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PREFACE AND PUBLICATIONS

1. PREFACE

This thesis gives an overview over the projects | had the pleasure to work on during the years of my
PhD thesis. Furthermore, | aim to provide an insight into the rapidly developing field of mass
spectrometry-based immunopeptidomics and T-cell-based immunotherapy approaches focusing on
leukemia patients. Obviously, this thesis can only summarize and present the main projects and
outcomes of my work at the Department of Immunology. Beside the projects within the Department
of Immunology at the University of Tiibingen and the Department of Hematology and Oncology at
the University Hospital Tldbingen | also had the opportunity to work together with several other

outstanding researches in numerous cooperation projects.
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SUMMARY

3. SUMMARY

With the development and clinical success of immune checkpoint inhibitors, T-cell-based
immunotherapy has been revolutionized. Therefore, in recent years special emphasis was placed on
the identification of the target structures of the anti-tumor T-cell responses. These target structures
are represented by tumor-associated or tumor-specific antigens presented on the surface of tumor
cells via human leukocyte antigen (HLA) molecules. Further, the tremendous evolving field of mass
spectrometry enables nowadays the direct identification of naturally presented HLA ligands from
primary human samples in undreamt depth. This thesis aims to provide an insight into the rapidly
developing field of mass spectrometry-based immunopeptidomics and the development of

T-cell-based immunotherapeutic approaches for leukemia patients.

For chronic lymphocytic leukemia (CLL) our group characterized tumor-associated antigens, which
are associated with improved survival. This antigen panel is currently investigated in a first-in-man
multicentric clinical phase Il study (iVAC-CLLO1, NCT02802943) of patient-individualized peptide
vaccination in CLL patients. However, CLL is associated with a profound immune defect, which could
hamper the clinical success of T-cell-based immunotherapy. Therefore, the combination of
antigen-specific T-cell-based immunotherapy with immunomodulatory drugs such as lenalidomide
represents a promising approach to overcome this immune defect. In the first part of this thesis we
therefore performed a longitudinal study on the influence and effect of lenalidomide on the
immunopeptidome of primary CLL cells. Mass spectrometry-based profiling identified only minor
effects on HLA-restricted peptide presentation and confirmed stable presentation of the previously
described ClLL-associated antigens under lenalidomide treatment. Therefore, lenalidomide was
validated as suitable combination partner for tailored T-cell-based immunotherapeutic approaches in

CLL patients.

In the second and third part of this thesis, we applied a mass spectrometry-based approach to
identify naturally presented, HLA-restricted chronic myeloid leukemia (CML)- and acute myeloid
leukemia (AML)-associated peptides, respectively. Therefore, we utilized a comparative profiling
approach using a comprehensive dataset of different benign tissues. For AML, we furthermore
mapped the immunopeptidome of enriched leukemic progenitor cells (LPCs) and defined additional
LPC-associated antigens. Notably, we were also able to identify mutation-derived neoepitopes in
primary AML samples. Functional characterization revealed spontaneous T-cell responses against the
novel identified CML- and AML-associated peptides in patient samples and their ability to induce
multifunctional and cytotoxic antigen-specific T cells. These antigens are thus prime candidates for

T-cell-based immunotherapeutic approaches for CML and AML patients.
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4. ZUSAMMENFASSUNG

Mit der Entwicklung und dem klinischen Erfolg der Immuncheckpoint-Inhibitoren hat die T-Zell-
basierte Immuntherapie eine Revolution erlebt. In den letzten Jahren riickte deshalb die
Identifizierung der Zielstrukturen der Anti-Tumor-T-Zellantworten immer weiter in den Fokus. Diese
Zielstrukturen sind Tumor-assoziierte oder Tumor-spezifische Antigene, die auf der Oberflache von
Tumorzellen Gber humane Leukozytenantigene (HLA) prasentiert werden. Zudem ermoglicht das sich
enorm entwickelnde Feld der Massenspektrometrie heute die direkte Identifizierung von natirlich
prasentierten HLA-Liganden aus humanen Primarproben in ungeahnter Tiefe. Diese Arbeit soll einen
Einblick in das Gebiet der Massenspektrometrie-basierten Immunpeptidomik und in die Entwicklung

T-Zell-basierter immuntherapeutischer Ansatzen fir Leukdmiepatienten geben.

Fir die chronisch lymphatische Leukdmie (CLL) identifizierte unsere Gruppe Tumor-assoziierte
Antigene, die mit verbessertem Uberleben assoziiert sind. Diese Antigene werden derzeit in einer
ersten multizentrischen klinischen Phase-lI-Studie (iVAC-CLLO1, NCT02802943) als patienten-
individuelle Peptidimpfung bei CLL-Patienten untersucht. Die CLL ist jedoch durch einen umfassen-
den Immundefekt gekennzeichnet, der den klinischen Erfolg der T-Zell-basierten Immuntherapie
beeintrachtigen konnte. Die Kombination der Antigen-spezifischen T-Zell-basierten Immuntherapie
mit immunmodulatorischen Medikamenten wie Lenalidomid stellt daher einen vielversprechenden
Ansatz zur Uberwindung dieses Immundefektes dar. In einer longitudinalen Verlaufsstudie
untersuchten wir deshalb den Einfluss von Lenalidomid auf das Immunpeptidom von primaren CLL-
Zellen. Die Massenspektrometrie-basierte Untersuchung zeigte nur geringe Auswirkungen auf die
HLA-restringierte Peptidprdsentation und bestatigte die stabile Prasentation der beschriebenen CLL-
assoziierten Antigene unter Lenalidomidbehandlung. So konnte Lenalidomid als geeigneter

Kombinationspartner fiir die T-Zell-basierte Immuntherapie bei CLL-Patienten validiert werden.

