese malignancies

5.1.1. CHRONIC LYMPHOCYHGKEMIA

The Bcell malignancyCLLis characterized by the accumulation of small, mature, monoclonal CD5
Blymphocytes in the blood, bone marrow, and secondary lymphoid tissGésis the most common
leukemia in adults® andis diagnosed especially in eldepgtientswith a median age at diagnosis of
70 years The Syear survival rate of 4 is relativey high compared tacute leukemiasDepending
on the mutational status of themmunoglobulin heawghain variable region gen¢GHY, two main
subtypes of CLL can be classified and distinguishedGHi¥mutational status reflectshe stage of
B-cell differentiation from which the malignant cloreiginates CLL cells with mutatelfsHVhave
already undergone differentiatiorwith somatic hypermutation of their immunoglobulim the
germinalcenters Typcally, patients with unmutatedGHVtypically suffer from a more aggressive
disease then patients with mutatetGHV* *° BesidesIGHV which does not contribute to the
malignant transformationthe mutational landscapefaCLL comprises relatively few chromosomal

alterations or somatic mutations. The most common chromosomal alterations include deletions in

6
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the chromosomed1, 13 and 17 as well as trisomy 19Furthermore, several somatic mutatiois
genes such a$P53 MYD88 and NOTCHwere identified within the last years; howevatistind

mutationsare mainly not vergommon****

For clinicaklassification two different systemsthe Rai and the Binet classditon ¢ are normaly
applied. In the United Stateghe Rai staging system is more commonly used, while in Europe
physicians utilized mainly the Binet classification. Both systems define low, intermediate, and high

risk groups:**°

CLL diseasgrogresss very slowly and most oftepatients are asymptomatic at the time of
diagnosis Therefore therapy is solely recommended at disease progression or ater
development of first symptom¥. In the last years, the treatment landscape for CLL patients
underwent remarkable progress and became more and n@itespecific Now standard of care for
most patients includes chemotherapy in combinatieith anti-CD20 antibodiege.g. rituximab or
obinutuzumab)or the bruton tyrosine kinase inhibitor ibrutiniis single agent’ Neverthekss, these
treatment options are still not curativeshow significant relapse rates, and are not always well
tolerated by the patients. Therefore, basic scientific research and preclinical and clinical trials are
ongoing, especially focusing on combinattberapies'® with the aim to further improve the overall

outcome andultimately achieve a permanent cure for these patients.

5.1.2. CHRONIC MYELOID LBEUKE

CMLis a myeloproliferative disorder characterized by the balanced genetic translocation between
chromosomes 9 and 22, the salled Philadelphia chromosome, resulting in the fusion of the
Abelson murine leukemigiral oncogene homolog (ABL) gene with thebreakpoint cluster region
(BCRgene' As a result of this translocation the constitutively active fusion oncoprotein/ARIR a
tyrosine kinase, is expresseBeveral different breakpoints have been identifiashgrating different
transcripts, termed for example b3a2, b2a2, ela2, or el9a2. Depending on the junction site the
resulting fusion proteins are named p210, which is the most common form, p190, or*pZ&e.
expression of this oncoprotein was identified as the primary cafsthe diseasé’ ** BCRABL
promotes growth and replication of the malignant cells through activation of downstri&hP
kinasepathwayssignaling througlRas Raf, Myc, and SAT Thisenabksa cytokineindependent cell
cycle and proliferation of the CML ceffg®

In less than a decade, the prognosis of CMLdhéfsed from a lifethreatening disease to a disorder
that is compatible with a normal lifespan by a simpifelong oral medication. This advance was
accomplished by the discovery ofrosine kinase inhibitors (TKIs), whitdrget and inhibit the
BCRABLfusion protein Thisdevelopment has ledo the achievement of durable cytogenetideep
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molecular remissions and an impressive improvement in the prognosis of CML pétiSinise the
introduction ofthe first TKlimatinib in 2000, the annual mortalitygf CML patients has decreased
dramatically from 1@ 20% toonly 1 ¢ 2%?® Therefore, TKIs are now the fidgte treatment for CML
patients with fiveavailableapproved TKI&* Since this therapgan have significant side effects and
prolonged therapy further increasebe risk of developing drug resistance or tolerajité several
clinical trials are investigatindiscontinuation of TKI therapy in patients with stable deep molecular
response’® *” However,since only a few patients are able to permanently stop TKI therapy without
suffering from molecular relap&®®’ lifelong TKI therapy remains the standard of care for most CML
patients. Therefore further research and development ofinically effective therapeutic approaches
with minor side effectsare needed to allow more patients to permanently stop TKI treatment

without suffering from relapse and to achieve high cure rates in.CML

5.1.3. ACUTE MYELOID LEUKEMI

AMLis a heterogeneous disease of myeloid precursoharacterized by the rapid and uncontrolled
proliferation and accumulation of clonal, undifferentiated myeloid blasts in the bone marrow and
blood of patients® ** AML is the most common acute leukemia in adults with a medianca@8
yearsat diagnosisand onethird of patientsbeingolder than 75 year§? With a 5year survival rate

of 28%, the prognosis and lorigrm survival of AML patientstill remainsexceptionallypoor with

high relapse rate$:

The classificatioof AML in several subgroups was originally performed by the FrAntérican

British (FAB) system, which divides AML into eight subtypes, MO through M7, based on the cell type
the leukemiaarises fromand its degree of maturatioff: ** This descriptive classification without any
clinical relevance was replaced by the classification of the World Health Organization (WHO) in 2008
(Table 1), which influences clinical management, prognosis, taedapy! Furthermore, the
European LeukemiaNet (ELN) also classified different AML subdfotip&ccording tothe WHO
definition, AML is diagnosed Ilye presence ofk20% blasts in the bone marrow or peripheral blood
Further, hdependent of the blas count, the identification of distinct recurrent cytogenetic
abnormalities such as translocations or mutatiatetermines the diagnosis of AM? %’ Since the

first WHO classification in 2008, several advances and developments in the identification of novel
biomarkerswere made largelydue to increased availability gfene expression analyses anext

generation sequencing approachealling for the continuous revision of this classificatidn.
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Tablel: WHO classification of AML and related precursor neoplasm

AML with recurrent genetic abnormalities

AML with translocations between chromosome 8 and 21 t(8;21)(q22;922) RUNX1/RUNX1T!
inv(16)(p13.1922) or

AML with inversions or internal translocations in chromosome 16 1(16:16)(p13.1:022) CBFB/MYH11
APL with translocations between chromosome 15 and 17 t(15;17)(g22;921) PML/RARA
AML with translocations between chromosome 9 and 11 t(9;11)(p22;923) MLLT3/MLL
AML with translocations between chromosome 6 and 9 t(6;9)(p23;934) DEK/NUP214
AML with inversions or internal translocations in chromosome 3 ;?;(??))(((?2211222%22)) RPN1/EVI1
Megakaryoblastic AML with translocations between chromosome 1 and 22 1(1;22)(p13;q13) RBM15/MKL1
AML with mutated NPM1 NPM1

AML with biallelic mutations of the CEBPA gene CEBPA

AML with mutated RUNX1 RUNX1

AML with myelodysplasiaelated changes
Therapyrelated myeloid neoplasms

AML not otherwisespecified

AML with minimal differentiation Acute monoblastic and monocytic leukemia
AML without maturation Acute erythroid leukemia

AML with maturation Acute basophilic leukemia

Acute myelomonocytic leukemia Acute panmyelosis with myelofibrosis

Myeloid sarcoma

Myeloid proliferations related to Dowrsyndrome

Abbreviations: AML, acute myeloid leukemia; APL, acute promyelocytic leukemia; t, translocation; inv, indeleided from Swerdlowet al.

5.1.3.1. Recurrent mutations iAML
The analysis of the cytogenetic and molecular genetic landscape of AML, as reflected in the WHO
classification of AML subtypesepresents an important factor in the prognosis aedestion of the
most effective therapy for each individual patient. The spectrum of chromosomal abnormalities is
heterogeneous, including recurrent chromosomal translocations such as t(8;21), t(15;17), and
inv(16), but also hundreds affrequent or even ptient-individual aberrations. Besides balanced
genomic rearrangements or fusion genes, AML patients can also harbor chromosomal aneuploidies,
including-5/5q, -7/7q, -17/17q, or-12/12q*

The translocation t(8;21)(g22;g22) is one of the mietjuent rearrangements in AMbbservedin
approximately 12%of AML patients® As a consequence of this genetic translocatidhe
transcription factor fusion protein RUN>RIUNX1TIs expressedwhich leads to transcriptional
dysregulation in AML blastsInterestingly, point mutations in RUNX1 are also frequently identified

in cytogenetically normal AMY.

The fusion protein of théranscription fator core-binding factor subunit betaGBFBand the smooth
muscle myosin heavy chaifMYH1), generated by the translocation t(16;16)(p13;922) or the
inversion inv(16)(p13g22Fan be identified in about 10% of AML ca3t8he CBFBIYH11 protein

inhibits the differentiation of myeloid leukemic céfland acts as a transcriptional repressor.
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Besides structural chromosomal abnormalities, AML can harbor recurrent somatic mutations in

several genes such amicleophosmin NPMJ), FMSlike tyrosine kinase 3F(LT3 CEBPATP53 or

ASXL1 However, itshould bementioned that AML is one of the malignancies with the lowest

mutational burdenamong allhuman cancers,with only approximatelyten coding mutations per

patient>%>°

The most common genetic alterations in AML are mutations irNtR&1gene. About 35% of all AML

patients carry NPM1 mutatiofS correlated with a beneficial outcome with increased complete

remission and improved overall survival raf$PM1 is a nucleolar phosphoprotein with multiple

cellular functions, including regulation of ribosoniéogenesis and transpoft, maintenance of

genomic stability, and DNA rep&irThe majority ofNPM1 mutations are frameshift insertions

restricted to exon 12 (Figure 1) that generatenew nuclear export ignal motif, which causes

aberrant cytoplasmic accumulation of mutated NP ptbtein.

12 4 5 6 7
NPM1 gene — [ THI——H— 3 --

60, 64

*

3 89 10 11 12

DNA

Protein

wild-type

Mutation A
Mutation B
Mutation D

wild-type

Mutation A
Mutation B
Mutation D

CAAGATCTCTG-—---GCAGTGGAGGAAGTCTCTTTAAGAAAATAG
CAAGATCTCTGTCTGGCAGTGGAGGAAGTCTCTTTAAGAARAATAG
CAAGATCTCTGCATGGCAGTGGAGGAAGTCTCTTTAAGAAAATAG
CAAGATCTCTGCCTGGCAGTGGAGGAAGTCTCTTTAAGAARAATAG

0 D L W W R K S L *

¢ b L ¢ L A VvV E E V 8§ L R K *
Q b L C M AV E E V S L R K *
Q DL W Q s L A Q V 5 L R K *

Figure 1:NPM1gene structure with the most common mutations identified in AMLhe mutational hotspot within the
NPM1gene is located in exon 12. The frameshift mutations lead to an altetedn@nus of the protein. Mutation A is the

most prominentmutation with a frequency of 7§ 80%. Exon 10 is only part of isofoBnAdapted from Faliret al®® and

Thiedeet al %

Besides thedescribedmutations in theNPM1 gene, mutations in the membrardgound receptor

tyrosine kinaséFLT3are very common. FLT3 is mutated in aboutt®%5% of all AML casé&Seither

by inframe internal tandem duplications (ITDpr by point mutations within the activation loop of

the tyrosine kinase domaiTKDY® FLT3 possessa crucial role in early stages of hematopoiésis.

Both types of mutations lead to a constitutive actieat of the FLT3 receptor in a ligaimtlependent

manner’® Further recurrent mutations in AML are found in isocitrate dehydrogenases (iD&isput

20% of all AML patienfs ¢ KS Y2aid O02YY2y Ydzil GA2y &

NI

LS5

leading to aberrant DNA methylation and blockade of the cellular differentidfitinderstanding

the function of recurrent mutations can help to develop novel targeted therapies that could

supplement the standardhierapyof AML patients.

10
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5.1.3.2. Stardard therapy ofAML
Treatment of AMLpatientsremaired largely unchangedor four decades. The standard of céie
patients eligible to intensive treatmers stillrepresented bya chemotherapeutic induction therapy
combininganthracyclinedor three dayswithO& G N} 6 Ay S T2NJ 4aS9Sy Rreax
But it has become apparent that AML is a complex and heterogenic disease withl sdiverae
subgroups, which require specific adafion of therapeutic approaches. Genomic and cytogenetic
analyses and the discovery of the importance of recurrent somatic mutations promote the
development of several novel agentshich will allow a highedegree ofpersonaliation in the
treatment of AML. Increased knowledge of the prognostic significance of recurrent genomic
alterations now found its way intthe clinic as molecular mutations are part of routine testing and

thereby influence treatment deisions.

In 2017 and 2018, th&lS Food and Drug AdministratidFA and the European Medicines Agency
(EMA) granted the first drug approvaldor the treatment of AML since more than 40 years.
Midostaurin (Rydapt®), a mudinase inhibitor, was approved icombination with standard
cytarabine and daunorubicin induction and cytarabine consolidation for the treatment of adult
patients with newly diagnosed FLmitated AML based on a phase Il study demonstrating
prolonged overall survivdf. Furthermore, gemtuzumab ozogamicin (Mylotarg®), an-@BB83
antibody-drug conjugate with the cytotoxic substance calicheamfitiwas re-approved by bth

regulatory authoritiesn combination with chemotherapy for newly diagnosed Cip88itive AML.

Additionally,in August 2017 and July 2018 FDA granted regular approval to the IDH2 and IDH1
inhibitors enasidenib (Idhifa®)’” and ivosidenib (Tibsovo®)or the treatment of IDHnutated
AML, respctively. In the end of 2018, the FIsogranted an accelerated approval of the BCL
inhibitor venetoclax (Venclexta®)®® in combination with azacytidine, decitabine, or lalwse
cytarabine for newhdiagnosed elderly AMlpatients. Commonly expressed in hematological
neoplasm&' with an essentiafole for the survival of AML celfé the antiapoptotic protein Bcell
leukemia/lymphoma2 (BCI2) represents a suitde target for AML therapy. For the lastentioned
agents, the approvalof the EMAare still pending.

5.1.3.3. Development of novel therapies féwML
Besides the already approved novel drugs, several other targbwdpiesare under development

and are currentlynvestigatedn preclinical studies and clinical trials.

Several different surface antigens are qualified as potential targetsdliftarent kinds of antibody
based theraputic approactes. These include the myeloid surface antigens CD33 and CD123 as well
as leukemia stem cell markesich as CD25, CD44, CDB&JI3and TIM3. Theapplication of

antibodies targeting these markers is hampered by their lack of tespecificity as the majority of
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them is also expressed on benign myeloid cells, which increasarget/off-tumor side effects of

such therapies.

CD33 (Sigle8) is a member of the sialic adhding immunoglobulin (Ig)ke lectins, a subset of the

Ig superfamily® and was confirmed to be expressed by both AML blasts and leukemic sterff' cells.
Besides theapproved drug gemtuzumab ozogamicin (Mylotarg®), other formats targeting CD33 are
under development,such as the CD33/Cisspecifc T-cell engager (BITBMG 330, which already

exhibits promisingfirst resultsin clinical studie&> %

The interleukin3 receptor, CD123, promotes the survival and proliferation of myeloid cells through
the binding of interleukir8 and represents a very promising therapeutic target as its expression on
normal hematopoietic stem cells is lower compartrl CC83%” CD123 can be targeteih two
different ways. On the one hand, antibotiased approaches using different formats are under
investigation®® 8 On the other hand, due to the fact that CD123 represents a receptor, several
studies focus on agents based on the natural ligar8l. b one examplea truncated form of the
diphtheria toxin wasused to IE3 resulting in potent blast cell killifd The final results of a phase I/l

study™ utilizing this approachre expected to be published soon.

Anotherreasonablearget on the surface of AML cells is FLT3 (CD&3%n increased expression of

this receptorcan bemeasured on leukemic blasts in comparison tamal cells. The chimeri
Fecoptimized monoclonal antibody FLYSYN binds specifically tq iRléBendent of its mutational

status and triggers antibody-dependent celimediated cytotoxicity (ADCE) FLYSYN currently
evaluated i a clinical study® Moreover, theFLYSYN antibody whsther used in the frameworlof

a bispecific antibody targeting FLT3 and CD3, which revealed enhanced cellular cytotoxicity against
FLT3expressing AML cells in comparison to thenmdonalantibody alone’ In addition, FLT3 can

not only be targeted by antibodgased approaches but also by direct inhibition of its kinase activity
via competitive inhibition. Besides the first approved FLT3 inhibitdostaurin® several other
inhibitors have been developed and are currently under preclinical and climgaktigation.

98, 99
by~

Firstgeneration FLT3 inhibitors such as tandutitfilsunitinib?’ sorafeni midostaurin’* and

lestaurtinib™® are relatively unspecific fothe FLT3kinase resulting in offtarget inhibition and
therefore increased toxicity. Secorgeneration inhibitors, including quizartini®, crenolanibt®

ponatinib®and gilteritinib}** are more specific and potentith lower side effects

With the developmentand clinical successf immune checkpoint inhibitors, the fielof immune

oncology, especially for solid tumat§, *%

was revolutionized in recent years. For the rational
selection of suitable immune checkpoint inhibitors for the treatment of AML, the identification of
targetableimmune checkpoints in AML is crucidlogrammed cell dath receptorl (PD1) and OX40

were identified as potential important checkpoint receptors in AML patiéttsurther studies
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confirmed that PEL1 (programmed cell death ligant) expression is associated with a more
aggressive disease and early relaff8e!® Moreover, a gradual increase in RDand PEL1
expression was detected oncélls and AML blasts, respectively, with progression from MDS to AML
and during AML relapsé:® Qytotoxic T lymphocytessociated moleculd (CTLA) also harbos an
import role inthe immune escape of AML and blockade of GZleduld enhance -Eelkmediated
killing of residual leukemiceds!** As a result, various immune checkpoint inhibitors are now
evaluatedin several clinical trials for the treatment of AML patients. First results highlight the
effective and weltolerated therapy with immune checkpoint inhibitors especially for relapsed AML

after allogenic stem cell transplantation and provideatianale for further clinical investigatioti?***

5.1.3.4. Leukemic progenitor cellstargeting the invincible?
Despite considable advances in the treatment of AML and initially high remission rates, the
majority of patients suffer from relapse during the course of disease, which in turs tedade high
mortality rate of AML. The main reason for occurrence of relapse is theepce of the sealled
minimal residual disease (MRDgharacterized by the persistence of residual chemoresistant
leukemicstem and progenitor cells (LPCs) in the bone mawbpatients*****® These LPCs represent
a lowfrequent subpopulaibn with stem cell properties, including seffnewal capacitydistinct from
the bulk of leukemic blasts. The phenotype of LPCs displays a complex heterogeneity, but several
studies consider that the CD32D38 population is the most relevant, as this étaon is able to
induce leukemia in immunodeficient NOD/SCID maioen after transfer of very low cell numbeard
thereby reproduce the completeelikemia disease’®® '*° The fact that LPCs exisutside the
CD34CD38fraction was first proposed in the late 1990s, when researches could verify that CD34

120
€

cells were also capable to initiate leukemia in immugedicient mice.” Nevertheless, several

studies clearlyhave proven that the CD34CD38 fraction contains the most important leukemia

$'% 2 and demonstrated that the CD33D38 frequency correlates with therapy

initiating cell
outcome and relapséree survival’® 2> Therefore, targeting LPCs and inducing their complete
elimination to preent relapses and thereby improve the outcome of AML patients is one of the most

critical stepsfor further development of novel therapeutic options.

For LPdlirected therapy the selection of suitable targets and the optimal time point are
fundamental. Theéargets should be highly expressed by LPCs, but not by other cells especially normal
hematopoietic progenitor cells iCs), and preferentiallpresentedin the majority of patients to
enable broadly applicable therapies. So far, novel therapeutic optionshe elimination of LPCs

focus on LPGpecific surface markers, LiRfdated molecular pathways, or the LPC
microenvironment. These therapeutic approaclam primarily at the specific elimination of LPCs,

but alsoat the combined targeting of both LPCsaAML blasts. Several cell surface markers have
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been proposed as potential LRRGsociatedargets, such as CD3% TIM3!** or CD447° and various
approaches targeting these markers are currently investigated iricalirtrials. Furthermore,
smaltmolecule inhibitors interfering LP&pecific signaling pathways, such as perifosiae AKT
inhibitor,*?® or carfilzomib, a proteasome inhibitdf/ as well as immuneensitiing agents, such as

PARP1 inhibitot€’, are currently evaluatedfor the treatment ofAML patients.

The moe profound understanding and knowledge of LPC function and appearance might
significantly improve the prognosis, therapy, and survival of AML patientsvdhbdopefullyreduce

the high relapse ratef this malignancy in the future.

5.2. CANCER IMMUNOTHERAPY

Already in ancient Egypt,&00 years before Christ, the high official Imhotep treated tumors by
specifically provoking infections on the tumoredf®. The idea of activating and harnessing the powe

of the immune system to fight cancer cells viasn againpursuedin the late 18' century by William

B. Coley, who recognized spontaneous remissions of cancer patients after developing acute bacterial
skin infections (erysipelas). After this observati@oley injected streptococcus bacteria in patients
with soft tissue sarcomas to stimulate an immune attack. These were the first experimental efforts to
activate the immune system of cancer patients and initiate an-eaticer immune response®*?
However,it lasted aboutl00 yearsuntil allogeneic hematopoietic stem cell transplantation (HSCT
the first effective immunotherapyfound its wg into clinical routiné® This immunotherapyemains

still an important pillain the standard treatmenbdf cancerespecially for leukemiadts effectiveness

is explained byhe induction of a grafversusleukemia effect by the adoptively transferred donor
Tcels™ This effect represents a proof of concept for the application dmdakthrough of
immunotherapy in the treatment of cancer. The field ofninmotherapy hasindergone incredible
changesand tremendous progress over thgast decades and has reachadnilestone with the
clinical advance of immune checkpoint inhibitors especially in solid tumirs.%® ¥ The
understanding of the complex mechanisms of the immune system and how ceelteevade the
immune system is indispensable for the development of novel, clipicaffective

immunotherapeutic approaches.

5.2.1. THE IMMUNE SYSTEMBASIS FOR EFFECIMNVEJNOTHERAPY

For effective cancer immunotherapy both the innate as well as the adaptive part of the immune
system are relevant. The innate immune system is composed of cellular components, including
dendritic cells (s), macrophages, granulocytes, mast cells, and natural killer cells, anelhdar
(humoral) components such as the complement syst&hEspeciallyDCs link the innate to the

adaptive immune system by their function pofessionalntigenpresenting cells (APCs) presenting
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protein fragmentsderived fromincorporated pathogenand destroyed cells on their cell surface on
major histocompatibility complex (MHC) molecules to cells of the adaptive immune sy3tarne
cellsof the adaptive immunity arédymphocytes, which are divided into B and T cells. T cells can be
further subdivided into CD&ytotoxic Tlymphocytes (CTLs), CD#helper cells ¢Icells) as well as
regulatory T cells ({ cells). The activation of naivecells isaccomplishedy the presentation of
their cognateantigen throughMHC moleculs of APCs andequires three signalg T-cell receptor
(TCRrecognition of MH&resented peptides, costimulatory signals, and cytokinés induce their
activation, differentiation, and proliferatiof® **° Primarily, the role of the immune system is the
distinction between self and neself to protect the body from viruses, bacteria, or other pathogens.
But the immune system is alstapableto recognize and eliminate transformed malignant cells

throughT cells representing the main pillar of anéincer immunity.

5.2.1.1. Antigen presentation
For the recognition of transformed malignant cells by T ctils presentation of tumoispecific or
tumor-associated prein fragments by MHC molecules is of paramount importarinehumans,
MHCis referred to aghe human leukocyte antigen (HLA)mplex HLA moleculesra distinguished
into HLA claskand class Il molecule§hese two classes shaapart from a cell typalependent
expression, differences in their molecular structure asos: T cen
well as distinct antigen processing pathwaysf the

peptides they present Both gene classes are highly

polymorphi¢c encoded bya huge variety of different HLA class T
alleles. Hrthermore, every individual carries a set of
different genes for both classes,g.HLAA, -B, and-C for

class I.

HLA class | molecules are expressed by all nucleated cells

and present small protein fragments, peptides of 82

. TAP

@ 2
amino acid lengths, of ytosolic and nuclear source /T_»~~_> \_ Peptice

Protein

proteins to CD8 T cells. The peptides are generated filoteasome

through the degradation of proteinsmainly by
Figure 2: Simplified schema of HLA clas
proteasomes and then transported into the endoplasm antigen processing.Intracellular proteins are
. . . . ... degraded by theproteasome (1), originatin
reticulum (ERjmainlyviathe transporter associated with peptides are transportedvia the transporter
associated with antigen presentation (TAP) i
the endoplasmic reticulum (2) and loaded or
HLA class | molecules (3). PeptitieA
complexes are transportedvia the Golgi

molecules, whiclare assembled of a polymorphic heav apparatus to the plasma membrane (4) f
antigen presentation to the-€ell receptor (TCF

OKIAY YR KXYAONHRE I angOXie A of CDST cells (5). Adapted from Neefiesal '

antigen processiig (TAP) (Figure 2) In the ER,the

peptides are loaded ontoheterodimeric HLA class
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peptide-HLA class | complexes dnen transportedviathe Gobi apparatusto the plasma membrane

for antigen presentation to CD§ cells**® ***

A special feature of HLA molecules is their huge polymorphism, which resu#isvariety of
peptide-binding grooves of the differerallotypesencoded by distinct alleles. Thereby, evergtaibe
binds peptides with a specific binding moftifhe binding motiftypically comprisestwo so-called
anchor positions representing thosemino acids which are the main determinants for peptide

142,143

binding:

Likewvise to HLA class | molecules, HLA class Il molecules
encoded by three polymorphic genes (HRR,-DQ,-DP) that

class 1

harbor specific peptide binding properties. In contrast to H

class I,HLAclass Il moleculebind 8 ¢ 25 amino acid long

Peptides from all endogenous proteins

peptides (Figure3) and are more promisous concerning

peptide binding** HLA class Il molecules are primari m
expressed by professional APCs, including DCs, macroph. / classil
and B cells, but it was alstemonstratedthat malignant cells ! 1;20

1 !
. . [
express these antiger$> *° The HLA class Il antige }
LINBaSylGt A2y LI GKglk & ad-t yIRg Fetdeshompotnsradighe v 5 ¢ 3
endosomal/lysosomal compartment

chains in the ER, which astabilized by the invariant chain.rFigure 3: The principle difference
This complex is then transported into late endosom%imzznbm:ﬁglasz Lf‘ggfg'ﬁfﬁg{}?md
compartments, where the invariant chain is digested to a residual classdtiatednvariant chain
peptide (CLIP). Peptides derived from extracellular proteins,hwhiie degraded in the endosomal
pathway, are then exchanged with the CLIP. The pegtida class Il complexare transported to
the plasma membrane and present their bound peptide to TD4ells*° Furthermore, HLA class |
and Il antigen processing are linked overcafled crosgpresentation enabling the presentation of
exogenous antigens on HLA class | molecatgecially in DC’ These mechanisms of antigen
presentation of self and nonself peptides toimmune cells are the main pillar of ardtancer

immunity.

5.2.1.2. The interaction between immune system and malignant cells
The theory of a reciprocal interaction between the immune system and malignantveadi§irst
proposed more thas0 years ago as cancer immunosurveillance hypott&&iand was adapted to
the cancer immunoediting hypothesis over the last decades as new insights were constantly
gained™ Nowadays the model of cancer immunoediting encompessthe three phases
elimination, equilibrium, and escape and is widely accepted. Several studies have supported our

understanding of the complex relationship between immune cells and cancer cells and identified
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crucial points for therapeutic interventions.

Tumor cell developent and the transformation of normal cells into malignant cells is a gradual
process, which requires critical genetic alterations and mutations for example in tumor suppressor
genes, oncogenes, and DNA damage repair genes. Consequently, the transforisedtartl
unregulated proliferation and acquire further mutations. As a resiilthese cellular changeshe
malignant cells present tumor antigens on their Hbolecules which @n be classified into
differentiation antigens, mutatioflerived antigenspverexpressed antigens, canctys$tis antigens
(CTAs) or viral antigens. The presentation of these turagsociated(TAAs)or tumor-specific
antigens(TSAsjo cells of the immune system drives tdestructionof the transformed cells by the
immune system.This first phase of cancer immunoediting is therefore described as elimination,

which represents the classical concept of cancer immunosurveillance.

When tumors escape this immunosurveillance, for example by the outgrowth of poorly immunogenic
tumor cell dones whichlack such rejection antigens, a period of latency, theated equilibrium
phase, begins. With clinically detectalnialignant disease the escape phase of the tumor is reached.
Tumor escape occurs through several mechaniams is charactezied by the selection of tumor
clones, which will then continue to progress. These escape mechanisms could complzestbé
immunogenicity by downregulatiolor even lossof HLA expressignthe resistance toinhibitory
factorssecreted byimmune cells within the tumor microenvironmentr the secretion of inhibitory
molecules by the tumor itself hampering the function ¢dimor-specific immune cells™?
Interestingly, our group add not verify that downregulatioror lossof HLA expression is such an
important mechanism oftumor escape as we couldemonstrate high HLAsurface expression o

severaldifferent tumor entities*>®

The profound understanding of the complex interplay between the immune system and aaiiser

is fundamental for the rational design of rehanticancer immunotherapies.

5.2.2. CANCERMMUNOTHERAPY APPREES IN LEUKEMIA

As already mentioned in the beginning of telsapter, immunotherapy has fundamentally changed
the landscape of cancer treatment especially for solid tumors in recent years. In the following
sections, different immunotherapeutic approaches and concepts wiltliseussedmore precisely

with a special focus oanti-leukemiatreatments

Beside the manipulation of immune checkpoints or pathways, the field of immunotherapy
dramatically extends beyond immune checkpoiimthibitor therapy by direct targetingof
malignantcells throughTAAs or TSAZ hisfield of antigenspecificimmunotherapy isdleveloping at a

rapid paceg novel approaches are constantly being established additionaltarget structuresare
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discovered.In general, several distinct concepts can be roughly distinguished: antibbdged

concepts adopive cell transfe(ACT)and vaccination strategies.

5.2.2.1. Antibody-based immunotherapy

One of the most clinically effective antibotgsedimmunotherapeutic strateigsis the modulation
and inhibition of immune checkpoints, particularly CHA,A#D1, or PBL1.The 2018 Nobel Prize in
Physiology or Medicine has been awarded to James P. Allison and Tasukuy whboge
groundbreaking work enabie the development of immune checkpoint inhibitors that have
revolutionized the treatment of several solid tams in recentyears, especialljnelanoma®> 1% 3
However, he success and effectiveness of immune checkgahbitor therapy depends on various
factors In particular, the mutational buden of the tumor:>* > HLA class | genotyp¥&, preexisting
anti-tumor immunity**” and (over)expression of checkpoiimthibitor ligands by the tumdr® further
determine the effectiveness of immune checkpoint inhibitor therapgspite the low mutatinal
burden>®* first clinical sudies have already demonstrated initial promising results of immune

checkpoint inhibitor therapy also in leukemt&s™.

Beyond the modulation of immune checkpoints, direct targetingTéfAs and TSAsy different
antibody-based approaches dramatically changed the treatment landscape of leukemiaseint

years.

Tumordirected monoclonal antibodies, including bispecific antibodies such as @i@Btibody drug
conjugates are currently under developmenand some of them have already been approved
Monoclonal antibodies bind specific tumor antigeasd thereby activate antibodglependent
cytotoxicity, affect downstream signals, directly block receptors, or recruit immune cells. Antibody
drug conjugates comb@antigenspecific antibodies with ra additional cytotoxic agent such as
microtubule inhibibrs or DNAdamaging chemotherapeutic drugs. One remarkablyeffective
antibodybased immunotherapy approach, particularly for the treatment ote leukemias,
involves the application of chimeric antigen receptor (CAB8IIEas a form of ACTCARs combine
antigenbinding domains; in most cases ainglechain variable fragment (scFv) derived from the
variable domains of antibodies specific for the antigen of choiceghrough a linker and
transmembrane domain with a signaling modwerived from intracellular signaling domains of
different costimulaory moleculesd dzOK | &€D28, ®x405CD137 (4BB). In comparison to
other ACTapproachesusing TCRngineered Tells or autologous tumeinfiltrating lymphocytes

(TILs), CAR T cadistindependent of HLA expression on the tumor and further cosfrion *°® *¢*

Several surface molecules that can be targeted by the above desdtr antibodybased
immunotherapeutic approaches were identified in the last decades and a number of preclinical and

clinical studies investigated the potential of these approaches and targets for leukemia patients.
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The targeted therapy against the lineagpecific marker CD19 commonly expressed on B cells has
led to the greatest and most notable clinical success in the treatmentagfliBeukemias since the
introduction of stem cell transplantation. CD19 CAR T cells have revealed remarkaklaranti
adivity in patients with refractory Bell malignancies andere therefore approved in 2017 and
2018 by the FDA for the treatment of ALL and different subtypes of lymph&rH& Additionally, the
CD19directed CD3BIiTEblinatumomab represents an outstanding example for the successful
development of a bispecific antibody targeting the CD19 antigen. Blinatumomab, alsa lasw
AMG103, is FDApproved forthe treatment of ALL and significantly prolonged overall survival of
these patients’® Furthermore, targeting another lineaggpecific molecule demonstrated great
benefits in Bcell malignancies.He antitCD20 monoclonal antibody rituximad already part of the
standard therapy for CLand other Bcell lymphomas® Nevertheless, targeting only one single
antigen can lead to the general problem ofpitope loss. Therefore, other-&ll lineagespecific
surface markersuch as CD22 or especially combinatorial targeting of more thannuar&er are

under investigatiorand will improve the treatment of Bell malignancies in the future

For myeloid leukemias especially the myeloid lineagecific antigens CD33 and CD123 are
interesting antigens to targetAs described in more detail abov&emtuzumab ozogamicin
(Mylotarg®), a CD3@rected antibody drug conjugate, is already Fapdbroved for the treatment of

AML. Especially for AML, targeting of the overexpressed surface receptor FLT3 by monoclonal
antibodies such as FLY$¥Mr bispecific antibog compound¥ already exhibited first promising

results.

Most of these antibodibased agents are yet under development, but harbor the potential to
supplement the current treatment optionis the futureto control and even eliminate hemataygical

malignancies especially for thodesease€xpressing a common dominant antigen.

5.2.2.2. Adoptive cell transfer
The above described CAR T cells can be clasdifiecthe one handas antibodybased
immunotherapies bubn the other handalsoas a form of ACTn general ACTadministersspecific
anti-tumor immune cells including T lymphocytes, natural killer cells, or tb@sduce a robust
anti-tumor responsen the patient'®”'® Adoptively transferred T cells are either naturally occurring
tumor-specific TILs derived from the tumor or genelig modified T cellsderived from
blood-circulating T lymphocytes-or this purposethe T cells arasolated from the blood or tumor
mass,manipulated andexpandedex vivg and then reinfusednto the lymphodepletedpatient. For
genetic modification eitar cloned TCR or CAf®nstructstargeting tumorspecific antigens are
transferred into the T cells. For gene transfer different methods such as transient mRNA

transfection'®® retroviral vectors:’® lentiviral vectorsi’* transposons,;? or homologous
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recombination after gene editif§ are utilized. TCRengineered Tells and TILs act in an
HLAdependent way whereas CARcdlls recognize their antigen Hidependenty. Many
ACThased therapies reached lafghase clinical trial$* '™ or were already approved for the
treatment of different Bcell malignanciesRegardig hematological malignancies, tidevelopment

of further ACT strategies represents an advancement of standard of care approaches applying

autologous and allogenic HSCT.

5.2.2.3. Vaccinebased immunotherapeutic approaches
The current success ofcElkbased immunoherapies in particular of CAR T céifs’® and immune

checkpoint inhibitorg™**#*

as well as the immunogenicity Hukemiasobservedby the graftversus
leukemiaeffect after HSC, provide evidence that the induction of a specific immune respeitse
through vaccineébased immunotherapy is feasibland could contribute to the elimination of
hematologicalmalignancies. Therapeutic cancer vaccines are designed terajennew antigen
specific Tcell responses or amplify preexisting responses against malignantFagtisermore,such
T-celtbased immunotherapiesare expected to provide an arttimor memory and therefore
permanently protect the patient against the specific canegrleastas long aghe cancer cells

present the target antigens

The four key components of an optimal cancer vaccine arsuitabletumor antigens, 2) vaccine
composition, 3)strongimmune adjuvants, and 4) delivery vehicl&sin the followingsectionthese

key components will be discussed in more detail.
Tumor antigeng the more specific, the more effective?

Tumor antigens can be roughly divided intbe two classes of TAAs and TSAs. TAAs include
overexpressed antigens, tissue differentiation antigeos, aberrantly expressed or processed
antigensas well asCTAs whereas TSAs are mutati@erived neoantigens roantigens generated
from oncogenic viral protein$? The identification and selection of the optimerget antigen for

effective vaccination has long been the major priority in the area of immunotherapy.

Tissuespecific antigens,so-called diferentiation antigens, are cell lineagpecific expressed
antigens from which a tumor and its corresponding normal tissue &rige. Tissue differentiation
antigens, which are widely used for vaccination approaches include for exgrggatespecific
membrane antigen (PSMAY, melanoma antigen recognized by T cell§MART1, Melam);** or
gp100'® Theseantigens are limited to few cancer entities and are also well established and popular

targets for antibodybased approache®?

Aberrantly expressed grocessed antigens include all types of classical or cryptic peptides that are

specifically presented on tumor cells due to differential turspecific antigen processing other
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cellular processes, which are altered in tumor cells and thereby influenbmgresentation of
antigens Cryptic peptidesfor example emerge from tumorspecific proteasomal sping, non
canonical translation events, or naoding sequences such as introns or antisense transcfipts.
Futhermore, distinct peptides fromnormal cellularproteins could be presented in a tumor
associated fashion in comparison to other peptides derived from the same source protein. So far, the
complex process of HLA ligand formation, frequently altered inotucells leading to the expression

of tumor-associated HLA ligands, is not perfectly understo®t”

CTAsare tumorassociated germline antigens and are therefore renadumor-specific than
differentiation antigens® Several CTAslike the melanomaassociated antigen (MAGE) family,

NY.ESO1, or MUC1 have been investigated in different vaccination approaches in the lasty&ars.

The last group of TAAmcludes overexpressed seffroteins or peptides. The identification of
overexpressed antigens can be utilized two different ways, which will be discussed in a later
section in more detail. On the one hand, overexpressed protears be determined ¥ gene
expression analyses and Hiestricted peptides of those proteins can peedictedthroughin silico
methods*®***® With the special focus on leukemias, several leukeassociated antigengLAAS)
including WTE” PR1}* and RHAMM?®® have been identified with this approach and found their
way into clinical phase I/l vaccination trials. On the other hand, direct identification approaches
using a mass spectromethased strategy have been applied more and more in recent years

enablingthe comprehensive identification of HLA ligands of leukemic.t&/f&*2%®

A major disadvantage of all these T&AK that they are also presented on normal tissuesdan
therefore lack full tumor specificitycausingan existing centratolerance of antigerspecific Tcells,
which must be overcoméy the vaccine In comparison, TS4are clearly tumosspecific with no
expression on normal tissues and cells, therebytayget/off-tumor effects can be completely
avoided. TS#\can be divided into two groups: mutatiaerived neoantigens or oncogenic viral

proteins.

Antigens derived from arogenic viruses have been identified in vimduced cancers such as
human papillomavirus (HP¥ssociated cervical cancer and others. Vaccination approaches with viral

antigens have alreadshownefficacy in both, preventivd*and therapeutié® setting.

Antigens derived from canceapecific mutations, sealled neoantigens, are ideal targets fortigen
specifc immunotherapy due to their specificity and high immunogenic potential. For several years,
only indirect evidence of neoepitope presentation by detection of neoepigpecific T cells was

possible’®

Recently, direct evidence of Hipfesented neoantigens waaccomplishedby mass
spectrometry?’”?® The encouraging potential of neoantigbased vaccination approaches was

already investigated iphase | clinical trials assessing personali@edantigenbasedvaccines in
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melanoma patient$!® ' However, it is extremely important to keep imind that most mutations

are individual foisinglepatients and are therefore not suitable for broalgt applicabletherapies Only

a small set of mutations are recurremh single cancer entitiesFurthermore, several studies
demonstrated that only a vergmall fraction of mutations at the DNA sequence level results in
peptides naturally presentedon HLA molecule€® ¢ 22 Nevertheless, neoantigebased
immunotherapy approachesaveproven their potentiain early clinical trialsThrough the improved
hightthroughput analysis of tumor exome and RNA sequencing data together with enhanced mass
spectrometry analysis,these approaches will provide and discover additional novel epitopes and

undergo broad clinicahvestigation for several cancer entitizsthe near future
Vaccine compositiogcells, peptides, or nucleic acids?

Besides the selection of suitabtumor rejection antigensthe vaccine composition is also of great
importance. During the last years several different approaches of diverse compositions and
formulations have been investigatedamizer vaccines can be appliedcasdls containing or pres#ing
the antigen of choicer aspeptides proteins, or nucleic acisl(DNA/RNA)which directly represent
or encode for the target antigen

213 214

Celtbased vaccimapproaches either use whole tumor celismor celllysates, or DCs that are
genetically modified or antigelvaded®*® DC vaccination was first explored in a clinical legady

25 years agd Since then, a variety of DC subsets, different culture protocols, and treatment
regimens have been developed and testéd a resultthe first therapeuticvaccine was approved by
the FDA in 201@nd by the EMA in 2018’ However, the approval was withdrawsy the EMAIn
20157 The major disadvantage of cbhsed vaccines is the tremendous effort for the production of
patient-individualized ¢hical vaccines manufactured under GMP conditions. However, these

vaccines can score with encouraging clinical results also in patients with advanced é5rféers.

Nucleic aciebased approaches applying DNA or RNA vaccines are being intensively studied in recent
years. The huge advantage of such vaccines are the-ibuithmune adjuvants aspecific forms of

DNA and RN@anstimulate the innate immune systemiatoll-like receptors (TLR&}"%*?

Peptidebased vaccines offer a range aflvantages compared to other approaches. Peptides are

easier and less expensive to synthesize eveGMP quality Induced immune responses can be
monitored in an antigerspecific mannemdue to the exact knowledge of the vaccinated epitope.
Furthermore, i@ OlF'y 0SS LINPRdzZOSR Ay | Y2Rdzf I NJ LINBY | ydzF |
peptides can be easily combined to multipeptide vaccines for individual patients. nGjor

drawback ofthe approach is the HLA restriction of uniqueppides calling for compte patient
individualized peptide vaccine cocktails or the limitatiorbtoadly applicable peptidematchingthe

most prevalent HLA allotypesnd therebyexcluding single patients. Peptit@sed cancer vaccines
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are proven to be safe and weliolerated, hut so far have low therapeutic effects and limited
immunogenicity’*® ** To overcome this obstée the combination with suitable adjuvants and/or
delivery systems or combinatorial therapies remains an important gdiaclinical effective peptide

based vaccination approaches.

Multipeptide vaccination approaches for examphe phase Il clinical tal with the vaccine IMA901
alreadydemonstratedclinically effectivaess and an associatiari peptide-specific Tcell responss
with overall survival of the patient€®> However, these positive results could not be confirmed in a
phase IlI clinical trigf° possibly due to the combination ttie peptide vaccine witthe TKISunitinib,

for which a negative impact on cytotoxiec&ll response wagreviouslydescribed??’ Another phase |
multipeptide vaccination trialn glioblastoma patients combininghmutated with mutated antigens
showedfavorablesafety and a strong immunogenicity. Unmutated antigens predominantly elicited

CD8 T cell responses, whereas neoantigens induced mainly Gl response&?
Adjuvantsg nothing without activation?

The efficacy of cancer vaccinadditionallydepends on strong adjuvants and immunomodulators,
which provide a general immune stimulus, thereby inducing a strongeit@amtyr immune response.
Adjuvants represent a diverse range of molecules and materiald with the increasing
understanding of immune cell function and their interaction with growing tumors novel adjuvants
are available and are investigated in diverse vaccination settiigs.

One popular adjuvant is GKISF, which recrgitand activats APCs at the dé of injection.

230

Nevertheless, the overall adjuvant effect of G&F is wedk ?*° and strongly depends on the

administered doses as high concentrations might even inhibllfunction®*

A huge repertoire of several ThRsed immune adjuvants are already available or under
development and high expectations have been placed on these adjuvants. TLR agonistmlgh as
ICLC, monophosphoryl lipid A (MPL),GpGoligodeoxynucleotideactivate the innate immune
system throughtheir binding to TLRs. The TLR7/8 agonist imiquimod (Aldara®), a-siragided
RNA, ione of the most common TL&yonist used in recent clinical vaccination triafsAnother
very promising TL-Based adjuvant is a derivate of the TEHRREyeting synthetic analogue of the
bacterial lipopeptide PapCysSerSer. Recently, the induction of a strong awdiccine Tcell

response after peptide vaccination together with this R@ys derivative was describét.?** 234

Since the efficacy of therapeutic cancer vaccines are so far linfiteter development and clinical
investigation of strong adjuvants is relevant for the clinical successel-based immunotherapies

especially in the context of peptidgased vaccination approaches.
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Delivery vehicleglast but not least

Delivery vehiles are an essential component of cancer vaccines especially for péptatein- and
nucleic aciebased vaccines as these vaccines must be protected flsetalegradation.Furthermore,

some of these agents are at the same time delivery vehicles andieadinvant effects Delivery
vehicles can be composddr exampleof emulsions, liposomes, arrosomes. Emulsions such as
Montanide IS/ M 0 Ay O2 YLX S S analdgBedaye Rn@ énost: cBn@nirZehigle§ used in
clinical trials®*® Montanide, a watesin-oil emulsion has a depot effect and slowly releasthe
antigen at the injection 8 .2*® Several other delivery vehicles are currently in development and are
investigated in preclinical and clinical trials. The selection of the best suitable adjuvant and delivery

vehicles has a strgnimpact on the effectiveness and immunogenicity of cancer vaccines.

Despite the large number of different antigens, adjuvants, delivery strategies, and formulations that
have been tested to date, comparative data of all these approaches are currentlystaimoo

existent. Therefore, key questions on the most effective antigens, type of adjuvant, administration
approach, dose, route, and schedule remain still to be answered. Furthermore, for clinical effective

application of cancer vaccines optimal combioattherapies still need to be identified.

5.2.2.4. Clinical effective cancer vaccinatimovel therapy combinations
Even though cancer vaccines may be effective in cases of early cancer diagnosis or in the setting of
MRD therapeutic cancer vaccines most likequire the conbination with other treatmentsto
overcometumor-mediatedimmunosuppression antb be clinically effective in established cancers.
The range of possible combinations is endless. Combinatorial approaches of cancer vaccines with
immune checkpait inhibitors, neutralizing antibodies to inhibitory cytokines, small molecule

inhibition of Tgs Or immunomodulatory drugs are already investigated in several stGdligs.

Especially immunomodulatomgrugs such as lenalidomide (Revlimid®) and pomalidomide (Actimid®)
are potent modulators of cellular immune and cytokine responses. The effects of these agents
include enhanced -Tell response$;’ reduction of T.,s>* and the reconstitution of the defective
T-cell immune synapse especially in malignancies with profound immune défact§. These
preclinical investigations clearly indicate that the combination-celFbasedimmunotherapieswith

immunomodulatory agents harbor a considerable potential for further treatment dgpraknts.