Fir die chronisch myeloische Leukdmie (CML) und die akute myeloische Leukdmie (AML)
identifizierten wir mittels Massenspektrometrie-basierter Analyse und dem Vergleich mit einem
umfassenden Datensatz gesunder Gewebe natirlich prasentierte, HLA-restringierte CML- und AML-
assoziierte Peptide. Fiir die AML analysierten wir auerdem das Immunpeptidom von angereicherten
leukdmischen Vorlauferzellen, um Vorlauferzell-assoziierte Antigene zu definieren. Des Weiteren
konnten wir zusatzlich Mutations-abgeleitete Neoepitope in primaren AML-Proben identifizieren.
Mittels funktioneller Charakterisierung dieser neu definierten Antigene konnten spontane T-Zell-
Antworten in Patientenproben sowie die Induktion multifunktionaler und zytotoxischer Antigen-
spezifischer T-Zellen nachgewiesen werden. Diese Antigene stellen somit vielversprechende

Kandidaten fiir T-Zell-basierte immuntherapeutische Ansdtze in CML- und AML-Patienten dar.



INTRODUCTION

5. INTRODUCTION

5.1. HEMATOLOGIC MALIGNANCIES

Hematologic malignancies comprise all types of neoplastic diseases of hematopoietic and lymphatic
tissues including leukemia and lymphoma. The term leukemia is derived from the Greek words leukos
and heima referring to the massive accumulation of leukocytes in the blood of leukemia patients.
Leukemia was first described as a malignant disease in the middle of the 19" century, as physicians
became aware that leukocytosis can occur in the absence of infection.” > Due to Paul Ehrlich’s
development of a cell staining method that allows distinction of blood cells,? the different types of
leukemia were first classified and distinguishable. Today, leukemia is classified 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 clinical and pathological differences between these four types are their progression rates
(chronic versus acute), as well as the cell types from which they originate and develop (myeloid
versus lymphoid). Chronic leukemias are characterized by the accumulation of relatively mature but
still abnormal leukocytes over a long period of time. In contrast, immature precursor cells proliferate
and accumulate rapidly in acute leukemias.” > Since Paul Ehrlich’s discovery, and especially in recent
decades, our understanding of the pathogenesis and biology of hematologic malignancies, and
particularly leukemia, has changed dramatically. This advanced knowledge has led to significant and
impressive advances in diagnosis and treatment options, as well as clinical outcomes of patients

suffering from these malignancies.

5.1.1. CHRONIC LYMPHOCYTIC LEUKEMIA

The B-cell malignancy CLL is characterized by the accumulation of small, mature, monoclonal CD5"
B lymphocytes in the blood, bone marrow, and secondary lymphoid tissues.® CLL is the most common
leukemia in adults” ® and is diagnosed especially in elderly patients with a median age at diagnosis of
70 years.? The 5-year survival rate of 85%° is relatively high compared to acute leukemias. Depending
on the mutational status of the immunoglobulin heavy-chain variable region gene (IGHV), two main
subtypes of CLL can be classified and distinguished. The IGHV mutational status reflects the stage of
B-cell differentiation from which the malignant clone originates. CLL cells with mutated /GHV have
already undergone differentiation with somatic hypermutation of their immunoglobulin in the
germinal centers. Typically, patients with unmutated IGHV typically suffer from a more aggressive

% 10 Basides IGHV, which does not contribute to the

disease then patients with mutated IGHV.
malignant transformation, the mutational landscape of CLL comprises relatively few chromosomal

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

6
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the chromosomes 11, 13, and 17 as well as trisomy 12.'! Furthermore, several somatic mutations in
genes such as TP53, MYD88, and NOTCH1 were identified within the last years; however, distinct

mutations are mainly not very common.****

For clinical classification two different systems — the Rai and the Binet classification — are normally
applied. In the United States, the 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 disease progresses very slowly and most often patients are asymptomatic at the time of
diagnosis. Therefore, therapy is solely recommended at disease progression or after the
development of first symptoms.’ In the last years, the treatment landscape for CLL patients
underwent remarkable progress and became more and more CLL-specific. Now standard of care for
most patients includes chemotherapy in combination with anti-CD20 antibodies (e.g. rituximab or
obinutuzumab) or the bruton tyrosine kinase inhibitor ibrutinib as single agent.’” Nevertheless, these
treatment options are still not curative, show 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 combination therapies,'® with the aim to further improve the overall

outcome and ultimately achieve a permanent cure for these patients.