The future of cancer treatment will include combinations of different -amtnor immune therapies,
which will likely stimulate more robustdell responses and improve clinical responses and outcome

in cancer and leukemia patients.
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5.3. IMMUNOPEPTIDOMICS

The knowledge about anthe identification of the entirety of HLfiresented peptides, which is
referred to as the HLA ligandome or the immunopeptidome, its regulation, changes, and adaptations
during malignant transformation or under specific therapies is indispensable for gamsigiti into

the fundamental rules of immune recognition and for the development of innovative and novel
immunotherapeutic approachesThe field of immunopeptidomics, which deals with the mass
spectrometrybased identification of the HLA ligandoni&s grow rapidly in recent years as a result

of numerous technical and bioinformatic advances and has become an important component in the
developmentand applicationof novel anticancer immunotherapiedmmunopeptidomics does not

only enable the identificatiorof promising naturally presented TAAs with potential for clinical
applications™>* 2°°2% byt also increases our understanding of disease and disease progression and

supports the development of novel biomarkéfs 24

For several years the identification of tumassociated overexpressed antigens or mutati@mived
neoantigens was solely based on genome and transcriptome sequencing followad giljco
prediction of HLApresentedpeptides using algorithms such as SMFPi'” and NetMHCpa#/* The
large number of predicted candidates h#ften to be screened for immunogenicity by extensine
vitro assays. Furthermore, huge drawback opredictionbased approaches ligs the distorted
correlation of gene exgssion with HLAestricted antigen presentation andin the
immunopeptidome being an independent complex layer molded by the antigen presentation

machinery and therefore not necessarijrrored the transcriptome nor the proteomé&® 24425

With the tremendous development and progress in liquid chromatograptass spectrometry, and
bioinformatics the largescale and imdepth direct identification of up to tenthousands of
HLApresented peptides from one single primary patient sample became fed&ff&2°3 Especially
the development of orbitrap mass analyzers extremely improved speed, accuracy, resolution, and
dynamic range. Furthermoreadvances in bioinformatics enable remarkably fast spectra
interpretation and peptide annotation in a highroughput fashion. In contrast to epitope prediction
algorithms, the mass spectromethased mapping of the immunopeptidome is the only unbiased
approach for the comprehensiviglentification of tumor rejection antigen caidates validating the
natural processing and presentation of these antigétfsThe translation of immunopeptidomics into
the clinic is already investigated in different clinical trfafs?** but the lowthroughput sample
capacity due to many sample handling steps is a major issue. Recentlytarbigihput platform

for sequential immunoaffinity purifications of several samples simultaneously éas tescribed,

which could accelerate sample analysts.
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In the next years, mass spectrometrgsed immunopeptidomics will guide the development and
advances of further vaccinatidmased immunotherapies and will therefore contribute to the
improvement of clinically effective and patiemdividualized celtbased immunotherapeutic

approaches suchs peptide vaccination for cancer patients.

5.4. AIM OF THISTUDY

The ongoing development and advancement of novel and innovative therapeutic optiorisefor
treatment ofhematological neoplasms in recent years will evermamable a more specificlinically
effective and patientindividualized treatment of leukemia patients. In most hematological
neoplasms the established therapies are able to achieve remissions, but the persistence of residual
malignant celloften leads to relapseand therefore a permana cure for the majority of patients
still remains impossible. Therefore, the development radvel, clinically effectivetherapeutic
approaches especially for the prevéanmt of relapses is still indispensable. Thus, the sagh all
projects presentedin this thesisare the developmentand the improvement of broadly applicable
peptide-based immunotherapies foleukemia patients On the one hand, the identificatioand
characterizationof novel tumorassociated antigens for CML and AML will allow the dedfimitf
target candidates for peptidbased immunotherapy approaches. On the other hand, the
combination of peptidebased immunotherapy with immunomodulatory agewtsl forthe thorough
characterization of the effect of the combinatorial drugs on the imnmemtidome of the tumor
cells, as investigated here f@LL and lenalidomid®Vith these projectave would like to contribute
to the development of novel therapeutic options for leukemia patienttharapidly developing field

of T-celtbased immunotherapy
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6. RESULTS

The results section of this thesis d#vided into three separate parts. Part | and Il are published
manuscripts where the author of this thesis is the first or shared first author, respectaatylll isn

preparation forsubmission.

Part 1al [ ! fAIFYR2YS |ylfeara 2F LINAYFINE OKNRBYAO
lenalidomide treatment confirms the suitability of lenalidomidér combination with TFcell-based

A Y Y dzy 2 (i KnsdstlgdeR the influence of the immunomodulatory drug lenalidomide on the HLA
ligandome of primary CLL cells and especially on the presentafiaie previously described
CLEassociated antigens identified in the publication "HLA ligandome analysis identifies the
underlying specificities of spontaneous antileukemia immune responses in chronic lymphocytic
leukemia (CLL)" by Dani&lowalewskiand colleaguespublishedin Proceedings of the National

Academy of Sciences2015

Partlld ¢ KS | [ ! € A3 y RiFoni6&mykloid/dRkediddlifatezvel Tcell epitopes

F2N) AYYdzyandraSING 5. 838St 2 LIYSyd 2F + GKSNI LISdziA O LISLIG
ofacuteY@ St 2AR f SdzZl SYAlI o0F&SR 2y ylI{dzNIffe& boiNSaSyas
descibe state of the art immunopeptidomics chaterizing the immunopeptidomitandscape of

CMLand AMLin comparison to benign humatells andissues and the consequent identification of
leukemiaassociated atigens suitable for tailored-teltbased immundterapy approaches for CML

and AML patients, respectively. Furthermore, the focus of Part Il lies on the characterization of the
immunopeptidome not only of normal AML blasts cells, but especiallyP@swhich are the main

reason forthe high relapse rates in AMind thereby the definition of LP&Ssociated antigenis of

great importancefor the specific targeting of these cells
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6.1.1. ABSTRACT

Recentstudies suggest that CLL is an immunogenic disease, which might be effectivetgddrg
antigenspecific Tcelkbased immunotherapy. HoweveGLL is associated with a profound immune
defect which might represent a critical limitation for mounting dmly effective anttumor
immune responses. As several studies have demonstrated thatdenaltie can reinforce effector

T-cell responses i€LL, the combination ofdellbased immunotherapy with the immunomodulatory

drug lenalidomide represents a prasing approach to overcome the immunosuppressive state in
CLL. Antigespecific immunotherapy also requires the robust prasgion of tumorassociated
HLApresented antigens on target cells. We thus performed a longitudinal study of the effect of
lenalidanide on the HLA ligandome of primary CLL dellsitro. We showed that lenalidomide
exposure does not affect absolute HLA class | and Il surface expression levels on primary CLL cells.
Importantly, semiquantitative mass spectrometric analyses of the Hieptidome of three CLL
patient samples found only minor qualitative and quantitative effects of lenalidomide on HLA-class |
and ltrestricted peptide presentation. Furthermore, we confirmed stable presentation of previously
described Cl-Associated antiges under lenalidomide treatment. Strikingly, among the few HLA
ligands showing significant modulation under lenalidomide treatment, we identified upregulated
IKZFderived peptides, which may represent a direct reflection of the cerebtediated effect of
lenalidomide on CLL cells. Since we could not observe any relevant influence of lenalidomide on the
established Cl-associated antigen targets of amtincer Tcell responses, this study validates the

suitability of lenalidomide for the combinain with artigen-specific Tceltbased immunotherapies.

6.1.2. INTRODUCTION

In recent years Teltbased immunotherapy has become a main pillar of -aaticer therapy:®
However, profound immune defects in some cancer entities and immune escape mechanisms
represent major limitations of these immunotherapeutic approacHeS.In order to overcome this
obstacle and thereby to increase overall response rates in canceenpstithe combiation of

T-celkbased therapies with immunomodulatory drugs seems indispensable.

CLL represents a Rell malignancy that shows characteristics of iomogenicity and
immunosuppressionThe immunogenicity, which is documented by gnadtsusleukemia effects
after HSC¥# ** and by cases of spontaneous remissions after viral infectfbas,well as favorable
immune effectorto-target cell ratios in theMRD setting, suggest that CLL might leffectively
targeted by Tceltbased immunotherapy’ On the other hand, CLL is associated with profound
immune defects, characterized by defective €88 CD4T-cell function'®increased frequencies of
regulatory Tcelld” and defective immunological synapse formati@nwhich result in increased

sugeptibility to recurrent infections as well as failure to mount effective funthor immune
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responses. Lenalidomide, an immunomodulatory compound targeting both cancer cells and their
microenvironment, has shown substantial activity in several hematolbgizignancies’ It has

been approved for thereatment of multiple myeloma, myelodysplastic syndrome and mantle cell
lymphoma and is currently investigated for the treatment of €14 Several preclinical and clinical
studies have proven the positive immunomodulatory effect of lenalidomide treatment -cdl T
responses in CLL, demonstrating enhanced antigen uptake and improved priming*af ¢li§ by
APCZ? reduction of regulatory Eells? increased frequency of functional CD#hd CD4T cells
upregulation of costimulatory molecules on CLL €&#ls well as the reconstitution of the defective
T-cell immune synaps¥. % Therefore, lenalidomide can be considered well suited for combination

with antigenspecific Tcelkbased immuntherapeutic approaches in CLL.

We recently conducted a study characterizing the antigenic landscape of CLL by mass spectrometric
analysis ohaturally presented HLA ligands and identified a panel ofspetific CD8and CD4T-cell
epitope targets suitable for-Eeltbased immunotherapy approaches in CLL patiéhfsti-cancer
drugscan have marked effects on the HLA ligandome of tumor @effsincluding changes in HLA
surface expressioff, ** the HLA allotype distributioff, as well as the inductionf novel treatment
associated ligand§. For the combination of -Eelkbased immunotherapy with other antiancer

drugs it is thus of great importance to characterize the effects of these drugs not only on the effector
cells but also on the antigenic landscape of the target cells. For lenalidomide it was recently shown
that its clinical activity in CLL is nonlp mediatedvia the microenvironment but also by direct
inhibition of CLL cell proliferatiorvia cereblon® This leads tothe upregulation of the
cyclindependent kinase inhibitor p21WAF1/Cipl and to the increased degradation of the
transcription factors IKZF1 and IK2£3hese direct effects of lenalidomide might influence HLA
ligand presentation of CLL cells. In the present studg, therefore comprehensively and
semiquantitatively mapped the impact of lenalidomide on Hieatricted antigen presentation in

primary CLL samples.

6.1.3. METHODS

Patients and blood samples

t SNALKSNIf o6f22R Y2y2ydzOf SINJ OStfta o6t.alao FNRY
were isolated by density gradient centrifugation (Biocolg1lL3). Informed written consent was

obtained in accordance with the Declaration of Helsinki prokothe study was performed according

to the guidelines of the local ethics committee (373/2011B02). Patieatacteristics are provided in

Table S1.
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In vitro lenalidomide treatment of primary CLL samples

Primary CLL samples were cultured in RPMI1640 medilife technologies, 5240025)
supplemented with 10% fetal bovine serum (life technologies, 102&), 1% penicillin/
streptomycin (Sigma, P4333), 1% ressential amino acids (Biochrom, K 0293) and 1% sodium
pyruvate (Biochrom, L 0473) and incubatedwenalidomide (0.5 pM, Selleckchem, S1029) for 24 or

48 hours {4n and t4gr). Controls were incubated with 0.005% DMSO as vehicle control for 24 or 48
hours. Cell viability analysis was performed using trypan blue exclusion staining. Experiments were
conducted in three biological replicates where indicated. Therefor isolated PBMCs of the same blood
sample were split into three portions for each condition and treated in parallel. Please note that one
HLA class | data set (UPititreated#3t,4) did not @ss the quality control threshold of 500 ligands

for being included in labdtee quantitation (LFQ) analysis and had to be replaced by UPNL1
untreated#2t,4n. All analyses based on LFQ data therefore implement WinNé&ated#2 compared

with lenalidomide#3 as the data set #3 for lenalidomigteluced modulation at,,, For the HLA

class | dataset of UPN2 the mass spectrometry analysis could only be performgdoatause of
technical problems during the measurement of the lenalidontiggdataset.Dueto a low number of

HLA class Il ligands identified for UPN2 (mean: 149 HLA class Il ligands per condition) this data set
was excluded from the analyseSample characteristics including cell count, cell viability and HLA

class | and Il ligand IDs are po®d in Table S2.

Quantification of HLA surface expression

HLA surface expression on COOR5 CLL cells and CDTD5 autologous B cells of CLL patients was
analyzed using the QIFIKIT bdzbed quantitative flow cytometric assay (Dako, KO078) according to
YIydzFlF OG dzZNBNDRAa Ay & N¥D hrieR? sraples wiere Rt&ireOWth ieSERILAG S T 2 NB
class | specific monoclonal antibody (mAb) W6/32 (producédbirse), the HLARspecific mAB

L243 (produced Hmouse) or IgG isotype control (Biegend, 400202), respectively. Surface marker
staining was carried out with directly labeled APC -aothan CD2 (BioLegend, 302212), PE
anti-human CD5 (BioLegend, 300608) and -AFPGintthuman CD3 (BD, 641406) antibodies. Aqua
fluorescent reactive dyeif¢ technologies, L34957) was used as viability marker. Flow cytometric

analysis was performed on a FACSCanto Il Analyzer (BD).

Isolation of HLA ligands from primary CLL samples

HLA class | and class Il molecules were isolated using standard immunoaftirification as
described beforé® using the parHLA classdpecific mAb W6/32, the paHLA class-Hpecific mAb
Ti-39, and the HL®Rspecific mAB L243 (all producedhiause) to extract HLA ligands. All samples

of each patient were adjusted to identical cell counts prior to HLA ligsoidtion.
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Analysis of HLA ligands tiguid chromatographytandem mass spectrometrfl GMS/MS)

HLA ligand extracts were analyzed in five technical replicates as described predidnshyief,

peptide samples were separated by nanoflow hgghrformance LC (RSLCnano, Thermo Fisher

{ OASYGATFTAOO daAAY3I | pn >Y E Hp OY tSLlal Ll NFLAR
Fisher Scientific) and a gradient ranging from 2.4% to 32.0% acetoaoitetethe course of 9fin.

Eluting peptides were analyzed in an ontceupled LTQ Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific) using a top speed colhgsidoced dissociationCID) fragmentation

method for samples of UPN1 and UPISamples of UPN2 were analyzed in an ontiogpled LTQ

Orbitrap XL mass spectrometer (Thermo Fisher Scientific) using aatipfragmentation method.

Database search and HLA annotation

Data processing was performed as described prevididly brief, for UPN1 and UPN3 (orbitrap
fragment spectra) the SEQUEST HT search engine (University of WasHiag@fr UPN2i¢n trap

fragment spectra) the Mascot search engine (Mascot 2.2.04; Matrix Science) were used to search the
human proteome as comprised in the Swhst database (20,279 reviewed protein sequences,
September 2% 2013) without enzymatic restriction. Pred& 2 NJ YI 448 G2t SNI yOS 41 &
FNFAYSYd Ylraa G2ftSNIyOS G2 nop 51 F2N A2y GNIF LI
spectra analyzed by SEQUEST HT, respectively. Oxidized methionine was allowed as a dynamic
modification. The falsaliscovery rate (FDR) was estimated using the Percolator algdfithna

limited to 5% for HLA class | and 1% for HLA class Il. Peptide lengths were limitedLBoaBnino

acids for HLA class | and toc&5 amino acids for HLA class Il. Protein inference was disabled,
allowing for multiple protein annotations of peptides. HLA classxd alass Il annotation was
performed using NetMHCpan 3%° and NetMHClIpan 3*1annotating peptides with kgscores or

percentile rank below 500 nM or 2%, respectively. In cases dfpieupossible annotations, the HLA

allotype yielding the lowest rank/score was selected.

Labelfree quantitation of HLA ligand presentation

For LFQof the relative abundances of HLA ligands over the course of lenalidomide treatment, the
total cell numbersof all samples per patient were normalized by adjusting the implemented volume

of cell lysate prior to HLA ligand isolation.-MG&/MS analysis was performed in five technical
replicates for each sample. 500 HLA ligands per sample in five merged techpiicates were set

as threshold for the inclusion of the sample in LFQ analysis. Relative quantification of HLA ligands was
performed based on the area of the corresponding precursor extracted ion chromatogrants usi
ProteomeDiscoverer 1.4.1.1#eptide dentifications and their measured intensities are provided in
supplemental data b6 (Accessvia www.bloodjournal.org/content/12822/3234). Reproducibility of

guantitation across biological replicates in thEQstrategy using matching between runs is shawn
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a correlation analysis of the M8easured intensities of identified Hlligands (Figur&2). In order to

cope with the common problem of missing values in DDA MS and-fleleelquantitative
proteomic$®* we utilized aLFQstrategy using matching between runs to reduce missing values in
guantitation by lowemg FDR cutoffs. High quality peptide spectrum matches filtered for 5% FDR and
subsequently screened for predicted HLA bindiNgtifHCpan 3.0 rank < 2% or affinity < 500 nM)
were used to generate seed lists for semuiantitative volcano plot analysis. Thegsiences from

these seed lists were then queried across all runs without applying any filtering for spectral quality
criteria (XCorr, FDR) to extract areas for IDs not passing these thresholds. For Volcano plot analysis
G2yS KAUG 62y RSNIdin énedBdndiical RflidatePwére discaFdddiand the sample
specific limit of detection (LOD) was calculated as the median of the five lowest areas and inserted
for missing areas to allow for felthange calculation of HLA ligands detected in only oneottf
conditions Technical replicates as well as experiments/conditions were normalized based on the
summed intensities of all identified precursors in each MS run. Subsequently, the ratios of the mean
areas of the individual peptides in the five M3 runs of each sample were calculated and
unpaired, heteroskedastic twtailed t-tests implementing Benjamittlochberg correction were

performed using an #mouse R script (v3.2.3).

Software and statistical analysis

Flow cytometric data analysis was performasing FlowJo 10.0.7 (Treestar). Armhouse Python

script was used for permutation analysis for the calculatioRDR of treatmentassociated peptides

at different presentation frequencies, as described previotsBriefly, the numbers of original
treatment-associated peptides identified based on the analysis of the treated and untreated samples
were compared to random simulated treatmeassociated peptides. Simulated treated and
untreated samples were generataa silicobased on random weighted sampling from the entirety of
peptide identifications in both original conditions. These randomized virtual ligandomes were used to
define virtual treatmemassociated peptides based on simulated cohorts of treated venstreated
samples. The process of peptide randomization, cohort assembly and identification of treatment
associated peptides was repeated 1,000 times and the mean values of resultant decoy identifications
as well as the correspondingDR for any chosen fauency of treatmentexclusive peptide
presentation were calculated. Of note, due to the limited number of biological replicates in UPN2
and UPN3 permutation analysis could only be performed for UPNiouse R scripts were utilized

for volcano plots andohgitudinal analysis of relative HLA ligand abundances. The longitudinal
analysis of relative HLA ligand abundances utilizes the mean of three biological replicates. Overlap
analysis were performed using BioVefirGraphPad Prism 6.0 (GraphPad Software) was used for

statistical analysis. Comparative analysis of HLA surface expression was based on tistsed
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6.1.4. RESULTS

In vitro lenalidomide has no significant impact on HLA surface expression of pyn@i.L cells

In order to assess the impact of lenalidomide on HLA surface expression, we performed longitudinal
guantification of HLA class | and Il surface molecule counts on primary CLL cells as well as autologous
B cells of four patients upain vitro incubation with lenalidomide. First, we analyzed the cytotoxicity

of treatment with low dose (0.5 pM) lenalidomide on primary CLL samples. Viability analyses showed
no significant difference between lenalidomitieated cells and untreated controls, withean cell
viability of 71% and 74% g, respectivelyWith regard to HLA class | expression on COD$ CLL

cells, no significant impact of lenalidomide compared to untreated controls was observed (fold
change 0.92; 1.02,t,g,), with expressiotevels ranging from 60,000125,000 molecules/celFHgure

1A and B). For HLA cldksa slight increase of HLA surface molecules after lenalidomide treatment
was detectable (fol&hange 1.2% 1.43,t4,) With expression levels ranging from 29,0001 000
molecules/cell(Figure Tand D). In line, HLA class | and Il quantification of autologous"CD39
Bcells showed no significant impact of vitro lenalidomide exposure compared to untreated

controls (Figur&1).
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Figure 1 Effect ofin vitro lenalidomide treatment on HLA class | and Il surface expression on primary CLL cells.
Quantification of HLA surface expression was performed using a-teeset flow cytometd assay using the patlLA
clasd-specific monoclonal antibody W6/32 and the HRRspecific monoclonal antibody L243. Absolute counts of HLA

class | (A) and HLA class Il (C) surface molecules on pB8@&8CD5 CLL cells (g 4) treatedin vitro with lenalidomide.
Longitudinal analysis of relative changes (normalized to untreated controls) in HLA class | (B) and HLA class Il (D) surface
expression on primary CLL cells unitevitro lenalidomide treatment. Abbreviations: ns, not significaltq .08, unpaired

t-tests); UPN, uniform patient number.
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Relative quantitation of HLA class | peptide presentation on primary CLL cells umdestro
lenalidomide treatment

To assess changes in HLA class | ligandome compaosition, direct mass spectromgtis ahbeiLA
class | ligand extracts was performed for three primary CLL samples prior to treatmenttacuad

tssn, @S well as for the corresponding untreated controls. Based on available PBMC €Eagunts 2\

we performedin vitro lenalidomide treément for UPNL1 in three biological replicates and for UPN2
and UPNS3 in single experiments. In to&P91 unique naturally presented HLA class | ligands
representing 3,983 source proteins were identified on these primary CLL cellSS,(Figure 2,
Supplemental Data-3, accesssiawww.bloodjournal.org/content/12822/3234). Within this dataset
we were able to detect 35 different HuAatched Cldassociated giands (UPN1, 27; UPN2, 5;
UPN34) described in a previous study by our groBjggre 2 and B*’ Using the summed peptide
intensities of all FDRItered HLA ligand identifications as an indirect measure of total peptide
abundance, we did not detect any major decrease of total HLA tlasptide presentation on
lenalidomidetreated cells 4, and tssn combined) compared to levels prior to treatment or
untreated controls (UPN1, +35.1%; UPN2,4%; UPN3, +3.1%igure Z, Figuré&S4A and D).
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3 2.0x 10° 1,710 1,524 4
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Figure 2 Mass spectrometric analysis of the HLA clasprdsented peptidome of primary CLL cells under vitro
lenalidomide treatment. (A) Overview of PBMC count, unique HLA class | ligand IDs, representing source protein IDs and
the number of identified HL#fnatched CLiassociated antigens identified by mass spectrometry of analyzed primary CLL
samples (= 3). (B) Overlap analysis of HLA class | ligands identified on UPN1 withaktiheed Cliassociated class |
antigens identified in an earlier studfC) HLA class | ligand extracts of UPN1 befowéro treatment and att,4, andt,g;,
after incubation with 0.5 pM lenalidomide or 0.005% DMSO (vehicle control) were analyzed in biological triplicates.
number of HLA ligand identifications and the summed area of their extracted ion chromatograms are indicated in grey and
black bars, rgzectively. The threshold for relative quantitation (TRQ) was set to 500 HLA ligand IDs. Abbreviations: UPN,
uniform patient number; TRQ, threshold for relative quantitation.
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Lenalidomide has no substantial influence on the relative abundance of {dteSenied peptides

and does not induce cryptic, treatmerdssociated HLA ligands

A first basic qualitative comparison of the HLA peptidomes of untreated versus lenalidteated

primary CLL cells using overlap analyses of HLA ligand identifications basegth opdlity peptide
spectrum matches filtered for 5% FDR and HLA binalfifngity suggests considerable differences in

HLA ligandome composition. Comparison of the untreated samples (UPN1, 2 and 3 cells prior to
treatment, and att,4, and t4g, Without lenaldomide exposure) with the treated samples revealed

8.3% (382/4,603 HLA ligands), 43.7% (469/1,073 HLA ligands), and 30.9% (529/1,710 HLA ligands) of
the HLA ligandomes of UPNL1, 2 and 3 to be exclusively presented on untreated cells, respectively.
Whereas22.3% (1,026/4,603 HLA ligands, UPN1), 4.8% (51/1,073 HLA ligands, UPN2), and 12.3%
(210/1,710 HLA ligands, UPN3) of the HLA ligandomes were only detectable after treatment with
lenalidomide Figure 3\, FigureS4B and E). Out of the 1,287 treatmexiclusve HLA ligands 284

(22%) were never identified on any benign or malignant tissue comprised in-bouge database
containing 260 HLA ligandomes of various normal tissues and organ specimens as well as 262
ligandomes of different malignant entities. Indar to asses if any of these treatmeexclusive HLA

ligands are significantly associated with lenalidomide treatment, we plotted the frequencies of
peptide detection in the two different conditions (lenalidomitteated n=6, untreated =8, UPN1)

and a@lculated the significance thresholds for treatmexgsociated presentation of HLA ligands
based on permutation analysis as described previougiyute B and S8AJ. Notably, none of the

1,026 UPN1 HLA ligands exclusively detected on treated cells was found to reach the thresholds for

significant association i lenalidomide treatment®< 0.05).