5.1.2. CHRONIC MYELOID LEUKEMIA

CML is a myeloproliferative disorder characterized by the balanced genetic translocation between
chromosomes 9 and 22, the so-called Philadelphia chromosome, resulting in the fusion of the
Abelson murine leukemia viral oncogene homolog 1 (ABL1) gene with the breakpoint cluster region
(BCR) gene.” As a result of this translocation the constitutively active fusion oncoprotein BCR-ABL, a
tyrosine kinase, is expressed. Several different breakpoints have been identified generating different
transcripts, termed for example b3a2, b2a2, ela2, or e19a2. Depending on the junction site the
resulting fusion proteins are named p210, which is the most common form, p190, or p230.%° The
expression of this oncoprotein was identified as the primary cause of the disease.”” ** BCR-ABL
promotes growth and replication of the malignant cells through activation of downstream MAP
kinase pathways signaling through Ras, Raf, Myc, and STAT. This enables a cytokine-independent cell

cycle and proliferation of the CML cells.*?°

In less than a decade, the prognosis of CML has shifted from a life-threatening disease to a disorder
that is compatible with a normal lifespan by a simple lifelong oral medication. This advance was
accomplished by the discovery of tyrosine kinase inhibitors (TKls), which target and inhibit the

BCR-ABL fusion protein. This development has led to the achievement of durable cytogenetic, deep
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molecular remissions and an impressive improvement in the prognosis of CML patients.”” Since the
introduction of the first TKI imatinib in 2000, the annual mortality of CML patients has decreased
dramatically from 10 — 20% to only 1 — 2%.? Therefore, TKIs are now the first-line treatment for CML

2933 Since this therapy can have significant side effects and

patients with five available approved TKiIs.
prolonged therapy further increases the risk of developing drug resistance or tolerance,*” ** several
clinical trials are investigating discontinuation 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 relapse® *’ lifelong TKI therapy remains the standard of care for most CML
patients. Therefore, further research and development of clinically effective therapeutic approaches
with minor side effects are 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 LEUKEMIA

AML is a heterogeneous disease of myeloid precursors, characterized 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 median age of 68
years at diagnosis, and one-third of patients being older than 75 years.*® With a 5-year survival rate
of 28%, the prognosis and long-term survival of AML patients still remains exceptionally poor with

high relapse rates.*!

The classification of AML in several subgroups was originally performed by the French-American-
British (FAB) system, which divides AML into eight subtypes, MO through M7, based on the cell type

243 This descriptive classification without any

the leukemia arises from and its degree of maturation.
clinical relevance was replaced by the classification of the World Health Organization (WHO) in 2008
(Table 1), which influences clinical management, prognosis, and therapy.” Furthermore, the
European LeukemiaNet (ELN) also classified different AML subgroups.”” ** According to the WHO
definition, AML is diagnosed by the presence of > 20% blasts in the bone marrow or peripheral blood.
Further, independent of the blast count, the identification of distinct recurrent cytogenetic

.47 Since the

abnormalities such as translocations or mutations determines the diagnosis of AML.
first WHO classification in 2008, several advances and developments in the identification of novel
biomarkers were made, largely due to increased availability of gene expression analyses and next-

generation sequencing approaches calling for the continuous revision of this classification.*®



INTRODUCTION

Table 1: 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,q22) RUNX1/RUNX1T1
AMIL with inversions or internal translocations in chromosome 16 It’(];gfé()‘;;;ljizz)zjr CBFB/MYH11
APL with translocations between chromosome 15 and 17 t(15,17)(q22,921) PML/RARA

AML with translocations between chromosome 9 and 11 t(9;11)(p22,q23) MLLT3/MLL

AML with translocations between chromosome 6 and 9 t(6;9)(p23;q34) DEK/NUP214
AML with inversions or internal translocations in chromosome 3 Itr(];/ (j))((gjifzizz)) RPN1/EVI1
Megakaryoblastic AML with translocations between chromosome 1 and 22 t(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 myelodysplasia-related changes
Therapy-related myeloid neoplasms

AML not otherwise specified

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 Down syndrome

Abbreviations: AML, acute myeloid leukemia; APL, acute promyelocytic leukemia; t, translocation; inv, inversion. Adapted from Swerdlow et al.”

5.1.3.1. Recurrent mutations in AML
The analysis of the cytogenetic and molecular genetic landscape of AML, as reflected in the WHO
classification of AML subtypes’, represents an important factor in the prognosis and selection 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 of infrequent or even patient-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)(q22;q22) is one of the most frequent rearrangements in AML, observed in
approximately 12% of AML patients.”® As a consequence of this genetic translocation, the
transcription factor fusion protein RUNX1-RUNX1T1 is expressed, which leads to transcriptional
dysregulation in AML blasts.”® Interestingly, point mutations in RUNX1 are also frequently identified

in cytogenetically normal AML.*

The fusion protein of the transcription factor core-binding factor subunit beta (CBFB) and the smooth
muscle myosin heavy chain (MYH11), generated by the translocation t(16;16)(p13;922) or the
inversion inv(16)(p13q22), can be identified in about 10% of AML cases.>® The CBFB-MYH11 protein

inhibits the differentiation of myeloid leukemic cells®® and acts as a transcriptional repressor.>®
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Besides structural chromosomal abnormalities, AML can harbor recurrent somatic mutations in
several genes such as nucleophosmin (NPM1), FMS-like tyrosine kinase 3 (FLT3), CEBPA, TP53, or
ASXL1. However, it should be mentioned that AML is one of the malignancies with the lowest

mutational burden among all human cancers, with only approximately ten coding mutations per
patient.”®>*

The most common genetic alterations in AML are mutations in the NPM1 gene. About 35% of all AML
patients carry NPM1 mutations® correlated with a beneficial outcome with increased complete

remission and improved overall survival rates.** NPM1 is a nucleolar phosphoprotein with multiple

62

cellular functions, including regulation of ribosome biogenesis and transport,” maintenance of

genomic stability, and DNA repair.®* The majority of NPM1 mutations are frameshift insertions

restricted to exon 12 (Figure 1) that generate a new nuclear export signal motif, which causes

aberrant cytoplasmic accumulation of mutated NPM1 protein.®® ®

*

3 89 10 11 12

12 4 5 6 7
NPM1 gene — [ THI——H— 3 --

wild-type CAAGATCTCTG----GCAGTGGAGGAAGTCTCTTTAAGARAATAG
< Mutation A CAAGATCTCTGTCTGGCAGTGGAGGAAGTCTCTTTARGAAAATAG
E MutationB  CAAGATCTCTGCATGGCAGTGGAGGAAGTCTCTTTAAGAAAATAG

MutationD  CAAGATCTCTGCCTGGCAGTGGAGGAAGTCTCTTTAAGAARATAG
c Wild-type Q D L W W R K S L *
'g Mutation A Q D L C L VvV E E V S L R K *
© Mutation B Q b L C M AV EUEV S L R K *
& MutationD © D L W O S L A QO V S L R K *

Figure 1: NPM1 gene structure with the most common mutations identified in AML. The mutational hotspot within the
NPM1 gene is located in exon 12. The frameshift mutations lead to an altered C-terminus of the protein. Mutation A is the
most prominent mutation with a frequency of 75 — 80%. Exon 10 is only part of isoform 3. Adapted from Falini et al.®® and
Thiede et al.*

Besides the described mutations in the NPM1 gene, mutations in the membrane-bound receptor
tyrosine kinase FLT3 are very common. FLT3 is mutated in about 30 — 35% of all AML cases, either
by in-frame internal tandem duplications (ITD)*’ or by point mutations within the activation loop of
the tyrosine kinase domain (TKD).%® FLT3 possesses a crucial role in early stages of hematopoiesis.*
Both types of mutations lead to a constitutive activation of the FLT3 receptor in a ligand-independent
manner.” Further recurrent mutations in AML are found in isocitrate dehydrogenases (IDHs) in about
20% of all AML patien‘cs.71 The most common mutations are IDH1-R132, IDH2-R172, and IDH2-R140
leading to aberrant DNA methylation and blockade of the cellular differentiation.”” Understanding
the function of recurrent mutations can help to develop novel targeted therapies that could

supplement the standard therapy of AML patients.

10
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5.1.3.2. Standard therapy of AML
Treatment of AML patients remained largely unchanged for four decades. The standard of care for
patients eligible to intensive treatment is still represented by a chemotherapeutic induction therapy,
combining anthracyclines for three days with cytarabine for seven days, known as “3+7” regimen.”
But it has become apparent that AML is a complex and heterogenic disease with several diverse
subgroups, which require specific adaptation of therapeutic approaches. Genomic and cytogenetic
analyses and the discovery of the importance of recurrent somatic mutations promote the
development of several novel agents, which will allow a higher degree of personalization in the
treatment of AML. Increased knowledge of the prognostic significance of recurrent genomic
alterations now found its way into the clinic, as molecular mutations are part of routine testing and

thereby influence treatment decisions.

In 2017 and 2018, the US Food and Drug Administration (FDA) and the European Medicines Agency
(EMA) granted the first drug approvals for the treatment of AML since more than 40 years.
Midostaurin (Rydapt®), a multikinase inhibitor, was approved in combination with standard
cytarabine and daunorubicin induction and cytarabine consolidation for the treatment of adult
patients with newly diagnosed FLT3-mutated AML based on a phase lll study demonstrating
prolonged overall survival.”* Furthermore, gemtuzumab ozogamicin (Mylotarg®), an anti-CD33
antibody-drug conjugate with the cytotoxic substance calicheamicin,” was re-approved by both

regulatory authorities in combination with chemotherapy for newly diagnosed CD33-positive AML.

Additionally, in August 2017 and July 2018 the FDA granted regular approval to the IDH2 and IDH1
inhibitors enasidenib (Idhifa®)’® 7’ and ivosidenib (Tibsovo®)’® for the treatment of IDH-mutated
AML, respectively. In the end of 2018, the FDA also granted an accelerated approval of the BCL-2

inhibitor venetoclax (Venclexta®)”® #

in combination with azacytidine, decitabine, or low-dose
cytarabine for newly-diagnosed elderly AML patients. Commonly expressed in hematological
neoplasms®® with an essential role for the survival of AML cells,* the anti-apoptotic protein B-cell
leukemia/lymphoma-2 (BCL-2) represents a suitable target for AML therapy. For the last-mentioned

agents, the approvals of the EMA are still pending.

5.1.3.3. Development of novel therapies for AML
Besides the already approved novel drugs, several other targeted therapies are under development

and are currently investigated in preclinical studies and clinical trials.

Several different surface antigens are qualified as potential targets for different kinds of antibody-
based therapeutic approaches. These include the myeloid surface antigens CD33 and CD123 as well
as leukemia stem cell markers such as CD25, CD44, CD96, FLT3 and TIM-3. The application of

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

such therapies.

CD33 (Siglec-3) is a member of the sialic acid-binding immunoglobulin (Ig)-like lectins, a subset of the
Ig superfamily®®> and was confirmed to be expressed by both AML blasts and leukemic stem cells.?
Besides the approved drug gemtuzumab ozogamicin (Mylotarg®), other formats targeting CD33 are
under development, such as the CD33/CD3 bispecific T-cell engager (BiTE) AMG 330, which already

exhibits promising first results in clinical studies.®

The interleukin-3 receptor, CD123, promotes the survival and proliferation of myeloid cells through
the binding of interleukin-3 and represents a very promising therapeutic target as its expression on
normal hematopoietic stem cells is lower compared to CD33.*” CD123 can be targeted in two
different ways. On the one hand, antibody-based approaches using different formats are under

8 8 On the other hand, due to the fact that CD123 represents a receptor, several

investigation.
studies focus on agents based on the natural ligand IL-3. In one example, a truncated form of the
diphtheria toxin was fused to IL-3 resulting in potent blast cell killing.”® The final results of a phase 1/II

study” utilizing this approach are expected to be published soon.