Due to the fact that the missing value probl&ff is a major concern in datdependent acquisition

mass spectrometry (DDA MS) and lafvek quantitative proteomics, we further used the strategy of
matching between runs which reduces missing values in gquantitation by ilegv&DR cutoffs and

thus results in more robust quantitation of peptides across conditions even in runs with lower
numbers of FDRltered peptide identifications. Theléntified HLA ligand sequencedased on high
quality peptde spectrum matches and SPORG were queried among all runs without applying any
filtering for spectral quality criteria (XCorr, FDR) to extract areas for IDs not passing these thresholds.
Using thid FQstrategywe semiquantitatively assessed HLA class | ligand presentationgiarivitro
lenalidomide treatment. We observed no relevant plasticity of the HLA class | ligandome of UPN1
after treatment with lenalidomide (0.03% wupodulation, 0.00% dowsmodulation, mean of three
biological replicates) at,4, compared to untreated camols (Figure &, single hilogical replicate
analysis Figur&3A). At,g, similar proportions of modulation were observed (0.00%nopdulation,

0.03% dowrmmodulation, Figure ®, single mwlogical replicate analysis Figu&3B). The only HLA

ligands that showed significant alteration in their abundance under lenalidomide treatment are the
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IKZFiderived peptide APHARNGLSLs (up-modulation at tyy) and the IL1Rlerived peptide
SVDPKNY RKz0s (down-modulation att,gp). Strikingly, plotting HLA ligand presentation of untreated

UPNL1 controls at,,andtg, compared to levels of cells prior to lenalidomide treatment yielded even
higher proportions of modulated HLA class | ligands, with 3.04% (2.96f6dydation, 0.08% don-
modulation) and 6.30% (4.15% -upodulation, 2.15% dowamodulation) of HLA ligands significantly

altered in their abundance atyy, at tsg, respectively Kigure & and F, single dlbgical replicate

analysis Figur83C and D).
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Figure 3 Quantitative and qualitative influence ofin vitro lenalidomide treatment on the HLA class | peptidome of UPN1.
(A) Overlap analysis of HLA class | ligands identified on lenalidoreidels untreated (vehicle controls and pre treatment
cells. (B) Frequendyased analysis of peptide presentation on treated versus untreated (vehicle controls and pre
treatment) UPNL1 cells. HLA class | ligands are indicated ondRis xthe frequency of positive ligandomes the yaxis.

(GF) Volcano pits of the relative abundances of HLA ligands on UPNL1 cells comparing the conditions indicatetingomb
three biological replicates. Each dot represents a specific HLA ligandoldschanges of peptide abundance are indicated
on the xaxis, the correspndingsignificance levels after multisting correction {og;q P-value) on the yaxis. HLA ligands
showing significant upor downY 2 R dzf | {od, 2-fgld-charge in abundance witR<0.01) are highlighted in red and
blue, respectively. The absolute mbers and percentages of significantly modulated ligands are specified in the
corresponding quadrants. (C, D) Volcano plots comparing HLA ligand abundances on lenalidensudeuntreated cells at

toan andt,gn, respectively. (E, F) Control volcano pkasparing HLA ligand abundances on untreated celig,gandt g, to
baseline levels prior to treatment. (G) Distribution of HLA restrictions among peptidesfiglgrdn lenalidomidereated

(n= 4,221 peptides) versus untreated (vehicle controls anel fpeatment) primary CLL cells (n = 3,577 peptides).

Abbreviations: rep, replicate; vs., versus; FC -fbidnge.
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Gene ontology enrichment analysis (PANTHER versiorf®4.¢pmparing the source proteins of all
identified HLAigands on UPN1 with the wpnd dowrrmodulated source proteins identified in the
volcano plot analysis using single biological replicates showed no significant protein enrichment of
distinct biological processes. Lenalidomide treatment of UPN2 and UPNBete#n similarly lav

HLA ligandome plasticity (Figu4C and F), which confirms that lenalidomide has no relevant
influence on the HLAfresented peptidome of primary CLL cells. Furthermore, no differences in the
HLA allotype distribution of the HLA ligis identified on lenalidomidéreated and untreated

samples were detected (Figure 3G).

In vitro lenalidomide mediates no substantial quantitative or qualii@e influence on the HLA

classll ligandome of primary CLL cells

Because of the important role dD4 T cells in anttancer immune respons&s® optimal target
selection for Tcelkbased immunotherapy may benefit from the inclusion of Hdla&s Il epitopes. For

the selection of such epitopes it is thus also necessary to map the effects of lenalidomide on the HLA
class Il ligandome. We identified a total of 6,767 unique HLA class Il ligands representing 1,642
source proteins on primary CLlells (n = 3, Figure 4, Supplemental Data-& accessvia
www.bloodjournal.org/content/12822/3234). Within this dataset we were able to detect 92 unique
CLEassociated HLA class Il epitopes described in a previous $tigiye A)?’ A firstbasic overlap
analysis suggested considerable qualitative differences in the composition of HLA class Il ligandomes
on untreated versus lenalidomideeated primary CLL cells. However, none of the 417/3(@315%)

and 524/3,755 (14.0%) HLA class Il ligands of UPN1 and 3 that showed exclusive presentation on
lenalidomidetreated cells Figure 8 and S6A) was found to reach the significance thresholds
calculated based on permutation analysibgre € and S8B Implementing LFQ using matching
between runs we further serjuantitatively assessed HLA cliisigand presentation durinip vitro
lenalidomide treatment. We observed no relevant plasticity of the HLA class Il ligandome of UPN1
after treatment with eEnalidomide with 0.11% and 0.06% of UPNL1 ligands (mean of three biological
replicates) showing significant modulation &4, and tss, compared to untreated controls,
respectively Figure D and E, single ddbgical replicate analysis Figu&A and B). KLligand
presentation of untreated UPN1 cells compared to the levels of cells prior to lenalidomide treatment
yielded even higher proportions of modulated HLA class Il ligands, with 3.05% and 6.54% of HLA
ligands significantly altered in their abundancetat, and t4g,, respectively Kigure & and G, single
biological replicate analysis FiguedC and D)n vitro lenalidomide treatment of UPN3 resulted in
similar HLA ligandome plasticity (FigugB and S7), which confirms that lenalidomide has no

relevarnt influence on the relative abundances of HLA clapseéented peptides of primary CLL cells.
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Figure 4 Quantitative and qualitative influence ofin vitro lenalidomide treatment on the HLA class Il peptidome of
primary CLL cells{A) Overview of PBME€ount, unique HLA class Il ligand IDs, corresponding source proteins and the
number of unique CLassociated antigens identified by mass spectrometry of analyzed primary CLL sampl&s (B)
Overlap analysis of HLA class Il ligands identified on demnalietreated versus untreated (vehicle controls and pre
treatment) cells (UPN1). (C) Frequeiased analysis of peptide presentation on treated versus untreated (vehicle controls
and pre treatment) UPN1 cells. HLA class Il ligands are indicated ofaxiw the frequency of positive ligandomes on the
y-axis. (BG) Volcano plots of modulation in the relative abundances of HLA class Il ligands on UPNL1 cells comparing the
conditions indicated. Each dot represents a specific HLA ligangfdldghanges 6 peptide abundance are indicated on

the xaxis, the correspondingignificance levels after muléisting correction {og;o P-value) on the yaxis. HLA ligands
showing significant upor downY 2 R dzf | (i % 2-ffld-aharge finZaBundance witR<0.01) ae highlighted in red and

blue, respectively. The absolute numbers and percentages of significantly modulated ligands are specified in the
corresponding quadrants. (D, E) Volcano plots comparing HLA ligand abundances on lenalidensudeuntreated cellat

toan @andtagn, respectively. (F, G) Control volcano plots comparing HLA ligand abundances on untreated ggbsdt g,

to baseline levels prior to treatment. Abbreviations: UPN, uniform patient number; rep, replicate; vs., versus; +C, fold
change
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CLLEassociated HLA ligands show robust presentation under lenalidomide treatment

As stable presentation of Ghksociated antigens is indispensable for the rational comimnabf
lenalidomide with Icelkbased immunotherapy approaches, we next longitudinally analyzed the
presentation kinetics of established Gddsociated HLA class | and class Il ligands upon lenalidomide
treatment. For UPN1 18/27 HLA class | and 29/37 HLA class Il ligands could belitadlyitu
analyzed, as for these peptides MS2 identifications and quantifiable precursor extracted ion
chromatograms were available for at least one replicate at each fimiat. CLtassociated HLA
clasd ligands showed only slight modulation due to lenafidde treatment with median log
fold-change (treated/untreated, mean of three replicates) of 0.28 (rar@@4 to 1.11) and 0.41
(range 0.21 to 1.00) at., and tug, respectively Figure 3\, Table S3). Tracking of these specific
peptides in singlereplicate volcano plot analyses confirmefbr 17/18 (94.4%) of these
CLEassociated HLA ligands that the observed modulation did notretatistical significance (Figure
S3A and B). Similar results were obtained for-&sbciated HLA class Il ligandthwhedian log
fold-change 0f0.01 (range0.81 to 1.23) and0.22 (range1.05 to 0.41) at,4, andtsgy, respectively
(Figure B, Table S4). 26/29 (89.7%) of these HLA class Il ligands showesignditant modulation

in the single replicate volcanogtlanalysis (Figur&5A and B), confirming the robust presentation of

the CLtassociated antigens under lenalidomide exposure.

IKZF1 and IKZF2lerived HLA ligands are selectively and significantly -oqmdulated under
lenalidomide treatment of primary CLLetls

As the IKZFtlerived HLA class | ligand APHARN@LSIshowed significant upnodulation under
lenalidomide treatment (UPNEigure &) we aimed to analyze whether the direct inhibition of CLL
cell proliferationvia cereblon caused by lenalidomids reflected in the HLA ligandome of treated
primary CLL cells. We screened the HLA ligandome of UPNL1 for the presence -oatdaRZF3
derived ligands, as these two transcription factors undergo increased proteasomal degradation under
lenalidomide treément.** ** We identified two length variants of an IKZ&drived HLA class | ligand
(APHARNGL®d408, B*07:02; APHARNG4 426, B*07:02) and one IKZigerived HLA class | ligand
(AEMGSERAL2s4 B*44:02). Strikingly, the IKZH8rived ligand was detected exclusively on CLL
cells after lenalidomide treatment and the IKZidrived liganls showed substantial umodulation
under lenalidomide treatment with median lpdold-changes (treated/untreated, mean of three
replicates) of 1.25 and 1.72 &4, and tsg, respectively Kigure &). In the single replicate volcano
plot analysis comparin the HLA ligandomes of lenalidomitteated cells with cells prior to
treatment, the IKZFterived ligand APHARNGLSL reached significance thresholds (log
fold-changex2, PXX n ®nm kedFftidgSoideciomifall dpnodulation in 2/3 biological replites

at both, t,4, andt,g, (Figure ® and E).
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Figure 5 Kinetics of Cl-bssociated and IKZFderived HLA ligand presentation on primary CLL cells (UPN1) after
treatment with lenalidomide. (A-C) Longitudinal analysis of the presentation of-&dociated HLA class | (A) and class Il (B)
ligands as wells as IKZ#drived HLA class | ligands (C) aiitevitro treatment with lenalidomide. Modulation in peptide
abundance is indicated on theaxis as log fold-change compared to untreated controls. (D, E) Volcano plots of the
modulation in the relative abundances of HLA ligands on UPN1 cells comparing lenalittemiee cell with cells prior to
treatment at to4, (D) andt,g, (E). Each dot repsents a specific HLA ligand. 4 &@d-changes of peptide abundance are
indicated on the »axis, the correspondingignificance levels after mutbisting correction {og; P-value) on the yaxis. HLA
ligands showing significant upr downY 2 R dzf | [bds 2fgld-chamge in abundance with<0.01) are highlighted in red
and blue, respectively. The significantly modulated IKd&#ived HLA class | ligand (APHARN.&B*07:02) is labeled

in black. Abbreviations: vs., versus; rep, replicate; FGcfudge.

6.1.5. DISCUSSION

The positive effects of the immunomodulatory drug lenalidomide on antibaetyendent natural

killer cellmediated cytotoxicity’? antigen presentation byDG? as well as Eell function and
activatiorf> * suggest that lenalidomide is a promising corapd for combination with Teltbased
immunotherapeutic approaches.As precise and effective antigepecific cancer immunotherapy
requires the exact knowledge of presentation patterns anthetics of tumorassociated
HLApresented epitopes that can act as rejection antigens, a potential impact of lenalidomide on
antigen presentation of target cells would be of paramount interest. To our knowledge, this is the
first study that evaluates the influence of lenalidomide on thieApresented immunopeptidome of
primary cancer cells. Our previous studies indicated that a mass spectrebastegl approach is
highly efficient in longitudinally mapping the effect of acéincer drugs on the HLA ligandothas

well as for identification of physiological targets of acdincer Tcell responses in patients with

hematological malignanci€é.>* ** In CLL, this strategy enabled us to establish a panel of highly
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specific, immunogenic and pathophysiologically relevant-aSkhciated antigens, which may be
implemented for antigerspecific immunotherapy. However, profound immune defects in CLL
patients might constitute a mjor limitation for such Teltbased approache¥® Combination of
specific Tceltbased approaches with the immunomodulatory agent lenalidomide may reptes
suitable option to overcome the immunosuppressive state in’€The present study was designed
to analyze the impact of lenalidomide on the Hh&sented antigenic landscape of primary CLL cells,
thereby allowing the informed selection of robustly presented targets for antipatific
immunotherapy. We utilized thease of 0.5 uM of lenalidomide fam vitro treatment of primary CLL
cells, which was previously shown to be adequate to induce the reported positive effects on the
microenvironment of CLL, especially on T c&lEo take into account the kinetics of HLA peptide
processing and presentatidhwe implemented two timepoints of longitudinal HLA ligandome
analysis at,4, and tygn, We found that lenalidomide does not cause a significant alteration of HLA
class | and Il surface expression on CLL and autologous B cells in contrast to several athpcemti
drugs®®3*°"*® The quantitative and qualitative changes in the HLA class | and Il liganfdtiowing
lenalidomide treatment were very moderate compared to the previously reported effects of
carfilzomib and bortezomib on HLA ligand presentaffory. Furthermore, no relevant alterations in
the HLA allotype distribution or in the presentation of previously definedaS&aciated HLA ligands
were detected, which enables a straightforward target selection in CLL pmatimespective of
lenalidomide treatment. Recent data demonstrated the induction of novel, cryptic, treatment
associated HLA ligands for anéincerdrugs like decitabin® and carfilzomib? In this study we
demonstrae that lenalidomide does not significantly induce cryptic, treatmass$ociated antigens.
However, we detected a significant mpodulation of IKZFtlerived HLAresented peptides under
lenalidomide exposure, which might be due to the direct effect of lidoanide on CLL cellga
cereblondriven proteasomal degradation of this transcription factor. Further studies will be needed
to evaluate the impact of IKZFhnd IKZFihduced peptides under lenalidomide treatment,

especially concerning their eligibiliag novel Tcell epitopes.

Together, our study shows that vitro lenalidomide has no relevant influence on the Hirdsented
immunopeptidome of primary CLL cells and therefore adds novel important aspects toward
characterizing lenalidomide as a suitablagent for the combination with Jceltbased
immunotherapy. Based on these results we implemented a phase Il peptide vaccination study
combining our Cl-associated HLA ligarfdsvith lenalidomidetreatment following firstline therapy

of CLL patients (NCT0280294%3).
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6.2.1. ABSTRACT

Anti-leukemia immunity fays an important role in disease control and maintenanceT éffree
remission inCML Thus, antigerspecific immunotherapy holds promise to strengthen immune
control in CML, but requires the identification of Glsldsociated targets. In this study, we dsa

mass spectrometrpased approach to identify naturally presented, HLA claasd class diestricted
peptides in primary CML samples. Comparative HLA ligandome profiling using a comprehensive
dataset of different hematological benign specimen and glas of CML patients in deep molecular
remission delineated a panel of novel, frequently presented, -€ktlusive peptles. These
non-mutated target antigens are of particular relevance since our extensive data mining approach
suggests absence of naturafiyesented, BCIRBL= and ABEBCRderived, HLAestricted peptides and

lack of frequent, tumoexclusive presentation of know@TAsand LAA. Functional characterization
revealed spontaneous-dell responses against the newly identified Cadksociated pepties in CML
patient samples and their ability to induce multifunctional and cytotoxic antgparcific T cellsle
novoin samples of healthy volunteers and CML patients. These ant@yenthus prime candidates

for T-celkbased immunotherapeutic approachésat may prolong TKiree survival and even mediate

cure of CML patients.

6.2.2. INTRODUCTION

CMLis characterized by the translocation t(9;22), which leads to the formation of theABCRusion
transcript”  To inhibit the resulting fusion protein, which mediates constitutive tyrosine kinase
activity, five approvedlKlsare available, which have led to an impressive improvement in the
prognosis of CML patients. Currently, the main treatment goal in CML is the achievement of a
so-called deep molecular remissigNIR), in which discontindimn of TKI therapy can be considered.
However, only few patients are able to permanently stop TKI therapy without suffering from
molecular relapsé.® Thus, lifelong TKI therapy is the standard of care for most CML patients, but can
associate with significant side effects and the risk of developing resistance t§ ¥t3sveral studies
provided evidence that immunological control may contribute to and even represent a marker for
the achievement of deep MR in CML patients under TKI treatment (gMhd treatmentfree
remission (TFR). Thestoration of immune responses is characterized by increased natural killer
(NK) and Tell response$’ reduced PEL expression on @ellsi? and the correlation of CD62L
expression on T celfin patients with MR as well as by the association of increaséaral killercell

count** and CD8Bplasmacytoid dendritic cell count and functidmwith TFR.
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In turn, reinforcing CMkpecific immune responses bycé&ltbased immunotherapy may serve to
enlarge the fraction of patients achieginlongterm TFR or even ce. It has been shown that
Gy BYISOATAOE AYYdzy2GKSNI LR I LILINB F OKSasz &dzOK
interferonh G K S NI LJ >-lasthy remisidns in 2CWE patients after discontinuation of TKI
therapy**° Immune checkpoint inhibitors, which have revolutionized the treatment of many solid
tumors in recent year$:?® are currently being evaluated in CML therdpiore advanced strategies

to treat CML patients comprise agents inducing an immune response specifically directed against the
leukemic cells, such as vaccifigs, TCRmimic antibodies®® or engineered TEells® * The
prerequisitefor such Tceltbased immunotherapeutic approaches is the identification of targets for
CML:specific Tcell responses, which in general are represented by tuassociatedHLApresented
peptides on malignant celf.3* Several studies have suggested neoepitopes ariiong tumor-
specific mutations as central specificities of checkpoint inhibitor inducedllTresponses in solid
tumors with high mutational burdeff ** However, the role of neoantigens forcEll responses in
cancer entities with low mutational burden, including CML, remains unclear. Besides neoantigens, we
and others identified nommutated, tumor-associated HLA peptidethat are able to induce
peptide-specific Tcell responsesand can serve as targets for-c&ltbased immunotherapy
approaches®® In recent years, we implemented the characterization of such tuassociated
antigens inhematological malignanciesased on the direct isolation of naturally presented HLA
ligands from leukemia cells and their sgiguent identification by mass spectrometry (MS). &b,

CLL and multiple myelomave so far identified more than 100 tumexclusive, highly frequent
antigens, which were validatl as immunogenic targets for-CElkbased immunotherapy
approaches® *° *' An extensive metanalysis of our HM immunopeptidome data revealed only a
small set of entityspanning antigens, which were predominantly characterized by low presentation
frequencies within the different patient cohorf$,indicaing that Fceltbased immunotherapies for
hematological malignancieshould be designed in an entigpecific manner. For CML, only very few

4%% or peptides derived from the B&RBL fusion regidhi*®

non-mutated tumorassociatedantigen
have been described so far and validated as immunogenic targets efaarter Tcell responses>>
Here, we comprehensively mapped the lacage of naturally presented HLA class | and Il peptides in
primary CML samples to identify novel ClHsociated antigens covering a broad range of HLA
allotypes. These antigens were further validated for their ptin to induce Tcell
responsegarticulaly in the context of immunomodulatory effects induced by TKI treatment in CML

patients>*°°
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6.2.3. METHODS

Detailed method descriptions can be found in the supplement.

Patients and blood samples
PBMCsfrom CML patients were collected at the Departments of Hematology and Oncology in

Tdbingen, Leipzig, and Aachen, Germany. Patient characteristics are provided in Table S1.

HLA surface molecule quantification

HLA surface expression was determined gdime QIFIKIT quantification flow cytometric assay
(Dako)* " Cells were stained with the padALA class-dpecific W6/32, the HL-BRspecific L243
mAbs or isotype control. Surface marker staining was performed with fluoreseeoggigated

antibodies against CD33, CD13, CD117, and CD34.

Isolation of HLA ligands
HLA molecules were isolated by standard immunoaffinity purific&ltichusing the mAbs W6/32,
Ti39, and L243.

Analysis of HLA ligals byLGMS/MS

HLA ligand extracts were analyzed as described previduBlgptides were separated by nanoflow
high-performance LC. Eluted peptides were analyzed in an cobupled LTQ Orbitrap XL mass
spectrometer. Furthermore, parallel reaction mitoring (PRM) targeting BCRABL and
ABLBCRderived peptides (Table S2) was performed on an Orbitrap Fusion Lumos mass

spectrometer.

Data processing

Data processing was performed as described previctiSlyThe Proteome Discoverer (v1.3, Thermo
Fisher) was used to integrate the search results of the Mascot search engine (v2.2.04 Slatroe)
against the human proteome (SwiBsot database). For the search of B&B- and ABEBCRderived
neoantigens the human proteome was extended by BBR sequences from the TrEMBL database

and by published ABBCR sequencé&®

TheFDR(estimated by the Percolator algorithm 2®4was limited to 5% for HLA class | and 1% for
HLA class Il. HLA class | annotation was performed using SYFPE&i@rtl NetMHCpan 3.6.% The
lists of HA class | and Il peptides identified on CML, égMind hematological benign tissue samples

are provided in supplemental data(Acceswyiawww.bloodjournal.org/contentd 33/6/550).
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Peptide synthesis
Peptides were produced by the peptide synthesizexerty Blue (CEM) using thefl@orenylmethyt
oxycarbonyl/tertbutyl strategy®’

Amplification of peptideda LISOAFAO ¢ OStfa FyR LCb! 9[L{th¢ I aal
PBMCs from CML patients and healthy volunteers (HVs) were pulsed with 1 pg/mL (class 1) or
5pug/mL (class Il) per peptide and cultured for 12 d8y8 Peptidestimulated PBMCs were analyzed

by enzymdinked immunospot (ELISPOT) as8ay.

aAPC priming of naive CDB cells
Priming of peptidespecificCTl was conducted using artificial antigpresenting cells (aAPC$)®’
Magneticactivated celsorted CDBT cells were cultured with 42 and IL7. Weekly stimulation with

peptideloaded aAPCs antd12 was performed four times.

Cytokine and tetraner staining

The functionality of peptidspecific CD8T cells was analyzed by intracellular cytokine staining

(ICS® °® Cells were pulsed with peptide, Brefeldin A, and GolgiStop. Staining was performed using
mAbsl A Ayad /5y3X ¢bCX LCb! I | yspecifit EDBTTCell® wa€ NS Ij dzS'y

determined by antiCD8 and tetramer stainirfy.

Cytotoxicity assay

Cytolytic capacity of peptidspecific CDST cells was analyzed using the flow cytométaged VITAL
assay® " Autologous target cells were either loaded with test peptides or irrelevant control
peptides and labeled with CFSE or FarRed, respectively. Effector cells were added in the indicated
effector to target ratios. Specific lysis of peptidaded target cds was calculated relative to control

targets.