Another reasonable target on the surface of AML cells is FLT3 (CD135), as an increased expression of
this receptor can be measured on leukemic blasts in comparison to normal cells. The chimeric
Fc-optimized monoclonal antibody FLYSYN binds specifically to FLT3, independent of its mutational
status, and triggers antibody-dependent cell-mediated cytotoxicity (ADCC)®*. FLYSYN is currently
evaluated in a clinical study.”® Moreover, the FLYSYN antibody was further used in the framework of
a bispecific antibody targeting FLT3 and CD3, which revealed enhanced cellular cytotoxicity against
FLT3-expressing AML cells in comparison to the monoclonal antibody alone.’ In addition, FLT3 can
not only be targeted by antibody-based approaches but also by direct inhibition of its kinase activity
via competitive inhibition. Besides the first approved FLT3 inhibitor midostaurin,” several other
inhibitors have been developed and are currently under preclinical and clinical investigation.

b,?® %° midostaurin,”* and

First-generation FLT3 inhibitors such as tandutinib,”® sunitinib,”’ sorafeni
lestaurtinib™® are relatively unspecific for the FLT3 kinase resulting in off-target inhibition and
therefore increased toxicity. Second-generation inhibitors, including quizartinib,* crenolanib,'®
ponatinib,'® and gilteritinib,'®* are more specific and potent with lower side effects.

With the development and clinical success of immune checkpoint inhibitors, the field of immune-

105, 106

oncology, especially for solid tumors, was revolutionized in recent years. For the rational

selection of suitable immune checkpoint inhibitors for the treatment of AML, the identification of
targetable immune checkpoints in AML is crucial. Programmed cell death receptor-1 (PD-1) and OX40

107

were identified as potential important checkpoint receptors in AML patients.”’ Further studies
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confirmed that PD-L1 (programmed cell death ligand-1) expression is associated with a more

aggressive disease and early relapse.’® %

Moreover, a gradual increase in PD-1 and PD-L1
expression was detected on T cells and AML blasts, respectively, with progression from MDS to AML
and during AML relapse.™™ Cytotoxic T lymphocyte-associated molecule-4 (CTLA-4) also harbors an
import role in the immune escape of AML and blockade of CTLA-4 could enhance T-cell-mediated

killing of residual leukemic cells.'*!

As a result, various immune checkpoint inhibitors are now
evaluated in several clinical trials for the treatment of AML patients. First results highlight the
effective and well-tolerated therapy with immune checkpoint inhibitors especially for relapsed AML

after allogenic stem cell transplantation and provide a rationale for further clinical investigation.***

5.1.3.4. Leukemic progenitor cells — targeting the invincible?
Despite considerable 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 turn leads to the high
mortality rate of AML. The main reason for occurrence of relapse is the presence of the so-called
minimal residual disease (MRD), characterized by the persistence of residual chemoresistant

115118 Thase LPCs represent

leukemic stem and progenitor cells (LPCs) in the bone marrow of patients.
a low frequent subpopulation with stem cell properties, including self-renewal capacity, distinct from
the bulk of leukemic blasts. The phenotype of LPCs displays a complex heterogeneity, but several
studies consider that the CD34°CD38  population is the most relevant, as this fraction is able to
induce leukemia in immunodeficient NOD/SCID mice even after transfer of very low cell numbers and
thereby reproduce the complete leukemia disease."™® ™ The fact that LPCs exist outside the
CD34°CD38 fraction was first proposed in the late 1990s, when researches could verify that CD34
cells were also capable to initiate leukemia in immune-deficient mice.””® Nevertheless, several
studies clearly have proven that the CD34°CD38 fraction contains the most important leukemia-

116, 121

initiating cells and demonstrated that the CD34°CD38 frequency correlates with therapy

.1® 122 Therefore, targeting LPCs and inducing their complete

outcome and relapse-free surviva
elimination to prevent relapses and thereby improve the outcome of AML patients is one of the most

critical steps for further development of novel therapeutic options.

For LPC-directed therapy the selection of suitable targets and the optimal time point are
fundamental. The targets should be highly expressed by LPCs, but not by other cells especially normal
hematopoietic progenitor cells (HPCs), and preferentially presented in the majority of patients to
enable broadly applicable therapies. So far, novel therapeutic options for the elimination of LPCs
focus on LPC-specific surface markers, LPC-related molecular pathways, or the LPC
microenvironment. These therapeutic approaches aim primarily at the specific elimination of LPCs,

but also at the combined targeting of both LPCs and AML blasts. Several cell surface markers have
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been proposed as potential LPC-associated targets, such as CD33,'” TIM3,"** or CD44,* and various
approaches targeting these markers are currently investigated in clinical trials. Furthermore,
small-molecule inhibitors interfering LPC-specific signaling pathways, such as perifosine, an AKT
inhibitor,"® or carfilzomib, a proteasome inhibitor,"?” as well as immune-sensitizing agents, such as

PARP1 inhibitors'?, are currently evaluated for the treatment of AML patients.

The more profound understanding and knowledge of LPC function and appearance might
significantly improve the prognosis, therapy, and survival of AML patients and will hopefully reduce

the high relapse rate of this malignancy in the future.