Data availability
The mass spectrometry data have been deposited to the ProteomeXchange Consortium
(http://proteomecentral.proteomexchange.orgia the PRIDE partner repository with the dataset

identifier PXD010450.
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6.2.4. RESULTS

Myeloid andprecursor cells of primary CML samples express high leveldL&t molecules

T-celkbased immunotherapy requires sufficient HLA expression on target cells, which in case of CML
constitute myeloid cells and myeloid precursor cells. Thus, as a first step we quantified HLA surface
expression on CD3and CD13myeloid cédls as well as on CD1TID34 precursor cells using PBMCs

of CML patients (= 7, Table S1). HLA class | surface levels showed substantial heterogeneity with
molecule counts/cell of 78,60Q 202,100 (mean 153,600) for CD3%lIs and 69,50@ 322,000
(mean184,600) for CDIXcells (Figure 1A). HLA class Il expression ranged from 37,280,000

(mean 101,200) molecules/cell for W33 cells and 39,000¢ 286,300 (mean 158,900)
molecules/cell for DRED13 cells (Figure 1B). Notably, highest HLA surfaceldenvere detected on
precursor cells with 112,00Q 316,500 (mean 221,100) and 99,7Q0487,200 (mean 228,300)

molecules/cell for HLA class | and I, respectively (Fiyug).

A HLA-A, -B, -C B HLA-DR
A
O A
300,000+
= Ala — 400,000
Q Q
w (%)
o n o
2 200,000- n o 300,000 =
w T w
g 9
§ § 200,000+ N
— - - = A
S 100,000 A S
£ o € 100,000-
0 1 L] L] 0 T L] 1
cD33" cp13* cp117* cp33’ cp13* cp117*
cp34* cp34*

Figure 1: HLA surface expression of primary CML c@NsHLA class | arfB) HLADR expression was determined by flow
cytometry for CD33and CD13myeloid cells as well as CDICD34 precursor cells from peripheral blood of CML patients
(n=7) at the time of diagnosis. Data points represent individual samples. Horizoetiridicate mean valuesSD.

MS identifies naturally presented, CMassociated HLA class | ligands in CML patient samples

MS analysis of 21 primary CML samples revealed a total of 11,945 unique HLA class | ligands (range
535¢ 2,107, mean 1,080 per samplom 5,478 source proteins (Figure S3A, supplemental data 1
accessvia www.bloodjournal.org/contentd 33/6/550), obtaining 82% of the estimated maximum
attainable coverage in HLA ligand source proteins (Figure 2A). For the identificatiGMIlof
associated antigens we established a comparative cohort of hematological benign tissu&68n
including PBMCs (n 63), granulocytes (& 14), CD19B cells (= 5), bone marrow (= 18), and

CD34 HPCqn = 8). A total of 51,232 different naturgllpresented HLA class | ligands (range .01

7,587, mean 1,404 per sample) from 11,437 source proteins (supplemental dadacéssvia

www.bloodjournal.org/contentd 33/6/550), obtaining 95% of maximum attainable coverage
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(FigureS4A), were identified. Flmermore, we created an additional comparative benign ligandome
dataset of PBMCs from CML patients in d&#p (CMlyg, N=15) comprising &tal of 5,907 unique
HLA clask ligands (range 31% 1,145, mean 655 per sample, supplemental dhtaaccessvia

www.bloodjournal.org/contentd 33/6/550).

The CML cohort included a total of 31 different HLA class | allotypes, the most frelpgiegt
HLAC*07 (n=11),-A*02 (n=10),-A*03 (n=8),-B*07 (n=7), and-B*35 (n=6, Figure S5A). Among

the world populatiorf* ™ 99.3% of the individuals carry at least one HLA class | allotype that is
represented within this cohort (Figure S6A). The comparative hematological benign cohort showed
an HLA allotype apulation coverage of 99.9% (Figure S6B) andciheal 89% of HLA, 100% of
HLAB, and 88% of HE@ allotypes within the CML cohort (Figure S5B).

To identify CMiassociated antigens, we performed comparative HLA class | ligandome profiling of
the CML cohorwith the hematological benign and ClH.cohorts. Overlap aalysis revealed 2,600

HLA claskligands to be presented exclusively on CML samples (Figure 2B) and never detected on
hematological benign or Chjksamples. For the identification of broadly ajgpble, CMiassociated
antigens, we aimed for the selection of target antigens that not only fulfill the criterium of CML
exclusivity, but also exhibit high prevalence within the CML cohort. At a tdejitition FDR of §%

(<1%) a total of 235) HLAElF aa L € A3 YRA SAGK MANBBWNBeieSYy G G A
identified (Figure 2C and S7A, Table S4). The most common HLA allotype restrictions of these HLA
ligands included HI-A*02, -A*03, -A*11, and-B*07. To identify CMhssociated targets witleven

higher representation frequencies, we subsequently performed HLA allstypeific
immunopeptidome profiling. Setting target FDR t6% (<1%) we identified 4 (1) HEA02, 35 (15)
HLAA*03, 3 (0) HLA*11, and 8 (2) HL-B*07-restricted ligands withrepresentation frequencies of

XN JE2 p OR3k D0y2 3w OF3K Oy I 20y OF3K Un30: 2 ¥o780) respectively (Figure ZDand S7HE,

Table S4). To further validate these Ga#isociated targets we compared them with an additional
benign dataset comprising 28 difent northematological tissue entities (a 166, including for
example liver, lung, brain, skin) with a total of 128,590 unique HLA class | peptides from 16,405
source proteins. Thus, we selected a panel of eight -€kélusive teget antigens including ta
HLAA*02-, threeHLAA*03-, one HLAA*11-, and two HLA*Q7-restricted ligands for further

immunological characterization.
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Figure 2: Comparative HLA class | ligandome profiling and identification of -@d8bciated antigens(A) Saturation
analysis ofHLA class | ligand source proteins of the CML patient cohort. Number of unique HLA ligand source protein
identifications shown as a function of cumulative HLA ligandome analysis of CML samply.(Exponential regression
allowed for the robust calcation (F\3 = 0.9999) of the maximum attainable number of different source protein
identifications (dotted line). The dashed red line depicts the source proteome coverage achieved in our CML patient cohort.
(B) Overlap analysis of HLA class | ligand ideatidins of primary CML samples%r21), CM|,r samples from patients in
deepMR(n=15), and hematological benign samples=(t08) including PBMCs &63), granulocytes (g 14), CD19B cells

(n = 5), bone marrow (r= 18), and CD34HPCs (rr 8). (C)Comparative profiling of HLA class | ligands based on the
frequency of HLAestricted presentation in CML and hematological benign ligandomes. Frequencies of positive
immunopeptidomes for the respective HLA ligandsiXis) are indicated on the-gxis. Taallow for better readability, HLA
ligands identified on €% of the samples within the respective cohort were not depicted in this plot. The box on the left
and its magnification highlight the subset of Cilisociated antigens showing Gleikclusive, highljrequent presentation.

(D-G) Allotypespecific comparative profiling of (D) HRA02, (E}A*03, (F)-A*11, as well as (GB*07 positive samples as
described above. Abbreviations: IDs, identifications; pos., positive.
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HLA class Il ligandome profilirdglineates three novel groups of CMdssociated antigens

Mapping the HLA class Il ligandomes of 20 primary CML samples, we identifiedlif@eht HLA

class Hestricted peptides (range 172 1,162, mean 641 per sample) derived from 1,302 source
proteins (Figure S3B, supplemental dataatcessvia www.bloodjournal.org/contentd33/6/550),
achieving 72% of maximum attainable coverage (Figure 3A). Our HLA class Il hematological benign
tissue cohort (n= 88, PBMCs (& 38), granulocytes (r18), CD19B cells (= 9), bone marrow
(n=15), CD33HPCs (1* 8)) comprised 42,753 unique peptides (range 1,267, mean 1,197 per
sample) from 4,877 seooe proteins (supplemental dath accessvia www.bloodjournal.org/
content/133/6/550), obtaining 84% of mximum attainable coverage (Figure S4B). The benigm&ML
ligandome dataset (& 15) included a total of 1,529 HLA class Il peptides (range2B4, mean 164

per sample, supplemental dafiag acceswyiawww.bloodjournal.org/contentd 33/6/550).

For the idetification of HLA class -iléstricted, CMtassociated antigens, we established an
innovative HLA class Il ligandome profiling platform, which delineated three groups of antigens:
peptide targets, protein targets, and hotspot targets. First, we performedparative ligandome
profiling on peptide level. Overlap analysis revealed 1,949 peptides to be exclusively presented on
CML (Figure 3B) and never detected on hematological benign og{Ldaimples. Of these, 36
peptides were identified with a representatioch NB |j dz2@9Odasedkon an FDRL%. However,

30/36 peptide targets showed length variants §6% overlap) presented on benign hematological
samples and were therefore excluded (peptide targets, Figure 3C and S8A, Table S5). Further
ligandome profilingvas performed on HLA class Il source protein level. Based on anFbRE%),
G2t 2F n onHO a2dz2NOS LINE 3rk 2800k edesdhting 034 G A FA S
unique HLA class Il peptides (protein targets, Figure 3D and S8B, Table &5hird group of CML
associated antigens we analyzed GdAkclusive hotspots by peptide clustering, which validated the
previously described targets and identified one additional @gociated hotspot with a
representation frequency of 20% comprisitiree unique HLA class |l peptides (hotspot targets,
Figure 3E, Table S5). Subsequent validation of these targets using chiemaitological benign

tissue dataset (= 166, 28 tissues, 143,6FA A class Il peptides, 13,410 source proteins) delineated

a panel of six strongly CMéassociated target antigens for immunological characterization.

Notably, most of the identified targets showed unusual short peptide lengths for HLA class I
restricted peptides (mean 12 amino acids), which is reflected by a gdeagth distribution shift in

myeloid ceHlcontaining samples representing shorter HLA classstticted peptides (Figure 3B9).

Figure 3 (A) Saturation analysis of HLA class Il peptide source proteins of the CML patient cohort. Number of unique HLA
peptide source protein identifications as a function of cumulative HLA ligandome analysis of CML sar#63. (n
Exponential regression allowed for the robust calculatioh=(R.9997) of the maximum attainable number of different
source protein identificions (dotted line). The dashed red line depicts the source proteome coverage achieved in our CML
patient cohort. (B) Overlap analysis of HLA class Il peptides of primary CML samples (n =\g2®a@mes from patients

in deepMR (n = 15), and hematologgl benign samples (n = 88) including PBMCs (n = 38), granulocytes (n = 188 CD19
cells (n = 9), bone marrow &1l5), and CD3HPCs (n = 8).

66



RESULTS

A B
2,000
. 100% saturatlon (LBOB pratelns) ... .....coceerenemnisnnsnionren
& 1,500
= | 72% saturation (1,302 protelns) | ___ .. .. ...._ -
£ 1,949 37,864
g 1,000
. 38— >
z 282
c
S 5004
2_
0 . . R= 0'?997 [] €ML{n=20) [] CMLyyg (n=15)
5 10 15 20 [] hematological benign (n = 88)
number of samples
C w4 eemmmT T T s !
------ ]
1
S :
w ]
— @ 1
© E 1
Z 8 J
L o
3 B
E’ =
£ 2
k=
w
g
M CML (n =20)
M hematological benign (n = 88)
100
HLA class Il peptides (n = 6,047)
g
]
T E
-}
€ c
S B
g =
= 2
=
]
2
W CML (n =20)
B hematological benign (n = 88)
50
£
o
o
-
©
>
o
c
o
S
T
E FLLLFDLTNEQSFLNVRNWIS
e B CML (n, = 11)
50 M hematological benign (Npe =9)
T T T T
50 100 150 200
sequence position
204 CcML Granulocytes PBMCs B cells BM HPCs
—_
§' 154
>
=
o
E] 10
o
e
4w 54

0-8 12 16 20 24 8 12 16 20 24 8 12 16 20 24 8 12 16 20 24 8 12 16 20 24 8 12 16 20 24

peptide length [number of amino acids]
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The role of cancer/testis and leukemiassociated antigens as well as B8Rl-derived neoantigens

in the immunopeptidome of CML

Beside the definition of novel CMissociated antigens, we focused on the identification and ranking
of establishedCTAS " and LAAS* " in our dataset of naturally presented HLA peptides. We
identified 170 different HLA class | and 382 class Il peptides from 39 and 18 CTAs, regpastivel
well as 1,429 class | and 3,428 class Il peptides from 131 and 77 LAAs, respectively (@ &ble S6
Notably, these antigens were not only represented in CML immunopeptidomes but also on
hematological benign samples (Figure 4). Hence, this anabléreated only a small panel of seven
(4% of total) CMlexclusive but infrequent CTAs and LAAs, whichesst suitable candidates for
T-celtbased immunotkrapy in selected CML patientds the characteristic BE&BL translocation
may result in the presgtation of BCRABL or ABBCR neoepitopes, we further screened our CML
cohort for naturally presented, B&BL and ABEBCRderived peptides bypDAof all CML samples

as well as targete@RMof four CML samples (Table S2). Despite the fact that theABLERnd ABL

BCR fusion sites potentially provide HLA binding motifs for several HLA allotypes, no naturally

presented HLA peptides were identified.

HLA class-estricted CMLEassociated antigens induce functional peptiggecific T cells in samples

of HVs andCML patients

To confirm immunogenicity and detect preexisting memorgell responses against the identified

CM: 3320AFGSR FydGA3ISya oCATdINB p! 0 685 LISNF2NY¥SR
HLAmatched PBMCs from CMLIF GASyGa YR | +ad 2SS 20&88NISR L
associated ligands in 2/17 (12%) analyzed {Mhtients (Figure 5B), but also for two peptides in

one HV (Figure S10), respectively. Gressting microorganisaor virusspecific T cells as reas for

the observed Tell responses in single HVs appears unlikely, as no sequence similarity of the CML
associated antigens with proteins from microorganisms and virus was determined. In adidiion,

frequent peptide-specific CD8T cells were detectedy tetramer staining for 4/8 peptides in 3/18

CMly patient samples after 18 stimulation without any detectable preexisting peptidpecific

Tcellsex vivoprior to stimulation (Figure S11)o assess the immunogenicity of the remaining HLA

class ‘redricted ligands we performeih vitro aAPGbased priming experiments using CO®ells of

both, HVs and CML patients. Effective priming and expansion of ardjggific T cells was observed

for all eight CMi 3 8 2 OA | (i SR 70%Sof dindlyRed & Vsitvyrequencies of peptidespecific

Tcells ranging from 0.4 33.9% (mean 2.2%) within the CO&ell population (Figure 5A,C and S12).
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Figure 4: Representation of published CTAs and LAAs in CML and hematological benign HLA ligaRiEpnesentation

frequencies of published CTAs in HLA (A) class | and (B) class Il ligandomes as well as published LAAs in HLA (C) class | and
(D) class Il ligandomes in CML patient and hematological benign samples. Pie charts indicate total amount of identified CTAs
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benignexclusive). Bar diagrams depict relative representation [%] of respective antigens on CML and hematological benign
samples allocated to theCML-association. Only antigens with representation frequencies (A, B5E9 or (C) 25% in the

respective cohort are shown. Abbreviations: CTAs, cancer/testis antigens; LAAs, leassogiated antigens.
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PSse03 KIFWIPLSH DHRS9 0/7 (0%) 0/12 (0%) 5/5 (100%) nt.
PBpeqy AVNPGVVVR BPI 0/3 (0%) 0/15 (0%) 3/3 (100%) nt
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Figure 5: Immunogenicity of HLA classebtricted, CMEassociated antigens(A) Immunogenicity analysis results of the

eight HLA classréstricted, CMtassociated peptides with their respective frequencies of preexisting immune recognition

by PBMCs of (M LJ i A Sy (i a A ¥V T-cell@dsponsdip CNILIHNS) aslwalldak Befjuentiéssofy

2 NJ

I £3a

peptide-specific CD8T cells detected aftein vitroaAPGbased priming experiments with naive CD&ells of HVs and CML

patients. (B) Examples of CM& & 2 OA I (1 SR
CML patients. Results are shown for immunoreactive peptides only. PHA was used as positive cor&td2Hestricted
DDX5_HUMANg 156 peptide YLLPAIVHI served agative control. Data are expressed as mean + SD of two independent

fA3lYRA

SOt dz G-SRmukatibn UsiagbPBMCS pfL { t h ¢

replicates. (C, D) Naive CO8cells from (C) HVs as well as from (D) CML patients were pirirvééthb using aAPCs. Graphs
show single, viable cells stained for CD8 anecdtfugated muimers of indicated specificity. Tetramer staining was
performed after four stimulation cycles with peptideaded aAPCs. The left panels show.g3or P%&-«-tetramer staining,

respectively. The middle panels (negative control) depigtgRr P %« o-tetramer staining of respective T cells primed with
an irrelevant peptide. The right panels show T cells from the same donor that were tested for the absence of preexisting
memory T cells after 1d recall stimulation by either (C) tetramer staining or (D b 4

9[ L{the

aal
after four stimulation cycles with negative control peptitbded aAPCs (Hi&%02, YLLPAIVHI, DDX5 HUMANs and

eod

HLAA*03, QIFVKTLTGK, UBC_HUMAN Abbreviations: ID, identification; HVs, healthy volunteers, not tested; UPN,
uniform patient number; SFU, spot forming unit; neg., negative; pos., positive.
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Furthermore, all analyzed CMissociated peptides induced peptidpecific T cells using CML

patient samples with frequencies of 0g12.2% (mean 0.4%ithin the CD8T-cell population (Figure

5A,D). Notably, peptidgpecific immune responses were even induced in ffdatient samples that

had not shown preexisting immune responses. Priming experiments with control peptides frequently
presented by HLA*02 and-A*03 on both, tumor and benign tissues (peptide presentatid0%6 in

HLAmatched sources), confirmed CMhpedficity of the induced Tell responses (Figure 5E).
Furthermore, multifunctionality of peptidspecific T cells was shown for 6/8 ChHsociated
LISLIGARS& 0@ LCb! YR ¢bC LINRPRdAZOUGA2Y | YR dzLINB 3 dz |
6A,B). Finally cytotoxicity assays with polyclonal peptidpecific effector T cells revealed the

capacity to induce antigespecific lysis for 3/4 analyzed peptides (Figure @dbd S13).

Reduced functionality of COg cells in CMjg, patients

Subsequently, we resmned that weak preexisting immune responses against the-&gihciated,

HLA classMB a G NA OG SR LISLIGARS& Ay 2dzNJ LCb* 9[L{th¢ I aa
of CD8 T-cell functionality that reportedly occurs upon TKI treatm&f Therefore, we compared

T-cell responses against viral epitopes of Ghatients, HVs, and CLL patiefits y L Cb ¢ 9 L{t
assays. While CD8-cell counts themselves were not reduced in Gipatients (Figure 7Ae
203SNVSR aA3IYyAFTAOLydfte NBRdAzOSR LCb: NBf0H013S 27
CAIdzNE 1.0 LYy O2yiNradzr y2 &aArA3ayiAFAOlyidfe& NBRdAzO
restricted viral epitopes was slkrved (Figure 7C). These results were confirmed by the functional
characterization of six HLA cldbgestricted, CM 8 82 OA I SR LISLIIARS&a Ay L
(Fgure7D,E). Frequencies of CO4cell responses reached up to 24% (4/17) of analyzed @2itiknt

samples, however, with some peptides only analyzed in pooledoeagidue to low cell numbers.

Taken together, we characterized a panel of novel, @8Hociated, HLA class | and Il antigens, which
even in the context of the immunosuppressive effeinduced by TKI treatmentere able to induce
multifunctional Fcell responses and therefore could serve as prime targets for the development of

antigenspecific immunotherapies in CML.
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A Peptide ID Peptide sequence Source protein ICS of peptide-specific CD8* T cells VITAL assay
P10, ALHPLVILNI CSN6 negative positive
P20z KQGFEPPSFV GELS TNF* / IFNy* n.t.
P3,en3 RTAGHPLTR PTN7 TNF* / IFNy* / CD107a* n.t.
P4,.03 HLLEQVAPK PLSL TNF* / IFNy* / CD107a* negative
P54s03 KIFWIPLSH DHRS9 TNF*/ IFNy* / CD107a* positive
P6pe1q AVNPGVVVR BPI TNF* / IFNy* / CD107a* n.t.
[l RAMVARLGL CD24 TNF* / IFNy* / CD107a* positive
P8g-07 APGQPLRVL CEBPE negative n.t.
B A P7ge07 negative control positive control
6.75% 0.30% 88.43%
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Figure 6: Functional characterization of CMksociatedantigen-specific CD8T cells.(A) Functional characterization of
CMLl-associated antigespecific CD8T cells including their CD107a and cytokine expression profile detectd@®y
following aAP@ased priming experiments and their cytotoxic capabilityTAL assay)B)Representative example of
AYONBLIF&aSR LCbs YR ¢bC LINRPRdzOGAZY & 6Stt | Zorpefidensed SELINSA
for the stimulation with aAPCs compared to the corresponding negative control peptide-B¥ZA TPGPGVRYPL,
NEF_HV1BR.3). PMA and ionomycin served as positive control. ThgoP3pecific CD8T-cell population showed a
frequency of 1.01% as detected by tetramer staining (leftmost panel) &elective cytotoxicity of Rs-specific effetor

Tcells analyzed in a VITAL cytotoxicity assay witlitro primed CD8T cells of an HV. (C,D) Tetramer staining of polyclonal
effector cells before performance of the VITAL assay determined the amount,el-Bgecific effector cells in the (C)
population of successfully R&s-primed CD8T cells and in the (D) population of control cells from the same donor primed
with an HLAmatched irrelevant peptide. (E) At an effector to target ratio of 2.5:1d2Specific effectors (black) exerted
20.9% {0.4%) Phos-specific and significant higher lysis of\B%loaded autologous target cells in comparison to control
peptide-loaded target cells (H:A*03, RLRPGGKKK, GAG_HM1LBRP5«3-unspecific effectors (grey) only showed 2.0%
(°0.4%) unspecific lysis of the same targets. Results are shown as m&#M for three independent replicates.
Abbreviations: D, identification; n.t., not tested; ICS, intracellular cytokine staining; FSC, forward scatter; n.s., not
significant; *** p<0.001.
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A CD8* T-cell count B CD8* T-cell response C CD4* T-cell response
a5 300 — 150
o % i
R w w
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3 X 5
8 1 E. 100 EL 50
% %
0 0 0
MLy HVs cL MLy, HVs cLL CMLyy, HVs cLL
D Peptide Peptide Source CD4* T-cell response CD4* T-cell response
D sequence protein in CML in HVs
P1, MEPAFIIQHF MYO9B 4/17 (24%) 0/10 (0%)
P2, EEASNQLINHIEQF XRCC5 2/17 (12%) 0/10 (0%)
P3, SENVDLTEPIISRF MCM2 2/17 (12%) 0/10 (0%)
P4, IESIENLEDLKGHSV MCM2 2/17 (12%) 0/10 (0%)
PS5, ANGFPVFATVIL MCM2 3/17 (18%) 0/10 (0%)
P&, GPRLEIHHRF MCM2 2/17 (12%) 0/10 (0%)
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Figure 7: General functionality of T cells in CMlpatients and immunogenicity of HLA classréistricted, CMEassociated

antigens. (A) CD8T-cell counts of CML patients under TKI treatment (G)Mh = 7) compared to HVs (a 10) and CLL

patients (n=10). (B,C) Retrospective analysis of preexisting immune responses directed against (B) HLaxdl§€3 HLA
clasdl-restricted viral TOSt f SLIAG21LI5&a o6¢F o6t S { o0 I vdiretad $tidukatioh of PRMCSfrom9 [ L { t h ¢
CMly¢ patients (HLA class I=n10, HLA class [1=.112), HVs (HLA class £i4, HLA class Ils6), and CLL patients (HLA

clasd n =31, HLA class Il m24). (D) HLA classréstricted, CMtassociated peptides with their corresponding source

proteinsand frequencies of preexisting immune recogniton by 0D4 OSt ft & 2F /a[ LI GASyda 2NJ | +3
after 12d stimulation. (E) Examples of Glsiésociated, HLA classNlS & G NA OG SR LISLIIARSa SgI t dz2 4G4SR
using PBMCs of CML patts. Results are shown for immunoreactive peptides only. PHA was used as positive control. HLA

class Hestricted FLNA_HUMARMN 1653 peptide ETVITVDTKAAGKGK served as negative control. Results for UPN41 and

UPNA49 are shown as pool readts of all siHLA class-testricted, CMtassociated peptides due to low cell numbers. Data

are expressed as meanSP of two independent replicates. Abbreviations: HVs, healthy volunteers; SFU, spot forming unit;

ID, identification; UPN, uniform patient number; negegative; pos., positive; **p <0.001.

P1, P5, P1-6; P1-6,

6.2.5. DISCUSSION

Several studies have shown that immunological control plays a major role in the course of disease
and for treatment success in CNfL!* ' Therefore, various immunotherapeutic approashare
currently being evaluatéd® ?* 2° with the main goal to achieve deep méssions that enable
longterm TKifree survival or even cure of CML patients. An attractive apprasctie further
development of tailored peptiddased immunotherapy, which enables specific and minor side effect
targeting of CML cells. Therefore, the identification of novel, naturally presented, highly frequent,
CMLassociated target antigens is recedk In this study, we present a largeale
immunopeptidomicdased approach to identify and functionally characterize such-&daciated

HLA class &ndll-restricted peptides.

We confirmed strong HLA surface expression on myeloid cells as wellh@snaopoietic precursor

cells of CML patients in a range comparable to different healthy hematological celfjpas well
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as otherhematological malignanci&s*®** and solid tumors/ which constitutes a major prerequisite

for immunotherapeutic approaches. The comprehensive comparison of HLA ligandomes of CML
samples with benign tissues and PBMC samples ofygpHtients revealed a total of 50 CML
associated HLA class | ligands for foithe most common HLA allotypé$Allele-specific prevalence

of these CMiassociated targets reached up to 80%. This enables both, the personaim@dgition

of for example mulpeptide vaccine cocktails, and the broadly applicabletlugfshelf development

of single peptide-based immunotherapeutic approaches, such as adoptieellTtransfer orTCR

therapies.

Beside cytotoxic CD& cells, CD4T cells play important direct and indirect roles in asancer
immunity.”*® Thus, we expanded our profiling approach to the HLA class Il peptidome identifying 19
additional CMlassociated peptides. Interestingly, lengthstdibution of HLA class -déstricted
peptides could be correlated to specific cell types and lineages, as myeloeittdeid peptides are

in general represented by shorter peptide sequences. This is in line with the previous observation
that the immunopeptidome directly mirrors cell type biology and specificity, which is not only
reflected by the general peptide compositfGrbut also by the length distribution of Hipkesented
peptides as demonstrated by our data.

As spontaneous, pathophysiologically relevantell responses against nenutated, leukemia

associated antigens were described for othematological malignanes® & &

we analyzed our
CML patient cohort for preexistingCEll responses against our newly defined targets. Of note, while
preexisting Tcell responses against HLA class Il peptides were identified with comparable
frequencies as previously described for ELAML and MM functional T cells targeting HLA
clasd antigens were only low frequent in CMLpatient samples. In line with previous studies
reporting a negative>® or dysregulatinf impact of TKI treatment on immune responses, Chéell
functionality in our CMj, patient cohort was impaired, potentially explaining the reduced
frequencies of preexisting memoryc€ll responses to CMissociated HLA class | ligands. O&nas

no CML patients without TKI treatment were included in this study, the reduezsl Tunctionality
could not be directly correlated to TKI treatment and might also be linked to a general
immunosuppressive state in CML disease caused by for exarhpi& § elevated myeloiederived
suppressor? and regulatory T celf§, ® as wellas increased RD expression on immune celffs.
However, the immunogenicity of all our Chksociated HLA class | antigens was proveim bjtro
induction of multifunctional and cytotoxic T cells of HVs. Strikingly,-§idcific T cells could also be
inducedde novousing PBMCs of CMlpatients, which qualifies the identified targets as promising
candidates for peptiddased immunotherapy approaches not only in CML patients after termination
of TKI therapy, but even for tailored combinations with TKI treatment. Furthermore, sevedstst

could show a pathophysiological relevance of preexisting pegific Tcell responses
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concerning clinical outcomes in cancer patiéht§ " suggesting that such-dell response, induced

or boosted by peptiddbased immunotherapies, might achieve clinical effectiveness.

Mutated neoantigens haveden described as the main specificities of a@mncer Tcell responses
induced by immune checkpoint inhibitors in solid tumors with high mutational bufdétowever,

only a very small fraction of mutations at the DNA sequence level results in peptides naturally
presented in the HLA ligandom&* This raises the question of the relevance of mutated
neoepitopes for Iceltbased immunotherapy, iparticular for malignancies with low mutational
burden, including CML. Despite an extensive search for naturally presenteddEBCid ABLBCR
derived peptides, none could be validated in our CML cohort by MS. However, we have to emphasize
that absence b evidence means not evidence of absence as the sensitivity of shotgun mass
spectrometric discovery approaches, even in the context of immense technical improvements in the
last decade$’ is for sure limited since the HLA immunopeptidome is a highly dynamic, rich, and
complex assembly of peptides. Therefore, we cannot exclude low level presentation of mutation
derived peptides in our CML patient cohort. Nevertheless, mass spectrotnassd
immunopeptidomics is currently the only unbiased methodology to identify the entirety of naturally
processed and presented HLA peptides in primary tissue saffipldsch enables us to identify and
characterize target antigens in low mutational burden cancer entitre® are i) nommutated,

i) naturally presented, iii) highly frequent, and iv) turrspecific.

This is further emphasized as the extensivean in our CML and hematological benign cohorts for
HLApresented peptides derived from previously described CTAand LAAE " reveakd no highly
frequent, tumorexclusive presentation. Together with previous findings showing a distorted
correlation of gene expression and Hiestricted antigen presentation with the immunopeptidome

neither mirroring the transcriptome nor the proteonf@,® %

this precludes, in our view, these
antigens as optimal candidates forcEltbased immunotherapy. Nevertheless, tumor exclusivity can
either be determined on the level of HLA ligands or on the level of entire antigens. In the study at
hand, the CTA and LAA aysb was performed on the level of entire antigens and does not consider
presentation of CT-Aand LAAderived single HLA ligands as they could potentially be teaolusive

due to differential antigen processing in cancer cells.

In conclusion, the celliblogy-specific character of the immunopeptidoffesalls for entitycentered
identification of tumorassociated targets. Therefore, our study provides profound insights into the
naturally presented immunopeptidome of CML, delineating a panel of novel, immunogenic, non
mutated, CMLassociated Eell epitopes These antigens aid the development of different antigen
specific therapeutic approaches, which may provide options to enable achievement of deep

remission, longerm TKifree survival, or even cure for CML patients.
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RESULTS

6.3.1. ABSTRACT

Despite the efforts inthe development ofnovel therapeutic opportunities for hematological
malignancies in recent years, AML is gfiiaracterized by high relapse rates and a poor overall
survival. This is mainly caused by the persistence of reschethoresistantLPCsafter standard
chemotheapy, the secalled minimal residual disease. To maintain Kasjing remissions, novel
strategiessuch asl-celtbased immunotherapy approaches are requitectliminate thesecells.The
basis or clinically successfutéeltbased immunotherapy is the aiability of suitable target antigens
for example HLAresented tumorassociated peptides. Thereforthe knowledge of suitable HEA
restricted targets presented exclusively on AML is indispens&biehermore, specific targeting of
LPCs requiresot only AML-associated antigens, btihe selection of targets presenteon these low
frequent progenitor cells In this study, we therefore enriche@D34CD38 LPCs of primary AML
samples and ulized a mass spectrometrigpproach to identifynovel AML:- and espeially LPE
associated unmutated antigens presented on HLA tlasd clas$l molecules. Remarkably, we were
alsoable to detect naturally presented neoantigens derived from mutated NPM1 and IDHZ2 in this
low mutational burdenmalignancy Functional charaetization ofour noveldefinedunmutated and
mutated targets revealed spontaneous-CEll responses in AML patient samples and healthy
volunteers and confirmed the ability of these antigens to induce muldfional and cytolytic active
Tcells. Thus, theseewly defned AML and LP&ssociated HL-festricted peptides represent
suitable target antigens for-delkbased immunotherapeutic approaches such as peptide vaccination

for AML patients with the potential to eliminate even the solfarely targetabld PCs.

6.3.2. INTRODUCTION

AMLis characterized by high relapse rdtaster standardchemotherapy caused by the persistence
of residual chemoresistant leukemic stem and progenitor céffis,so-called MRD?** The clinical
significance ofthese LPCs is highlighted by the strong prognostidue of MRD presence after
therapy indicating anincreased risk of relapse ancbrrelating with ashorter survival ofAML
patients®’ The persistence of these seinewalle LPCs after conventional therapy expéaime still
high relapse rates, poor overall survivand high mortality rate ofAML patients.Thus novel
strategies are needed to eliminate MRD aathdicate quiescent LPCs to maintain Iolagting
remissions ad improwe the longterm outcome of AML patients. Targeting LPCs more specifically
therefore represents a key therapeutic strategy for the futuha.recent years, several therapeutic
strategies for the specific targeting of LPCs were investigated suchtibedy-based targeting of
LPGassociated surface markér$ or small molecule inhibitors interfering with LB@ecific signaling
pathways'" *? Nevertheless, so far none of these HB@eting approaches founils way into the

clinic and novel approaches are still requirdthe immunogenicity of AML and other hematological
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neoplasns is demonstrated by the graftersusleukemia effect after allogenic stem cell

transplantatiort®> **

as well as by the current success ofantigenspecific T-celtbased
immunotherapiesincluding CAR Eells>*’ and bispecific antibodié¥®. This raises the hope that
antigenspecificimmunotherapiescould also target LPCSherefore,the knowledge and availability
of suitable targets on the tumor cells and LPCs is indispensable. However, switabteassociated
surface targets on LP@se extremely limited.On the other handHLAbased approaohs targeting
tumor-associated peptides presented on HLA molecules on the surfatemafr cellsoffering a

wider range opotential target antigenslue to the presentation of intracellular proteins

In a previouspublication, we already mapped and characterized the immunopeptidome of primary
AML samples by mass spectromeligsed analysis and identified AMEksociatedCD4 and CD8
T-cell epitopes™ To further directly identifyfLPGspecific or LP@ssociatedHLArestricted antigens

the isolation or enrichmenof these cells, which were first described by Bonnet and Dick more than
20 years agé® is crucial.The phenotypeof LPCs displays a complex heterogeneity, but several
studies consider that the CD3D38population is the most relevant, as this fraction is functionally

defined by theirability to reproduce the leukemic disease in immunodeficient nffce

Until a few years agauitable target antigen$or T-celtbased immunotherapieare definedeither

by tumorassociatedtranscriptional overexpression orffrom tumor-specific mutatios instead of
target selection based on mass spectromdinsed immunopeptidomicsFor several years, the
identification of mutation-derived neoantigens was based dn silicopredictions and eltbased
assay$’ The development of advanced mass spectrometers enabiiesdirect dentification of
HLArestricted mutationderived peptides and recently theatural presentation of neoantigens in
different tumor entities was demonstrated®’ Nevertheless, AML represents a low mutational
burden leukemig®*® which might hamper the direct identification of neoepitopes by mass
spectrometry. Yet the mutational landscape of AMtovers several recurrent and clonal driver
mutations in genes likBIPM13 FLT3** DNMT3A* * and IDHZ® increasing their attractiveness as

broadly applicable tumr rejection antigens.

In this study we comprehensively mapped the immunopeptidome of naturally presented HLA class |
and classll peptides of primary AML progenitor cells and AML blastsidentified a novel panel of
broady applicable unmutated AML- and LP@Gassociated antigens. Furthermore, we extensively
screered the immunopeptidomes of primary AML and LPC samples for the occurrence of naturally
presented neoantigens and identifiddLA class land class dtestricted neoepitopes derived from
mutated N°M1 and IDH2. These noweimutated and mutatecantigens were furtheanalyzedfor

their potential to induceantigenspecific T-cell responses anavere thereby validated astarget

antigens for Tcelkbased immunotherapeutic approaches in AML patients.
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6.3.3. METHODS

Further method descriptions can be found in the supplement.

Patients and blood samples

For HLA ligandome analysFBMCor bone marrow mononuclear cells (BMNCs) from AML patients
at the time of diagnosis, at relapse, orMRwere collected at the Departments of Hematology and
Oncology in Tubingen and Dresden, Germany as well as at the Department of Medicine, Divisions of
Hematology and Medical Oncology at the San Francisco University ai@aliiCA, United States.
For Fcdl-based assays, PBMCs frbti'sand AML patients after allogenic stem cell transplantation
or in complete remission at different timpoints were collected. Cells weiigolated by density
gradient centrifugation and stored aB0°C until further use for fisequentLPC enrichment, HLA
immunoprecipitation, or I¢eltbased assays. Informed consent was obtained in accordance with the
Declaration of Helsinki protocol. The study was perforraedording to the guidelines of the local
ethics committeeq373/2011B02 454/2016B02)HLA typig was carried out by the Department of
Hematology and Oncology, Tubingen, Germany. Patiedt samplecharacteristics are provided in
Tables SHb.

HLA surface molecule quantification arieematopoietic progenitorsubtype phenotypirg

HLA surface expression was determined using the QIFIKITbasad quantification flow cytometric
assay (Dako) according to the manufacturer’s instructions as described Betbhe brief, cells were
stained either with the paftHLA classdpecific W6/32nAb, the HLADRspecific L248nAb (produced
in-house), or 1gG isotype control (Bémend), respectively.dbclonal goat FITC antiouse antibody
(Dako) was usechs secondary aribdy. After washing with normal mouse serum (affymetrix
eBioscience) surface marker staining wassformed LPCs were stained withE/Cy7 anthuman
CD38, APC artiuman CD3d4and Pacific Blue ardtiuman CD45 antibodigall BD. H\:derivedHPCs

and their cell subtypepopulations® *° were staired with PE/Cy7 anthuman CD38RD), APC anti
human CD34BD, APC/Cy7 antiuman CD90 (Biegend), PE artiuman CD117 (Bliegend), as

well as Pacific Blue artuman lineage cocktail (CD3, CD14, CD16, CD19, CD20, CO&g)e(Bip
antibodies Aqua fluorescent reactive dye (Invitrogen) was used as viability marker. Analyses were
performed on a F&S Canto Il cytometer (BD). FtrAqdzl y G A F A O (i &re igquiredinmien  OS €t

respectivecell population.
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Flow cytometry analysis ot PGrequencies

PBMC samples of AML patients collected at the Depamt of Hematology and Oncology in
Tlbingen were analyzed for tifeequency of CD3€D38LPCgo identify suitable patient samples

for further LPC enrichment. Therefore, cells were stained with PEH@yhuman CD38 (Biegend),

APC anthuman CD34 (BD), and V450 @miman CD45 (BD) antibodies. Aqua fluorescent reactive
dye (Invitrogen) was used as viability marker. Analysis was performed on a FACS Canto Il

cytometer (BD).

LPQGenrichment of AML patiat samples

Enrichment of LPCs of seven AML samples (WBNBN11) was performed by Dr. Heiko Schuster
during his internship in the working group of Professor Irving Weissmann at the Institute for Stem
Cell Biology and Regenerative Medicine, Stanford, @Ated States. PBMCs were stained with
PE/Cy7 anthuman CD38APC anthuman CD34andPerCP/Cy5.5 antiuman CD3, CD19, CD20, and
CD56mADbs The cells were sorted on three to six different cell sorters (Beckton Dickinson FACSAria
and FACSAria lll) sittaneously. Due to the extremely long sorting times of285 h per sample

using fluorescencbased sorting, we establish a magneittivated cellsorting (MACS) protocol for

LPC enrichmerdt the Department ofthmunology, Tubingen, Germany.

MACS of LPGsas performed usig the human CD34 MultiSoend CD38 MicroBead Ki{®oth
Miltenyi) enabling the subsequent sorting of cells by the two markers resulting in the three cell
populations CD34CD34CD38, and CD34D38 After sorting, cells we stained with PE/Cy7 anti
human CD38 (Biegend), APC antiuman CD34 (BD), and V450 @ntiman CD45 (BDO)hAb to
determine the purity. Aqua fluorescent reactive dye (Invitrogen) was used as viability marker.
Analy®s were performed on a FACS Canto llaryeter (BD). The immunopeptidomes of sorted cell
populations were analyzed separately. For comparative profiing of LPCs and blasts, the
immunopeptidomes of CD34dnd CD34CD38 cell populations of MAGSbrted patient samples were

combined and analyzed &$ast samples.

Enrichment of CD34HPCf HVs
CD34 HPCsvere magnetically enriched (CD34 MicroBead Kit, annpMilteny) from hematopoietic
stem cell aphereses from -GSF mobilized blood donations of HWsd patients with

non-hematological malignancige.g.germ cell tumors)

Mice and xenotransplantation assays

Xenotransplantation assays were performiagd Anna M. Bczullaat the Department of Biomedicine,
University of Basehnd University Hospital Basel, SwitzerlahDD.CdPrkdc™ IL2rd™"/Sz mice
(NSG, Jackson Laboratory, Bar Harbor, ME, USA) were maintained under pditeegeonditions
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according to the Swiss federal and state regulatidklsanimal experiments were approved by the
Veterinaramt Basebtadt (24981). Xenotransplantation agsa were performed as previously
described® In brief, 6x 10° primary human preorted CD34CD38 CD34CD38 and CD34AML cells

were transplantedvia intrafemoral injection intoeight weeks old female NSG mice (n g 8 per
group). Engraftment was monitored as previously descibeid routine bone marrow punctures or
assessment of peripheral blood. Engraftment was defined % human leukemic cells in mwei®B

or BM as analyzed by mudlor flow cytometry using antibodies against human leukemic antigens.
The panel includes fluorescent andiies against human CD33, CD34, CD133, CD117, CD45 (BD
Biosciences), CD14, CD13 (eBiosciences), CD3, and CDhégefiin All mice underwent final BM,

PB and organ assessment by mediior flow cytometry.

Isolation of HLA ligands

HLA class | and Il moldes were isolated by standard immunoaffinity purification as described
before,*" using the parHLA classdpecific W6/32mAb, the panHLA class-Hpecific TéB9 mAb, and

the HLADRspecific L2438 Ab(all produced irhouse) to extract HLA ligands.

Analysis of HLA ligands by IMS/MS

HLA ligand extracts were analyzed as described previtfuBlgptides were separateby nanoflow
highLISNF 2 N yOS fAljdZAR OKNRYIF G23INI LKE ow{[/Yyly2Z
PepMap rapid separation liquid chromatography column (Thermo Fisher Scientific) and a gradient
ranging from 2.4% to 32.0% acetonitrile over theise of 90 min. Eluting peptides were analyzed in

an onlinecoupled LTQ Orbitrap XL or LTQ Orbitrap Fusion Lumos mass spectrometer (Thermo Fisher
Scientific) equipped with a nanoelectron spray ion source using a data dependent acquisition mode
employing atop five or a top speeID fragmentation methodh¢rmalized collision energy 35%)
respectively Mass range for HLA class | peptide analysis was set ta 430 m/z with charge
states2+ and 3+ selected for fragmentation. For HLA class Il peptide analgiss range was limited

to 300¢ 1,500 m/z for the LTQ Orbitrap XL and to 400000 m/z for the LTQ Orbitrap Fusion Lumos

with charge states 2+ to 5+ selected for fragmentation. The disitovery datasetvas measured on

a LTQ Orbitrap Fusion Lumos, theidation dataset' was analyzed on a LTQ Orbitrap XL.

Data processing and HLA annotation
Data processing was performed as désed previously” In brief, the SEQUEST HT search engine
(University of Washingtof)was used to search the humamnoteome as comprised in the SwiBsot

database (20,279 reviewed protein sequences, September 27th 2013) without enzymatic restriction.

t NBOdzNE2NJ Y aa G2t S8NIyOS ¢ra asSd G2 p LWLIYT | yR

spectraandn ® n H d&hitraptsRedida, respectively. Oxidized methionine was allowed as a dynamic
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modification. TheFDRwas estimated using the Percolator algoritdfrand limited to 5% for HLA

class and 1% for HLA class Il. Peptide lengths were limited¢t@Bamino acids for HLA class | and

to 8 ¢ 25 amino acids for HLA class Il. Protein inferencedissbled, allowing for multiple protein

annotations of peptides. HLA class | annotation was performed using NetMHCpan'®4ahd
SYFPEITHlannotating peptides with percentile rank below 2% ar&0% of the maximascore,
NBaLISOGADSted C2NJ O2YLI N GAGS LINRPFAfAY3I LISLIIARSS
0a2yS KAG 62y RSHNIHRdigand s8add andBiase p&iometry experiments of the

comparative norhematological benigatabase wergerformed by Ana Marcu.

Screeningor neoepitopes

Due to the fact that no mutation data was available accept for the mutations routinely tested in the
clinic (FLT3TD, FL-TKD, NPM1, inv(16), t(8;21), t(15;17)) we used apaiientindividual ,,FASTA,
which includes the TOP100 recurrent Alsdsociated missense mutations specified in the COSMIC
database (www.cancer.sanger.ac tikupplemented with the most common NPM1 frame shift
mutations (type A, B, C, D, and'®s well as FLTIFD® and FLTEKD*** mutations(Table 8). Data
processing of AML immunopeptidomics data with thg=ASTA were performed as described above.
To minimize false positive identificationse applied more stringent filter criteria with 5% FDR for
HLA class | and 1% for HLA class Il, X{grandnScorex 0.2, which is aneasure of the difference
between the XCorr for the two best peptide sequences annotated ttistinct spectrum After
manual spectrum validation, candidate neoepitopes were produced as isclalpeled synthetic

peptides and used for spectral comparisordasalidation.

Amplification of peptide-specific TcellsandIFN 9 [ L{t h¢ | aal e

PBMCs from AML patients and HVs were pulsed with 1 pug/mL (class I) or 5 pg/mL (class 1) per
peptide and cultured for 12 days adding 20 U/mi2 I(Novartis) on days 3, 5, and'7** Peptide
stimulated PBMCs were analyzed by ELISPOT assay on.%ay $pots were counted using an
ImmunoSpot S5 analyzer (CTL) anecell responses were considered positive wherl0>
spots/500,000 cellsvere counted and the mean spot count was at least thi@d higher than the

mean spot count of the negative control according to the cancer immunoguidiogrgm

guidelines’’

aAPQriming of naive CDST cells
Priming of peptidespecificCTk was conducted usingAPCsas described beforg® > MACSsorted
CD8 T cells were cultured with 42 and IL7. Weekly stimulation with peptidibaded aAPCs and

IL-12 was performed four times.

88



RESULTS

Cytokineandtetramer staining

Thefrequency and functionality of peptidepecific CDST cells was analyzed by tetramer and #8S

described previoushf ®®@ C2NJ L/ {X OSffa 6SNB Llz &SR GHAGK ™
AyOdzo I SR gAGK wmn >I3HKRNA QKNEB FISER AN A | > D{MMEND 2 £ I A {
Staining was performed using Cytofix/Cytoperm (BD), PerCFhamtin CD8, PacifiBlue ant

human TNF, FITC ahtiman CD107a (BioLegend), and PE-famzY I Yy mAES{BD). PMA and

ionomycin (Sigm&ldrich) served as positive control. Negative control peptides are list€dbie 3.

The frequencyof peptidespecific CD8T cells after aRGbased priming was deterimed by PE/Cy7
anti-human CD8 mA(Biolegendand HLA:peptide tetramePEstaining Tetramers of the same HLA

allotype containing irrelevant control peptides were usad negative controlThe priming was
considered successful tifie frequency of peptidespecific CDST cells was 8.1% of CDST cells

within the viable single cell population and at least thfeld higher than the frequency of peptide

specific CD8T cells in the negative control. The same evailmatcriteria wee applied for ICS results.

Samples were analyzed on a FACS Canto Il cytometer (BD).

Cytotoxicity assay

Cytolytic capacity of peptidspecific CDST cells was analyzed using the flow cytométaged VITAL
assayas described befor®" ° Autologous CD8 PBMCswere loaded with test peptide or HEA
matched control peptide and labeled with CFSE or FarRed, respectively. Effector cells were added in
the indicated effector to target ratios. Specific lysis of peptmded target cells was calculated

relative to contol targets.