5.2. CANCER IMMUNOTHERAPY

Already in ancient Egypt 2,600 years before Christ, the high official Imhotep treated tumors by
specifically provoking infections on the tumor site'”®. The idea of activating and harnessing the power
of the immune system to fight cancer cells was then again pursued in the late 19" century by William
B. Coley, who recognized spontaneous remissions of cancer patients after developing acute bacterial
skin infections (erysipelas). After this observation, Coley 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 anti-cancer immune response.13°'132
However, it lasted about 100 years until allogeneic hematopoietic stem cell transplantation (HSCT),
the first effective immunotherapy, found its way into clinical routine.” This immunotherapy remains
still an important pillar in the standard treatment of cancer especially for leukemias. Its effectiveness
is explained by the induction of a graft-versus-leukemia effect by the adoptively transferred donor

T cells.*

This effect represents a proof of concept for the application and breakthrough of
immunotherapy in the treatment of cancer. The field of immunotherapy has undergone incredible
changes and tremendous progress over the past decades and has reached a milestone with the
clinical advance of immune checkpoint inhibitors especially in solid tumors.’® % ** The
understanding of the complex mechanisms of the immune system and how cancer cells evade the

immune system is indispensable for the development of novel, clinically effective

immunotherapeutic approaches.

5.2.1. THE IMMUNE SYSTEM — BASIS FOR EFFECTIVE IMMUNOTHERAPY

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 (DCs), macrophages, granulocytes, mast cells, and natural killer cells, and non-cellular
(humoral) components such as the complement system."® Especially DCs link the innate to the

adaptive immune system by their function as professional antigen-presenting cells (APCs) presenting
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protein fragments derived from incorporated pathogens and destroyed cells on their cell surface on
major histocompatibility complex (MHC) molecules to cells of the adaptive immune system.™’ The
cells of the adaptive immunity are lymphocytes, which are divided into B and T cells. T cells can be
further subdivided into CD8" cytotoxic T lymphocytes (CTLs), CD4" T helper cells (T, cells), as well as
regulatory T cells (T, cells). The activation of naive T cells is accomplished by the presentation of
their cognate antigen through MHC molecules of APCs and requires three signals — T-cell receptor
(TCR) recognition of MHC-presented peptides, costimulatory signals, and cytokines — to induce their

38 139 primarily, the role of the immune system is the

activation, differentiation, and proliferation.
distinction between self and non-self to protect the body from viruses, bacteria, or other pathogens.
But the immune system is also capable to recognize and eliminate transformed malignant cells

through T cells representing the main pillar of anti-cancer immunity.

5.2.1.1. Antigen presentation
For the recognition of transformed malignant cells by T cells, the presentation of tumor-specific or
tumor-associated protein fragments by MHC molecules is of paramount importance. In humans,
MHC is referred to as the human leukocyte antigen (HLA) complex. HLA molecules are distinguished
into HLA class | and class Il molecules. These two classes show apart from a cell type-dependent
expression, differences in their molecular structure as  cps*Tcen
well as distinct antigen processing pathways of the

peptides they present. Both gene classes are highly

polymorphic, encoded by a huge variety of different HLA class 1
alleles. Furthermore, every individual carries a set of
different genes for both classes, e.g. HLA-A, -B, and -C for

class I.

HLA class | molecules are expressed by all nucleated cells

ey

@
amino acid lengths, of cytosolic and nuclear source Kr?—>~~—> \_ Peptice

proteins to CD8" T cells. The peptides are generated HECERE0mE

and present small protein fragments, peptides of 8 — 12 orotdin ‘

through the degradation of proteins mainly by

Figure 2: Simplified schema of HLA class |
proteasomes and then transported into the endoplasmic  antigen processing. Intracellular proteins are
degraded by the proteasome (1), originating
peptides are transported via the transporter
associated with antigen presentation (TAP) into
the endoplasmic reticulum (2) and loaded onto
HLA class | molecules (3). Peptide-HLA
complexes are transported via the Golgi
molecules, which are assembled of a polymorphic heavy apparatus to the plasma membrane (4) for

antigen presentation to the T-cell receptor (TCR)
chain and the light chain B,-microglobulin (B,m). The of CD8" T cells (5). Adapted from Neefjes et al.**’

reticulum (ER) mainly via the transporter associated with
antigen processing (TAP) (Figure 2). In the ER, the

peptides are loaded onto heterodimeric HLA class |
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peptide-HLA class | complexes are then transported via the Golgi apparatus to the plasma membrane

for antigen presentation to CD8" T cells.** ™

A special feature of HLA molecules is their huge polymorphism, which results in a variety of
peptide-binding grooves of the different allotypes encoded by distinct alleles. Thereby, every allotype
binds peptides with a specific binding motif. The binding motif typically comprises two so-called
anchor positions representing those amino acids which are the main determinants for peptide

142,143

binding.