Software and statistical analysis

An inhouse Python script was used for the calculation of FDRAMifassociated peptides at

different presentation frequencie¥ Hotspot analysi$ K 2 (i & LJ2 B arhir® WcH$) Kf HeA class I
ligandomes was performed using anthiause R script that maps identified peptides according to

their sequence onto its source protein and calculates representation frequencies of single amino acid
positionswithin the respective cohortd. O2 YLIJ NI G A PGS t A3 YyR2YS NBELINBEAS)
was constructed by grouping peptide identifications according to their corresponding source proteins

or HLA ligands of the same allotype restriction and assigniragybiabels for being present in a given

sampleor not. Columns (source proteindlL A ligands) and rows (samples) of tixeary matrix were

KASNI NOKAOFffe& Of dajiiSAER I AL Ay ESHRIOZY LN S K2 R Al Y
distance measure using the pheatmap R package v.1.@%6rlap analysis was performed using

BioVenr?® The population coverage of HLA allotypes was calculated by the IEDB population coverage

tool (www.iedb.org)** ® Flow cytometric data was analyzed using FlowJo 10.0.8 (Treestar). All

figures and statistical analyses were generated using GraphPad Prism 6.0 (GraphPad Software).
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6.3.4. REQLTS

Leukemic progenitor cells of primary AML samples express high levels of HLA surface molecules
T-celkbased immunotherapy requires sufficient Hefaceexpression on target cells, which in case
of AML constitute not only AML blasts baisoLPCs. Thus, as a first step we quantified HLA surface
expression on CD32D38 AML blasts as well as on CDBB38precursor cells usingrimary CD32
AML simples(n = B, Table S8t the time of diagnosiddLA class | surface levels showed substantial
heterogeneity with molecule counts per cell of 35,2Q0327,200 (n = 15, mean 115,300) for
CD34CD38 blasts and 31,10@ 310,100 (n = 12, mean 99,100) for Clda38 LPCs (Figure 1A,
Table S8) demonstratintpat LPCs express equal amounts of HLA clasddcaoles compared to
CD34CD38 blasts. HLA class Il expression was slightly but not significantly lower on LPCs compared
to autologous CD3€D38 blasts. The HL-BR expression ranged from 4,0083,500 (n = 14, mean
24,000) molecules per cell for blastsdafrom 1,200¢ 48,500 (n = 11, mean 18,500) molecules per
cell forLPCs (Figure 1B, Table S8).

A HLA-A, -B, -C B HLA-DR
300,000+ .
60,000
3 E L
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wv [7,] —
[+7] [«7]
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9 — 9 s 4
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2 Al 2 20,000
A ¥ 3
¥ 3
ot 1] e
0- 1 1 0- I ﬁ|r
cp3a*cp3st  cp3atcp3s cp3atcp3st  cp3atcpas”
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Figure 1 HLAclass | anctlass Il surface expression gumimary AML blasts and autologous LP@A) HLA class | and (B)
HLADR expression was determined by flow cytometry for COB88 AML blasts and CD32D38 LPCs irCD34 AML
patient samples (n = 15) at the time of diagnosis. Data points represent individual samples. Horizontal lines indioate me
values + SD. Abbreviation: LPCs, leukemic progenitor cells.

Enrichment of CD34CD38leukemic progenitor cells from primary AML samples for HLA ligandome
analyss

Specific targeting of residual chemoresittalLPCs in the MRD setting bgntigenbased
immunotherapy approaches might alloin the future the prevention ofAML disease relapseBor

the identification of suitable target antigens that are presented not only on AML blasts but also on
LPCsthe enrichment of thee cells is indispensable. Thereforee quantified CD3€D38 LPC
frequenciesin PBMC samples of AML patiesthe time of diagnosign = 26, mean 3.89%, range
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0.00 ¢ 40.60%, Figure 2A, Table S8nd seleotd suitable samples (a 11) with a clinically

determined CD34LIK Sy 2 18 LIS KA UGS of 22 R OS lbod fedtdmyinitss 62 . /
%50% for subsequent LR@richment Figure 2BS1S2, Table S9). &keby, LPC frequencies could be
significantly enriched from 8.53% (range 0q020.60%) within the originalBMC fractios to 84.43%

(range 40.00% 99.70%) in the LREfractions (Figure2C).
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Figure 2: Enrichment of CD32D38LPCs from PBMC samples of AML patief#s.Frequencies of CD32D38LPCs in all
analyzed PBMC samples of AML patients. Samples chankeed were excluded from subsequent LPC enrichment due to
insufficient LPC frequencies and PBMC counts. (B) Representative flow cytometry analysisantl ppestenriched LPC
frequencies of UPN10. (C) Frequencies of QCIB38LPCs preand postenrichrent. Samples marked with a triangle were
FAC&nriched, samples indicated by circles were M&G&ched. Data points represent individual samples. Horizontal lines
indicatemean values + SBbbreviation****, P< 0.0001.

In vivoengraftment of eukemicOSt f & Ay bWonicd / L5k L[ Hw!

To prove the clonogenic potential of the enriched LPC populatidnea M. Paczullperformed
exemplarytransplantation experiments of CD32D38 AML blasts anénrichedCD34CD38LPCs of
'tbam AY bh"™QSGhice (=@ fomCGD3ED38LPCs, n = 5 for CO8D38 blasts)at

the Lengerke Lab at th®epartment ofBiomedicine, University of Basel and University Hospital
Basel, SwitzerlandTherefore, & 10 cells of each cell population were transplanted intrafemorally
into NSG mice, respectively. Infiltration of CD&&lls in the bone marrow could be detected in both
groups 31 weeks after transplantatiowWe analyzed the leukemic burden by determinatiomafan
CD33 and CD3XD117 cell frequencies in the bone marrow, peripheral blqospleen, and liver
(Figure 3A,B However, o significant differences between mice transplanted with COB88 AML
blasts or with enriched CD34CD38 LPCs could be detected-urthermore, we examined the
distribution of CD34CD38, CD34CD38 CD34CD38, and CD3€D38 cell populations within the
CD33 cells indifferent murine organs(Figure 3€F).The frequencies of the different cell populations

revealed no differences b&een both groups.
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Figure 3:In vivo leukemic engraftment of CD3€D38 blasts and CD3CD38[ t / & AY b h 8'%nfice.(ABK L [ H w!
Frequencyof human(A) CD33 and (B) CD117(within the CD33 leukemic cells in the bone marrow, peripheral blood,
spleen, and liver of mice 31 weeks after intrafemoral transplantation of 6 aMan CD34D38LPCs and CD32D38

of ada Ay B'hmiee{(d £ B fot [P€syn = 5 for blasts), respectivelff) @istribution of CD3ED38,
CD34CD38 CD34CD®’, and CD3€D38cell populations within the CD38ells in murine (C) bone marrow, (D) peripheral

blood, (E) spleen, and (F) liver. Abbreviations: BM, bone marBwpePipheral blood; n.s., not significant.

Establishment of a comparative dataset of BB from healthy individuals

For the precise identification and definition siiitabletumor-associated nommutated antigens for
T-celkbased immunotheraies, the thorough comparison of HLA ligands identified on malignant cells
with the immunopeptidome of healthy cells is indispensable. Ouhonse immunopeptidome
database of various benign tissues contained a set of samples reflecting several differerst disdue
cell types (e.g. spleen, liver, brain, lymph node, PBME&gkecially for the identification of LPC
associated antigens, the comparative profiling with HLA ligands presentétPQds of paramount
importance. The frequency of L@D34 HPCs in norm@BMC samples of HVeigremelylow with a
mean frequency of 0.18% (n = 10, range 0.04%.28%, Figure S33¥uggesting that the HLA
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ligandome of these cells will be extremely underestimated in the immunopeptidome of total PBMC
samples. Therefore, we eohed CD34HPCs including all different subtypes of hematopoietic
progenitors from hematopoietic stem cell aphereses 6€SF mobilized blood of HWs patients

with non-hematological malignancieg.g.germ cell tumorsjor subsequent HLA ligandome arsdy

(n =8, Figure 4A,B)Thereby, the frequency of CO34PCs could be enriched from 22.94% (range
0.88%c¢ 50.17%) to 88.43% (range 41.7Q%9.73%). Notably, the enrichment increases all different
subtypes of hematopoietic progenito(&igure 4C) includg CD34CD38CD90 hematopoietic stem
cells (HSCs), CDOBH38CD90multipotent progenitors (MPPs), CD®D38CD117 common myeloid
progenitors (CMPs), and CD@DH38CD11?" common lymphoid progenitors (CLPs). The major
subtype within the enriched CD3#PC fractions is represented by CMPs with a medium frequency
of 79.35% (range 65.47&©2.02%).
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Figure 4: Enrichment of CD3#PCs from HV$A) Representative pie chart depicting the frequencies of different subtypes
of CD34 hematopdetic progenitorspre- and posenrichmentof CD34 cells (B) Frequencies of CD3MFCs pre and
postenrichment (r=8). (C) HPC subtype frequencies-paad postenrichment. Data points represent individual samples.
Horizontal lines indicate mean values + SD. AbbreviatieB81Cs, peripheral blood mononuclear cdiS§Cs, CD3aD38
CD90 hematopoietic stem cells; MPPs, COBB38CD90 multipotent progenitors; CMPs, CD®D38CD117 common
myeloid progenitors; CLPs, CcBeB38CD11" common lymphoid progenitors; others, other clpes not included in the
four subtypes of hematopoietic progenitors; HPC, CD3#matopoietic progenitor; pre, preenrichment; post,
postenrichment; n.s., not significant; P< Q01;**** P< 00001.
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Furthermore, we quantified the HLA surface expressiotot#l CD34 HPCs as well axf the four
different progenitor subgpes. HLA class | surface lestalining of CD34HPCs revealed considerable
heterogeneity between different samples with molecule ot per cell of 9300 ¢ 295,600
(mean184,800).For CD34CD38CD90 HSCs and CD®D38CD90MPPs HA surface quantification
could notbe performed due tdow cell numbersThe other twohematopoietic progenitor subtyse
showed similar high HLA cldsurfae expression with mean molecuteunts per cell 043,500 for
CMPsand 185,400 for CLBigure 5A)In comparison, all HPC subtypes exhibited considerably lower
HLA class Il expression. HRR expression ranged from 6,700 to 97,500 (mean 43,000bhé&
entirety of CD34 HPCs. ThelLADRsurfaceexpressioron CMPs and CLPs was determined to 53,100

and 37,800nean molecule counts per cetbspectivelyFigure5B).
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Figure 5: HLA surface expression®@b34 HPCs and HPC subtypes of Hi#. HLA class | and (B) HDR expression was
determined by flow cytometry for CD3#HPCs (n = 8CD34CD38CD117 CMPs(n = 5) and CD34CD38CD11%" CLPs
(n=5). For CD34CD38CD90 HSCsand CD34CD38CD90 MPPsno informative HLA surface quantification could be
performed due to too low cell numberfata points represent individual samples. Horizontal lines indicate mean values +
SD. Abbreviations: HPCs, CDBdmatopoietic progenitor celld4SCs, CD38D38CD90 hematopoietic stem cells; MPPs,
CD34CD38CD90 multipotent  progenitors; CMPs, CD®D38CD117 common myeloid progenitors; CLPs,
CD34cD38cD11 %" common lymphoid progenitors.

Setup of a comparative dataset of healthy PBMCs of AML patients in molecataission

Besides the immunopeptidome database of different cell types and tifsom healthy donors, we
additionally set up a further comparativeathset comprising PBMC samplaiSAML patients that
received MRD-negativeMR without allogenic stem cell transplantatiqMLyr, N=8, Table S3)or

all patients in this cohort the identification of MRD was molecularly determined using different MRD
markers such as CBFB/MYH11, NPM1, or RUNX1/RUNX1T1 mutation®esAofatiie HA class |
ligandomes of these samples resulted in a total of 7,465 unique HLA class | ligands representing 4,318
different source proteins. The number of identified HLA ligands per donor ranged from 472 to 2,270
(mean 1,229Figure §.

Furthermore, we mapgd the HLA class Il ligandomes and were able to identify a total of 6,553
unique HLA class Il peptides from 1,38Herent source proteins with peptide identifications ranging
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from 858 to 1,770 (mean 1,302) psample (Figure 6). Wased this dataset asnaadditional

comparativebenigncohort to validate our AMiassociated class | and class 1l targets.
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Figure 6: HLA class | and Il peptide and source protein yields of PBMC samples frogy pMients. HLA class | ligand or
class Il peptide and respectigdurce protein yields of PBMC samples from @gMbatients (n=8) as identified by mass
spectrometry are indicatedéh black and grey bars, respectively. Abbreviations: IDs, identifications; UPN, uniform patient
number.

Establishment of a novel extended AMilatient cohort forin depthimmunopeptidome analyss

The tremendous technical progress and various improvements in the area of mass spectrometry in
the last decadesespecially with the development of orbitrap mass analyzers as well as hybrid and
tribrid instruments combining the advantage and strengths of different mass analyhave
revolutionized the field of mass spectromeffif® Thus, ve are now able to analyze the
immunopeptidome of primary patient samples in more depth than still a few yearslagwevious

work of our groug’* we analyzed the immunopeptidomic landscape of 15 primary AML patient
samples using an LTQ Orbitrap XL mass spectrometer and identified a panel-a$gddiatedCD4

and CD8T-cell epitopes by comparative profiling with 30 PBMC and 5 BMNC samples from healthy
donors. In recent years we established a nawa considerably bigger AML patient cohort (n = 52)

in the following referred to as thdiscovery datasefTable 1 and S1), fowhich we analyzed the
immunopeptidome on an Orbitrap Fusion Lumos Tribrid mass spectrometer allowing a deeper insight
into the entirety of presented HLWgands compared to theTQ Orbitrap Xdlataset(n = 15 published
samples, n = @dditional samples) in the following termedvalidation dataset(Table 1 and S2or

an equivalent comparison of the two datasdtse validation datasetwas reprocessed using the
search engine SEQUEST HT as utilized fadiscevery datasetFurthermore, i the last years our
in-house comparative benign immunopeptidomics dataset was extremely increased by means of

sample quantity and coverage of different cell types and tissues.
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Table 1: Patient characteristics overview

Discovery Validation Discovery Validation

Characteristics cohort cohort Total Characteristics cohort cohort Total
Patients 52 24 76 WBC[10%/pl]
# of HLA class | ligandomes a7 18 65 Median 83 70 79
# of HLA class Il ligandomes a7 20 67 Range 3-500 11-96 3-500
Agelyr] Blasts [%)]
Median 60 64 63 Median 83 84 83
Range 21-89 22-87 21-89 Range 31-100 27-96 27-100
Sex [no. (%)] Previous therapy [no. (%)]
Male 21(40.4) 12 (50.0) 33 (43.4) Cytarabine 4(7.7) 0(0.0) 4 (5.3)
Female 24 (46.2) 12 (50.0) 36 (47.4) Anthracyclinebased CT 1(1.9) 0 (0.0) 1(1.3)
n.a. 7 (13.5) 0 (0.0) 7(9.2) Demethylating agents 3(5.8) 2(8.3) 5 (6.6)
WHO classification [no. (%)] Hydroxyurea 3(5.8) 0 (0.0) 3(3.9)
AML, NOS 9(17.3) 2(8.3) 11(14.5) Combinations 1(1.9) 0 (0.0) 1(1.3)
Recurrent genetic abnormalitie 27 (51.9) 14 (58.3) 41 (53.9) No therapy 28(53.8) 22(91.7) 50 (65.8)
Therapyrelated 1(1.9) 0 (0.0) 1(1.3) n.a. 12(23.1) 0(0.0) 12 (15.8)
Myelodysplasiaelated changes 7 (13.5) 6(25.0) 13(17.1) NPM1 mutation [no. (%)]
n.a. 8(15.4) 2(8.3) 10(13.2) NPM1 mutated 19(36.5 9(37.5) 28(36.9
FAB classification [no. (%)] type A 17 (32.7) 8(33.3) 25(32.9
MO 1(1.9) 1(4.2) 2(2.6) type B 0(0.0) 1(4.2) 1(1.3)
M1 7 (13.5) 4(16.7) 11 (14.5) type D 1(1.9 0(0.0) 1(1.3)
M1/M2 1(1.9) 0 (0.0) 1(1.3) type n.a. 1(1.9 0(0.0) 1(1.3)
M2 5(9.6) 8(33.3) 13(17.1) NPM1 unmutated 26 (50.0) 13(54.2) 39(51.3
M3 0(0.0) 0 (0.0) 0(0.0) n.a. 7(13.5) 2(8.3) 9(11.8)
M4 6 (11.5) 4(16.7) 10(13.2) FLT3 mutation [no. (%)]
M4/5 2(3.8) 1(4.2) 3(3.9) FLT3 mutated 14 (26.9) 14 (58.3) 28(36.8)
M5 10 (19.2) 5(20.8) 15 (19.7) FLT3TKD 1(1.9) 1(4.2) 2 (2.6)
M6 0(0.0) 0 (0.0) 0(0.0) FLT3TD 13 (25.0) 13(54.2) 26(34.2)
M7 0(0.0) 0 (0.0) 0(0.0) FLT3 unmutated 28 (53.8) 8(33.3) 36(47.4)
n.a. 20 (38.5) 1(4.2) 21(27.6) n.a. 10 (19.2) 2(8.3) 12(15.8)

Abbreviations: yr, year no, numbers; n.a., not available; WHO, World Health Organization; NOS, not otherwise spdeii@dfrencimericanBritish;
WBC, white bloodell count; CT, chemotherapy; TKD, tyrosine kinase doniiiliy; internal tandem duplication.

Mapping the HLA class | ligandomes of the novel AML patient sandiBes\ery datasetn = 47) we

were able to identify a total of 72,042 unique HLA class | ligands representing 10,906 different source
proteins, obtaining 97% of the estimated maximal attainable coverage in HLA ligand source proteins
(Figure S4A). Theumber of identified HA ligands per patient ranged from 542 to 11,240 (mean
3,592 Figure7A). In comparison, the reprocessing of the publishealidation dataset(n = 18)
revealed only a total of 13,366 different HLA class | ligands from 6,008 unique source proteins,
achievirg solely 81% of maximum attainabt®verage (Figure S4B). TherglyL A class | ligand
numbers ranged from 764 to 2,578 (mean 1,189) patient (Figure/B).Overlap analysis of the two
datasets revealed that the noveliscovery dataseenables the identification of 61,226 novel HLA
class | ligands and of 5,210 novel source proteins. Solely, 15% (10,816/72,042) of the HLA ligands
within the AML discovery datasetwere already identified before with thevalidation dataset

(Figure7C).19%(2,550/13,366) of HLA class | ligands identified withinvidledation datasetare not
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represented within thediscovery datasetHowever, nearly all of these ligands are either identified on

benign samples or were identified only on one single AML sample.
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Figure7: HLA class | ligand and source protein yields of Aéicoveryand validation datasets (A,B) HLA clasdigand and
respective source protein yields isolated from primary AML samples within tliis@very datasein = 47) analyzed on an
Orbitrap Fusion Lumos Tribrid mass spectrometer and the/gBjlation datasein = 18) investigated on a LTQ Orbitrap XL
mass spectrometer. (C) Overlap analyses of HLA class | ligand (left) and source protein (right) identifications of AML
discoveryand AMLvalidationsamples. Abbreviations: IDs, identifications; UPN, uniform patient number.

Thediscovery dataseihcluded a total of 47 different HLA class | allotypes, the most frequent being
HLAC*07 (n = 26)A*02 (n = 23);A*01 (n = 14);C*03 (n = 14)%,B*44 (n = 13);B*07 (n = 12);B*08

(n = 11), andA*24 (n = 10)The validation datasetcovered 34 different HLA clasallotypes (Figure
S5A)Hence, 96.5% and 86.0% of the individuals of the world popufétfécarry at leasthree HLA

class | allotypes represented in tdescoveryand thevalidation datasetrespectively (Figure 368.

The analysis of HLA class Il ligandomes revealed for theddhvery datasefn = 47) a total of
61,205 unique HLA class Il peptides representing 5,922 different source proteins, obtaining 85% of
the estimated maximal attainable coverage in HLA peptide source prdiigsre S4C). Thimber
of identified HLA pejdes per sample ranged from 590 to 10,733 (mean 2,83gure8A). In
contrast, in the reprocessing analysis of the already publisiaidiation dataset(n = 20) we only

identified a total of 6,004 unique HLA class Il peptides from 1,652 source praeimsying 74% of
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maximal attainablecoverage (Figure S4D). Thamber of peptides per patient was considerably
lower with 150 to 875 identifications per sample (mean 4Figure8B). Overlap analysis of the two
datasets exhibid that the noveldiscovery dtaset allows the identifiation of 57,099 novel HLA
classl peptides and of 4,486 novel source proteins. Solely, 7% (4,106/61,205) of the HLA class Il
peptides within the AMIdiscovery datasetvere already identified before with thealidation dataset
(Hgure8C).
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Figure8: HLA class Il peptide and source protein yields of AMécoveryand validation datasets (A, B) HLA class Il
peptide and respective source protein yields of AML samples of théigé)very datasefn = 47) analyzed on the Orbitrap
Fusion Lumos Tribrid mass spectrometer and thevéiBiiation datasein = 20) invetigated on the LTQ Orbitrap Xlylbid
mass spectrometer. (C) Oveaplanalyses of HLA class Il peptidie$t) and source protein (rightidentifications of AML
discoveryand AMLvalidationsamples. Abbreviations: IDs, identifications; UPN, uniform patient number.

These comparative analyses clearly demonstrated shbstantial differences between theAML
discoveryand validation datasetnot only in terms of cohort size but especially pinpoint on the
impact of stateof-the-art mass spectrometers for immunopeptidomics analysis of primary patient
samples. This clearly highlights the requirement of continuous expansion of ‘enwved
immunopepidomics databases for the definition sfiitable targets for -Eeltbased immunotherapy

approaches.
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HLA clas$ ligandome profiling identifiednovel naturally presented, AMLand LP&ssociated HLA

ligands in primary AML patient samples

For the definitionof AML-associated HLA claspresented antigens we performed comparative HLA
ligandome profiling of the AMLdiscovery dataset(n = 47) with a huge benign tissue
immunopeptidomics database 332) comprising different hematological benign cell types and

tissues (n=130), including PBMCs, granulocytes, CIBL2ells, bone marrow, and CD34PCs, as

well as several nchematological benign tissues (n = 202) such as spleen, liver, heart, skin, and
others. For comparative profiling we excluded peptides thate only presented on one sample with

' t{a O2dzyid X o 6da2yS KAU 62YyRSNARé0VD® ¢KS o0SyAridy
ligands representing 13,179 different source proteins. 52 different HLA class | allotypes were covered

by the benign ehort and matched 93% of Ht44 100% of HL-R, and 92% of HE@ allotypes within

the AMLdiscoverycohort (Figure S5B). Overlamalysis revealed 13,019 HLA class | ligands and 498
source proteins to be presented exclusively on AML sampligsiie9A) andnever be identified on

any hematological or nahematological benign tissue. For the selection of broadly applicable; AML
associated antigens, we not only focused on AMCtlusivity but also on antigens that exhibit high
representation frequencies withirhe AML cohort (at least 20%). Without regard to the different HLA
allotypes of the samples, we identified one HLA class | ligand (RFPPTPPLEs B Mif a

NELINB &Syl (A 20 (FigundB)jfuifingtBedtargetdedimition FDR of <% (Figue S7A).

This peptide could be identified with such a high representation frequency over the tdtattatue

to its presentation ordifferent HLA allotypes (HL&23, -A*24, -A*32, -C*04,-C*07,-C*08,-C*14).

For the identification of AMiassociated targs with allotypespecific higher frequencies, we
performed in a next step HLA allotygeecific immunopeptidome profiling. With a targeDR of

<5% (< 1%) we were able to identify 48 (12) ¥AB1, 28 (3) HLA*02, 187 (27) HL-B*07, 161

(161) HLAB*08, and 11 (0) HLAC*0ZNB A G NA OG SR f A3F yRa 6 A G K29%B LINBE & S
(KO C372 HER2 K O K HOM R @K ODF: 2K O K HREVLZOKYRoeX0V GKFG gSNB vy
any HLAmatched or HLAInmatched benign sampldfigure9C, S78-, S8 and TablS10)To further

validate these AMiassociated targets we compared them with the additional establishedyAML

dataset (n = 8) leading to the rejection of 2/436 (0.46%) targets. Furthermore, seven HLA ligands
were identified as targets presented on seveadidferent HLA allotypes. Thus, 427 unique HLA class |
restricted ligands were identified as high frequent AdMclusive targets. Of these 427 targets 46

could also be identified in thealidation dataset
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Figure 9 Comparative HLA class | ligandomeofiling and identification of AMEassociated antigengA) Overlap analysis

of HLA class | ligand and source protein identifications of primary AML sandidesvery datasetn = 47) and
hematological (n = 130) and ndrematological benign samples (n = 202). (B) Comparative profiling of HLA class | ligands
based on the frequency of HuAstricted presentation in AML and benign ligandomes. Frequencies of positive
immunopeptidanes for the respective HLA ligandsagis) are indicated on the-gxis. To allow for better readability, HLA
ligands identified on <5% of the samples within the respective cohort were not depicted in this plot. The box on the left and
its magnification hlghlight the subset of AMassociated antigens showing Afdkclusive, highly frequent presentation. (C)

Representative examples of allotygpecific comparative profiling of His&02 and HLA*07 positive samples as
described above. Abbreviation: hema., hatmlogical.
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For the identification of suitable antigens to target not only AML blasts but especially LPCs, we
performed mass spectrometiyased class | immunopeptidome characterization of our cohort of
LPG, and LP&lepleted patient samples (n = 10). Thereby, we were able to identify a total of 35,356
unique HLA class | ligands from 8,751 different source proteins with 16,342 different HLA ligands
identified on LP&, samples and 32,961 on L¥€pleted blastssamples. The number of identified

HLA ligands per sample ranged from 127 to 7,603 (mean 2,077) fgy $&ples and from 1,151 to
10,489 (mean 4,964) for autologous blasimples (FigurelO, Table S11)The cohort of LPG
samples (n = 10) included atal of 28 different HLA class | allotypes, the most frequent being
HLAB*44 (n=6),-C*07 (n = 6);A*01 (n = 4);B*08 (n = 4);A*02 (n = 3), andA*23 (n = 3)
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7,3007 NN HLA ligand IDs
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UPNO1 UPNO2 UPNO3 UPNO4 UPNO5 UPNO6 UPNO7 UPNO8 UPNO09 UPN10

Figure10: HLA class | ligand and source protein identifications of d.P@atient samples. HLA class | ligand and source
protein identifications of LR and autologous LR@epleted blast samples. Abbreviations: IDs, identifications; LPCs,
leukemic progenitor cells; UPN, uniform patient number.

To identify AMEassociated antigens that are GBxclusive or presented on both AML blasts and
precursors we performed comparative profiling of immunopeptidomes of LPCs with the AML
discovery datasetomprising the LP@epleted blast samples and n@orted AML samples and our
benign database. First, exlap analysis revealed 115 HLA class | ligands to be exclusively presented
on LPCs (Figureld). Due to the small cohort size of l,f€amples and the distinct HLA allotypes of
the samples, these 115 L{egclusive peptides did not contain any high frequent represented
peptides. Solely, 2/115 HLA ligands were presented abnleast two samples, respectively
(FigurellB). These peptides atbe HLAA*O1-restricted ligand DIWPRLQY and the HiBX14- and
C*07-restricted ligand SRVFIGNNevertheless, the most interesting antigens are those which are
presented on both, AML blasts and progenitors. Overlap analysis revealed 2,322 differemadts\ i

to be such LR@ssociated AML antigens (FigurbA]. Notably, only 89/2,322 could be identified on

at leasttwo samples (2/10, 20%). All the others were identified onlyooe LPG, sample (Figure
11B) even though the LREcohort included severaamples that shardistinctHLA allotypes.
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Figure 1.: Comparative profiling of HLA class | ligandomes of J.Pgatient samples.Comparative profiling of LR¢
samples with the AMdiscoverydatasetcomprising the LR@epleted blast samples as well as unsorted AML samples and
the hematological and noehematological benigrdataset (A) Overlap analysis of HLA class | ligand and source protein
identifications of primary LRg; samples (n = 10), AML splas @liscovery datasetn = 47) and hematological (n = 130) and
non-hematological benign samples (n = 202). (B) Comparative profiling of HLA classsl tigaed on the frequency of
HLArestricted presentation in LR AML and benign ligandomes. Frequis of positive immunopeptidomes for the
respective HLA ligands-éxis) are indicated on the-gxis. To allow for better readability, HLA ligands identified on <5% of
the samples within the respective cohort were not depicted in this plot. The boxeheoteft highlight the subset of
LPGexclusive antigens, LRGsociated antigens showing presentation on both LPCs and AML blasts, arekdidlve
antigens. AbbreviationLPCs, leukemic progenitor cells.

For immunological characterizatiprwe screened tb novel defind AMl-associated targets
(TableS10) for presentation on LP@sdefine rejection antigens that induce AMand LP&pecific
T-cell responses. Thusie selected a panel of 15 L-B§sociated AMtarget antigens, includinthree
HLAA*Q1, -A*02, -B*07, -B*08, -C*07-restricted ligands, respectively. Prior to immunological
experiments those HLA peptide identifications were validated with isctapeled synthetic

peptides (Figure S9).
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HLA class Il ligandome analysis delinedtevel AML- and LP&associated antigens

For clinical effective-€elkbased immunotherapy approaches thdditionalactivation of CD4T cells

is indispensablé®’? Therefore, we aim to identify additional AMand LP@ssociated HLA class I
presented antigens by comparative profiling of the AMM&covery datase(n = 47) with our huge
benign ligandome datase (n = 312) comprising different hematological benign cell types and
tissues (n = 89), including PBMCs, granulocytes, @délls, bone marrow, and CD34PCs, as well

as nonrhematological benign tissue samples (n = 223). This benign tissue databéseed 110,255

unique HLA class Il peptides frombZ4 different source proteinsComparative profilingof HLA

clasdl immunopeptidomicsdata wasperformed using our establishedreviously published HLA
clasdl ligandome profiling platform to identify gptide targets, protein targets, and hotspot
targets’® First, overlap analysis revealed 10,931 HLA class Il peptides and 311 source proteins to be
presented exclusively on AML samp{Efggure 2A). Of those five (45) peptides were identified with

I NBLINBaSyidl GdA2y TNBI dzSy ORDR x 1% Howeveér /5 @pi25peplide 8 SR 2
targets showed length variants (> 50% overlap) presented on benign samples and were therefore

disqualified as suitable tget antigens yielding finalljve HLA class || AMdssociated peptide targets

GAGK | NBLINBA&SY (% Foze/2B anmdI51j04zSTeb@&S12)x Adslifional ligandome
profiling was conducted on HLA class Il source protein level to definea8édiciate protein targets.
Based on a targefDR < 1%, we identifigdio & 2 dzZNOS LINRPGSAya A GK |+ FNBI dz

nine unique HLA class Il peptides (FiguCland S10B, Table S12). As a third group of highly
interesting HLA clagbpresented antigenswe identified hotspot targets by peptide clustering.

Thereby, we were able to validate the previously ideetifipeptide targets and delineate an

additional panel ofive K2 1 & LJ2 & 6 A GK NBLINE &S yfive differény soufchlB lj dzS y C
proteins regesenting 20 unique HLA clasgpdptides Figure B and S11, Table S}l2n total, we

were able to define a set of 34 unique AMésociated HLA class |l peptides derived from 11 different

source proteinsvith our innovative HLA class Il ligandome prdilplatform(Table S12).

For the selection of effective rejection antigens directing the -mtkemia Tcell response not only

against AML blasts but especially against AML progenitor cells, we performed mass spectrometry

based immunopeptidomics on our L@riched samples (h = 11). We identified a total of 30,907 HLA

class Il peptides (16,638 on LPCs, 25,128 on autologous blasts). The number of identified HLA
peptides per sample ranged from 450 to 6,218 (mean 2,018) fog,L$&ples and from 468 to

10,217 (mean 3,790) for blagamples(Figure %, Table S11)For the identification of LR€Xclusive
andLP@ 232 0AF0SR FydA3aSya 6S LISNF2NN¥SR O2YLI NI GADE
immunopeptidomes of LRG samples with the AMUdiscovery datast comprising the LR@Gepleted

blast samples and nesorted AML samples and our benign database.
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Figure 12 Comparative HLA class Il ligandome profiling and identification of Addkociated peptide and protein targets.

(A) Overlap analysis of HLA cldsgeptide and source protein identifications of primary AML sample@very dataset

n = 47) and hematological (n = 89) and Hwmatological benign samples (h = 223). (B, C) Comparative profiling of (B) HLA
class Il peptides and (C) HLA source pretéiased on the frequency of Hiéstricted presentation in AML and benign
ligandomes define peptide and protein targets. Frequencies of positive immunopeptidomes for the respective
identifications (xaxis) are indicated on thegxis. To allow for bettereadability, HLA peptides or source proteins identified

on < 5% of the samples within the respective cohort were not depicted in this plot. The boxes on the left and their
magnifications highlight the subset of AMksociated antigens showing AMkclusivehighly frequent presentation.
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Figure 13 Identification of AML-associated hotspot targetsHotspot analysis of the protein FLT3 by peptide clustering.
Representation frequencies of amino acid counts within each cohort for the respective auid posibn (xaxis)are
indicated on the yaxis. The box and its magnification highlight the identified hotspot with the resgeamino acids on the
x-axis.Abbreviations: aa, amino acid,ds, number of peptides.
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Figure 14 HLA class Il peptide and sourceotin identifications of LPE, patient samplesHLA class Il peptide and source

protein identifications of LR and autologous LR@epleted blast samples. Abbreviations: IDs, identifications; LPCs,

leukemic progenitor cells; UPN, uniform patient number.

Overlap analysis revealed 996 HLA class Il peptides and 15 source proteins to be exclusively
presented on LR samples and 2,288 peptides and 60 proteins to be found on both, AML blast and

LPG. samples (Figure 9. Focusing on LRRclusive antigensghe dataset revealed only one high
FNBIjdzSy G ox wHm:0 LISLIWGARS GFNBSG o6t1l wYYYtCLOYYY!
hotspot targets. Therefore, we concentrated on k#¥Sociated targets identified on both, AML blasts

and LPCs. Of 2,288 AMiInd [PGshared peptides, 31 are identified with a representation frequency

X H R @ | fodr didinkt &xhiBited length variants (> 50% overlap) presented on benign samples

and were therefore qualified as suitable peptide targets (Fig&®, Table S13). Fprotein targets,

the dataset includedhreed 2 dzNDS LINPGSAya gAGK NBLINBaSd¢dght A2y 1
different HLA class Il peptides (Figuk£]1 Table S13).

For immunological characterization we aimed to select shRh-associated target§Table S12) that

are not only presented by AML blasts but additionally were identified on LPCs together with LPC
exclusive and LP&5sociated targets (Table S13). Thus, wecsetl apanel of 14HLA class target
antigens for immunological characterigat. Prior to immunological experiments those HLA peptide

identifications were validated with isotoplabeled synthetipeptides (Figure S12).

105



RESULTS

A HLA class Il peptides HLA class Il source proteins
1,361 =<~ ~
996 , - Ii; f
2,288 —dt
“ (
236 [] P dataset (n = 11)
[] AML discovery dataset{n = 47)
[] hematological and
non-hematological benign
dataset (n = 312)
B 100y
] o LP =11,
ol i -g C dataset (n )
2 @ =
@ S >
3. 8 5
16 & 2
51 5 <

o

AML discovery dataset (n = 47)

-
1=}
1=

T

frequency of positive ligandomes [%]
8

50

hi logical and non-h logical benign dataset (n = 312)

100
HLA class Il peptides (n = 23,208)

LPC-exclusive

LPC-associated
AML-exclusive

100 !

LPC dataset (n = 11)

50

AML discovery dataset (n = 47
1004 Y ( )

frequency of positive ligandomes [%]

50

hematological and non-hematological benign dataset (n = 312)
100

HLA class Il source proteins (n = 3,625)

Figure 15 Comparative profiling of HLA class Il ligandomes of J.,Pgatient samples.Comparative profiling of LR¢
samples with the AMdiscovery datasetomprising the LR@epleted blast samples as well as unsorted AML samples and
the hematological and nehematological benign samples. (A) Overlap analysis of HLA class Il peptidauered@otein
identifications of primary LR samples (n = 11), AML sampléss¢overy datasetn = 47) and hematological (n = 89) and
non-hematological benign samples (n = 223). (B,D) Comparative profiling of HLA class Il (B) peptides and p&temgce
based on the frequency of Huastricted presentation in LRg AML and benign ligandomes. Frequencies of positive
immunopeptidomes for the respective HLA peptide or source proteax{®) are indicated on the-axis. To allow for better
readablity, HLA peptides or source proteins identified on < 5% of the samples within the respective cohort were not
depicted in this plot. The boxes on the left highlight the subset ofdxeisive antigens, LRGsociated antigens showing
presentation on botLPCs and AML blasts, and Ad&clusive antigens. Abbreviations: LPCs, leukemic progenitor cells.
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Comparative analysis of novel AMAssociated antigens witlpreviously definedtargets

In a previous work of our group, weentified 132 AMtassociated antigenrepresenting 325 unique

HLA class | ligands (341 peptiglelLA allotype combinations, 325 unique peptides) and 36 antigens
providing a panel of 152 different HLA class Il peptides by comparing the HLA ligandomes of 15
primary AML patient samples with 3%ealthy controls™ The selection of suitable antigensas
performed solely on protein level. In the study at hand we identified a novel panel of
AML-associated HLA&lass | and classgdtesented antigens and reanalyzed tpesviously defined

targets {Table 2).

In a first step, we angted the AMiexclusivity of thepreviously definedHLA classtargets. 130/132
(98.5%)source proteins and 202/325 (62.2%) HLA ligands defindthe previous workas AME
exclusive are now identified in our expanded benign sample database and are therefore excluded as
suitable targets.Someantigens and HLA ligands actassified inthe preent analysisas one hit
wonders, are not identifiedby the other search engine, oare absentin the discovery dataset
Therefore, only 38/325 (11.7%) of the previously defined HLA clessiricted peptide targets
remain AMLexclusivan the novel datase Most of these peptides exhibited only low representation
frequencies in theliscovery datasetSolely 1/325 (0.3%greviously definedHLA classthrgetswas

again identified as AMassociated target (FPRFVNVTV, B*07 target).

Table 2: Comparison ofpreviously defined AML-associated antigerfé with the extended benign database
and the novel AMLdiscovery dataset

HLA class | HLA class Il
HLA source protein level HLA ligand level HLA source protein level HLA peptide level
# ofpre_wously defined 132 225 36 152
antigen targets
#of IDs identified on expanded 130/132 (98.5%) 202/325 (62.2%) 35/36 (97.2%) 119/152 (78.3%)
benign sample database
e 1/132 (0.8%) 26/325 (8.0%) 0136 (0.0%) 5/152 (3.3%)
# of IDs not identified by SEQUES 1/132 (0.8%) 50/325 (18.2%) 1/36 (2.8%) 14152 ©.2%)
or solely identified as one hit wonder:
i @ENELER CEIMEC AT EREE 0/132 (0.0%) 38/325 (11.7%) 0/36 (0.0%) 14152 (9.2%)
remaining AMtexclusive
# of previously definedntigen targets
0/132 (0.0%) 1/325 (0.3%) 0/36 (0.0%) 1/152 (0. 7%)

defined also as targets in this study

For HLA class Il, 35/36 (97.2%) source proteins and 119/152 (78.3%) HLA peptides poafinadly

as AMEassociated targets did not exhibited AMkclusivity after comparison with the latest benign
database. After exclusion of one hit wonders, 14/152 (9.2%) HLA class Il peptides remain AML
exclusive with 1/152 (0.7%) peptisldbeingan AML-asso@ated target also in the novel definition
(GNQLFRINEANQLMQ, AddEociated peptide target). These results clearly demonstrate on the one
hand the importance of a continual extension of the benign tissue database but on the other hand
indicate also the stnegth of our selection processes as we identified also identical targets in both

analyses.
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The role of neantigens in the immunopeptidomef AML

To analyzehe role of neoantigens in the immunopeptidome of primary AML samples, we screened
our AML cohortsdiscoveryand validation datasetHLA class | n = 65, HLA class-16%) for naturally
presented HLA class | and claspréisented neoantigens derived from recurreMML-specific
missense mutations as well as recurrent mutationdlPM1 and FLT@able S6). FdiLA class I, we
were able to identify and validate two different neoepitopes both derived from the frameshift
mutation NPM1 type Athe HLAA*11l-restricted peptide AVEEVSLRK and the-Ati03-restricted
peptide LAVEEVSI(Rgure 16and S9 Table 3. Atotal of 22/65 (33.9%) patients within olLA
clasd immunopeptidome datasetarry a NPM1 mutation. NPM1 type Adatype D mutations result

in the same protein alterations and am@entified in21 AML patients. Of thesel2patients five and
three patients harbor the HLA allotypeA*03 and A*11, respectively. The HBAO3-restricted
peptide LAVEEVSLR was detected on 1/5 (20:0%A*03" NPMXmutated patients, whereas the
HLAA*11-restricted peptide AEEVSLRK wasen identified on 3/3 (100.0%)HLAA*11" NPM%E
mutated AML patients.Unmutated NPML-derived (NPMJ,7) peptides are commonly presented on
benign and malignant samplesd no differences in the abundance in the presentation of NjgM1
peptides between NPMinutated and-unmutated samples could be detecteth our HLA class |
dataset we were able to identify 29 different NR{i-derived HLA ligands.
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Figure 16 NPM1,,-derived HLAA*11-restricted neoantigen AVEEVSLRRépresentative exaple of mass spectrometry
based neoantigen validationusing the corresponding synthetic peptide. The experimentally eluted pepBd€.11 mu
(identification, above the »axis) was validated with the isotogabeled synthetigpeptide (validation, mirroredn the x
axis). ldentified band y-ions are marked in the fragment ion spectrum (left site) in red and blue, respectinédynal
fragments are labeled in orangkns containing the isotopic labeled amino acid alanine are marked with an astEnisk.
calculated spectral correlation coefficient is depicted in the middle. Coelution of the istabpéed synthetic peptide with
the experimentally peptide validated equal retention gs1(fragment ion chromatogramight pane).
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In the HLA class Il ligandesywe could demonstrate the presentation of the IDH2 R1d6éfed
neoepitope KLKKMWKSPNGTIQNILG@EiyHe S12Table3) in one patient samplelnterestingly,

we were able to detect the corresponding wildtype pept# & KKMWKSPNGTIRNILGGAVBgnign

and AML samples including UPN2alidating the processing and presentation of this protein domain
on HLA class Il molecules. Other unmutalieei2derived (IDHg) peptidesare frequently found in

the immunopeptidomes of benign and malignant samples.total, we identified 140different
IDH2y+derived peptides. All identified class | and class Il neoepitopes were validated by isotope

labeled synthetic peptides.

Table3: Identified neoantigens in primary AML samples.

Peptide ID Sequence Mutation Mutation type HLA restriction Patient
P16v11_mut AVEEVSLRK NPM1 type A frameshift mutation A*11 UPN15UPN36UPN64
P17%03_mut LAVEEVSLR NPM1 type A frameshift mutation A*03 UPN16
P19 mut KLKKMWKSPN@NILGGTVF IDH2 R140Q missense mutation class Il UPN27

Abbreviations: 1D, identificatian mut, mutationderived UPN, uniform patient numbePRosition of the nEseng mutation in the peptide sequends marked
in bold.

Comparativeprofiling of FLT3+ and FLT3,-derived immunopeptidomesevealedno specific HLA
ligandome patterns for distinct AML subtypes

For the definition of broadly applicable tumor vaccines it is of tremendous importance to focus on
the selection of such targets that are presented on Alktlependentof different clinical subtypes

such as FLT®utated (FLT3,) or FLTainmutated (FLT3;) AML Therefore, we screened our HLA
class | targepanelfor presentation on FLT3 (n=14) andA_T3yr (n = 25) patient samplewithin

the AMLdiscovery datasgfTabled). 362/427 (85%) HL&asdl targets were identified in both patient

cohorts and are therefore suitable for broad applicableelFbasedimmunotherapeutic approaches.

Table4: Identification of HLA classrestricted AML-associated targets in FLJ3 and FLT@t patients.

HLA # of FLT,;Sm # of FLT&T # of targets # of targets ide_ntified # of targets idgntified # of targets identified
allotype patients patients on FLTR: patients on FLT@r patients on both cohorts
all 14 25 1 1/1 (100%) 1/1 (100%) 1/1 (100%)
A*01 5 5 48 48/48(100%) 41/48 (85%) 41/48 (85%)
A*02 6 14 28 28/28 (100%) 28/28 (100%) 28/28 (100%)
B*07 5 6 185 149/185 (81%) 182/185 (98%) 146/185 (79%)
B*08 2 5 161 160/161 (99%) 143/161 (89%) 142/161 (88%)
c*07 8 14 11 11/11 (100%) 11/11 (100%) 11/11 (100%)
total 14 25 427 (%) 390/427 (91%) 399/427 (93%) 362/427 (85%)

* Not equal to the sum of all single HLA allotypes due to duplidatiisating peptideswhich are identified on several allotypes

In a next step, we examined the differences in the entiretilof 3,: and FLT@rimmunopeptidomes
by comparative profiling. Overlap analysis reve#8d/8,879(9.3%) of FLT3: source proteins to be
exclusivéy presented on FLT3; samples ircomparison to FLT3 cells(Figurel7A). However, these
differences could be explained by slightlifferent HLA allotype distributiawithin both cohorts

(Figure S13) as well as the different cohort stesonstrated byrandom cohort sampling using the
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same number of samplesper cohort whichresulted in similar overlap results (data not shown).
Comparison of AMHerived ligandomes with our ihouse benign databasén = 332)indicated
95/451 (21.1%) AMLexclusive source proteins to be Fl.JssociatedHowever, solely twof these

95 FLT3,rassociated 2 dzZNDOS LINRPGSAya ¢ SNBE A REiguieA7B)ArSaexs A i K F I
step, we performedcluster analysis using a comparative ligandome representation matril
source proteins identified inthe AML discovery dataset(n=47). Sampes were hierarchically
clustered due to the presentation of different source proteins. Thereby, ctear clustering
concerning the parameters of interesFAB and WHO classification, Sex, Age, NPM1 and FLT3
mutation statug could be identified(Figure 18A). Nevertheless, samples that shasingle HLA
allotypes tend to cluster together. Thus, we performed the same analysis oPAHI2A patient
samples using only His02-restricted peptides (Figurg&8B). Again no significant clustering
concerning our paraeters of interest could be observaddicating no specific immunopeptidome
pattern of clinical subgroups and reubstantialinfluence or effect of these parameters on the
entirety of the immunopeptidomelnterestingly, in this analysis the two HAA02:05 samples
cluster together clearly separated from the other HA%2:01" samples.Furthermore, panther
pathway analysis of FLJ3 and FLTgr-derived source proteins delineates no enriched signaling

pathway in one of the two cohorts (data not shown).

FLT3,,, dataset (n = 14)
["] FLT3,,; dataset (n = 25)
824 — 1,762
[[] hematological and
non-hematological benign
dataset (n = 332)
B 40

FLT3,.: (n=14)

201

frequency of positive ligandomes [%]

204

FLT3y (n = 25)

HLA class | source proteins (n = 451)
Figure 17 Comparative profiling of FLT3- and FLT3,-derived immunopeptidomes (A) Overla analysis oHLA class |
source protein identifications dFLT3+ (n = 25)and FLT3,- (n = 14)derived immunopeptidomeslone (left panel) and
together with benignimmunopeptidomes(n = 332 right panel). (BComparative profiling oAML-exclusiveHLA clas |
source proteins based on the frequency of Hestricted presentation ifFLT3 (n = 25)and FLTJ, (n = 14)ligandomes.
Frequencies of positive immunopeptiaes for the respective HLA source proteiragis) are indicated on the-gxis.
Abbreviations: FLT3;, FLTanutated AML samples; FLJ3 FLTainmutated AML samples
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Figure B: Cluster analysis(A,B)Cluster analysis using a comparative ligandoepgesentation matrixcreated with (A) HLA
class | source protein and (B) HAZO2-restricted HLA ligand identifications on primary AML samples within the AML
discovery datasetDark Hue indicates the identification of at least on single HLA class Idligarthe respective source
protein, light bluespecifies source proteins not identified in the respective sample. AbbreviaWghi©, AML classification
according to the World Health Organization; FAB, AML classification according to the-kneadbanBiitish system; UPN,
uniform patient numberFLT3,;, FLT3nutated AML samples; FLj3 FLTaunmutated AML sampleg KD, tyrosine kinase
domain; ITD, internal tandem duplications; n.a., not available; yr., years; f, female; m, malerehyehyelodysplasi
related changes; NOS, not otherwise specified; rec., recurrent; abnor., abnormalities
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