Likewise to HLA class | molecules, HLA class Il molecules are
encoded by three polymorphic genes (HLA-DR, -DQ, -DP) that

class 1

harbor specific peptide binding properties. In contrast to HLA

class I, HLA class Il molecules bind 8 — 25 amino acid long

. . . . Peptides from all endogenous proteins
peptides (Figure 3) and are more promiscuous concerning

peptide binding.* HLA class Il molecules are primarily m

expressed by professional APCs, including DCs, macrophages, / classil
-

and B cells, but it was also demonstrated that malignant cells 12-20

1:' }

Peptides from proteins reaching the

express these antigens.’* ' The HLA class Il antigen
presentation pathway starts with the assembly of the a- and -
endosomal/lysosomal compartment
chains in the ER, which are stabilized by the invariant chain. Figure 3: The principle differences
. . . between HLA class | and class Il-restricted
This complex is then transported into late endosomal peptide binding in a simplistic view.'
compartments, where the invariant chain is digested to a residual class llI-associated invariant chain
peptide (CLIP). Peptides derived from extracellular proteins, which are degraded in the endosomal
pathway, are then exchanged with the CLIP. The peptide-HLA class Il complexes are transported to

140

the plasma membrane and present their bound peptide to CD4" T cells.”™ Furthermore, HLA class |

and Il antigen processing are linked over so-called cross-presentation enabling the presentation of

exogenous antigens on HLA class | molecules especially in DCs.*

These mechanisms of antigen
presentation of self- and non-self peptides to immune cells are the main pillar of anti-cancer

immunity.

5.2.1.2. The interaction between immune system and malignant cells
The theory of a reciprocal interaction between the immune system and malignant cells was first

proposed more than 50 years ago as cancer immunosurveillance hypothesis****°

and was adapted to
the cancer immunoediting hypothesis over the last decades as new insights were constantly
gained.™™ Nowadays, the model of cancer immunoediting encompasses the 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 development 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 transformed cells start
unregulated proliferation and acquire further mutations. As a result of these cellular changes, the
malignant cells present tumor antigens on their HLA molecules, which can be classified into
differentiation antigens, mutation-derived antigens, overexpressed antigens, cancer/testis antigens
(CTAs), or viral antigens. The presentation of these tumor-associated (TAAs) or tumor-specific
antigens (TSAs) to cells of the immune system drives the destruction of 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 clones, which lack such rejection antigens, a period of latency, the so-called equilibrium
phase, begins. With clinically detectable malignant disease the escape phase of the tumor is reached.
Tumor escape occurs through several mechanisms and is characterized by the selection of tumor
clones, which will then continue to progress. These escape mechanisms could comprise the loss of
immunogenicity by downregulation or even loss of HLA expression, the resistance to inhibitory
factors secreted by immune cells within the tumor microenvironment, or the secretion of inhibitory
molecules by the tumor itself hampering the function of tumor-specific immune cells.>
Interestingly, our group could not verify that downregulation or loss of HLA expression is such an

important mechanism of tumor escape as we could demonstrate high HLA surface expression on

several different tumor entities.™

The profound understanding of the complex interplay between the immune system and cancer cells

is fundamental for the rational design of novel anti-cancer immunotherapies.

5.2.2. CANCER IMMUNOTHERAPY APPROACHES IN LEUKEMIA

As already mentioned in the beginning of this chapter, 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 will be discussed more precisely

with a special focus on anti-leukemia treatments.

Beside the manipulation of immune checkpoints or pathways, the field of immunotherapy
dramatically extends beyond immune checkpoint inhibitor therapy by direct targeting of
malignant cells through TAAs or TSAs. This field of antigen-specific immunotherapy is developing at a

rapid pace — novel approaches are constantly being established and additional target structures are
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discovered. In general, several distinct concepts can be roughly distinguished: antibody-based

concepts, adoptive cell transfer (ACT), and vaccination strategies.

5.2.2.1. Antibody-based immunotherapy
One of the most clinically effective antibody-based immunotherapeutic strategies is the modulation
and inhibition of immune checkpoints, particularly CTLA-4, PD-1, or PD-L1. The 2018 Nobel Prize in
Physiology or Medicine has been awarded to James P. Allison and Tasuku Honjo, whose
groundbreaking work enabled the development of immune checkpoint inhibitors that have
revolutionized the treatment of several solid tumors in recent years, especially melanoma.'®> %6 3
However, the success and effectiveness of immune checkpoint inhibitor therapy depends on various
factors. In particular, the mutational burden of the tumor,™* ™ HLA class | genotype,® preexisting
anti-tumor immunity,™’ and (over-)expression of checkpoint inhibitor ligands by the tumor®® further
determine the effectiveness of immune checkpoint inhibitor therapy. Despite the low mutational
burden,”®*® first clinical studies have already demonstrated initial promising results of immune

checkpoint inhibitor therapy also in leukemias'** ™.

Beyond the modulation of immune checkpoints, direct targeting of TAAs and TSAs by different
antibody-based approaches dramatically changed the treatment landscape of leukemias in recent

years.

Tumor-directed monoclonal antibodies, including bispecific antibodies such as BiTEs or antibody drug
conjugates, are currently under development and some of them have already been approved.
Monoclonal antibodies bind specific tumor antigens and thereby activate antibody-dependent
cytotoxicity, affect downstream signals, directly block receptors, or recruit immune cells. Antibody
drug conjugates combine antigen-specific antibodies with an additional cytotoxic agent such as

microtubule inhibitors or DNA-damaging chemotherapeutic drugs.'”’

One remarkably effective
antibody-based immunotherapy approach, particularly for the treatment of B-cell leukemias,
involves the application of chimeric antigen receptor (CAR) T cells as a form of ACT. CARs combine
antigen-binding domains — in most cases a single-chain variable fragment (scFv) derived from the
variable domains of antibodies specific for the antigen of choice — through a linker and
transmembrane domain with a signaling module derived from intracellular signaling domains of
different costimulatory molecules such as CD3Z, CD28, OX40, or CD137 (4-1BB). In comparison to
other ACT approaches using TCR-engineered T cells or autologous tumor-infiltrating lymphocytes

(TILs), CAR T cells act independent of HLA expression on the tumor and further costimulation."®” **!

Several surface molecules that can be targeted by the above described antibody-based
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 lineage-specific marker CD19 commonly expressed on B cells has
led to the greatest and most notable clinical success in the treatment of B-cell leukemias since the
introduction of stem cell transplantation. CD19 CAR T cells have revealed remarkable anti-tumor
activity in patients with refractory B-cell malignancies and were therefore approved in 2017 and
2018 by the FDA for the treatment of ALL and different subtypes of Iymphoma.m' 163 Additionally, the
CD19-directed CD3 BIiTE blinatumomab represents an outstanding example for the successful
development of a bispecific antibody targeting the CD19 antigen. Blinatumomab, also known as
AMG103, is FDA-approved for the treatment of ALL and significantly prolonged overall survival of

164

these patients.”” Furthermore, targeting another lineage-specific molecule demonstrated great

benefits in B-cell malignancies. The anti-CD20 monoclonal antibody rituximab is already part of the

16> Nevertheless, targeting only one single

standard therapy for CLL and other B-cell lymphomas.
antigen can lead to the general problem of epitope loss. Therefore, other B-cell lineage-specific
surface markers such as CD22 or especially combinatorial targeting of more than one marker are

under investigation and will improve the treatment of B-cell malignancies in the future.

For myeloid leukemias especially the myeloid lineage-specific antigens CD33 and CD123 are
interesting antigens to target. As described in more detail above Gemtuzumab ozogamicin
(Mylotarg®), a CD33-directed antibody drug conjugate, is already FDA-approved for the treatment of
AML. Especially for AML, targeting of the overexpressed surface receptor FLT3 by monoclonal
antibodies such as FLYSYN'®® or bispecific antibody compounds® already exhibited first promising

results.

Most of these antibody-based agents are yet under development, but harbor the potential to
supplement the current treatment options in the future to control and even eliminate hematological

malignancies especially for those diseases expressing a common dominant antigen.

5.2.2.2. Adoptive cell transfer
The above described CAR T cells can be classified on the one hand as antibody-based
immunotherapies but on the other hand also as a form of ACT. In general, ACT administers specific
anti-tumor immune cells including T lymphocytes, natural killer cells, or DCs to induce a robust

167,188 Adoptively transferred T cells are either naturally occurring

anti-tumor response in the patient.
tumor-specific TILs derived from the tumor or genetically modified T cells derived from
blood-circulating T lymphocytes. For this purpose, the T cells are isolated from the blood or tumor
mass, manipulated and expanded ex vivo, and then reinfused into the lymphodepleted patient. For
genetic modification either cloned TCR or CAR constructs targeting tumor-specific antigens are

transferred into the T cells. For gene transfer different methods such as transient mRNA

. 1 . 1 .. 171 172
transfection,’® retroviral vectors,"’® lentiviral vectors,"’ ‘cransposons,7 or homologous
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recombination after gene editing'”® are utilized. TCR-engineered Tcells and TILs act in an
HLA-dependent way whereas CAR Tcells recognize their antigen HLA-independently. Many

ACT-based therapies reached late-phase clinical trials’* *”

or were already approved for the
treatment of different B-cell malignancies. Regarding hematological malignancies, the development
of further ACT strategies represents an advancement of standard of care approaches applying

autologous and allogenic HSCT.

5.2.2.3. Vaccine-based immunotherapeutic approaches

176-178

The current success of T-cell-based immunotherapies, in particular of CAR T cells and immune

179-181

checkpoint inhibitors, as well as the immunogenicity of leukemias observed by the graft-versus-

leukemia effect after HSCT"*

, provide evidence that the induction of a specific immune response also
through vaccine-based immunotherapy is feasible and could contribute to the elimination of
hematological malignancies. Therapeutic cancer vaccines are designed to generate new antigen-
specific T-cell responses or amplify preexisting responses against malignant cells. Furthermore, such
T-cell-based immunotherapies are expected to provide an anti-tumor memory and therefore
permanently protect the patient against the specific cancer at least as long as the cancer cells
present the target antigens.

The four key components of an optimal cancer vaccine are: 1) suitable tumor antigens, 2) vaccine

182

composition, 3) strong immune adjuvants, and 4) delivery vehicles.” In the following section these

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

Tumor antigens can be roughly divided into the two classes of TAAs and TSAs. TAAs include
overexpressed antigens, tissue differentiation antigens, or aberrantly expressed or processed
antigens as well as CTAs, whereas TSAs are mutation-derived neoantigens or antigens generated
from oncogenic viral proteins.'®” The identification and selection of the optimal target antigen for

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

Tissue-specific antigens, so-called differentiation antigens, are cell lineage-specific expressed
antigens from which a tumor and its corresponding normal tissue arise from. Tissue differentiation
antigens, which are widely used for vaccination approaches include for example prostate-specific

8 melanoma antigen recognized by T cells 1 (MART1, Melan-A),"®* or

membrane antigen (PSMA),
gp100." These antigens are limited to few cancer entities and are also well established and popular

targets for antibody-based approaches.™®

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

specifically presented on tumor cells due to differential tumor-specific antigen processing or other
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cellular processes, which are altered in tumor cells and thereby influencing the presentation of
antigens. Cryptic peptides for example emerge from tumor-specific proteasomal splicing, non-
canonical translation events, or non-coding sequences such as introns or antisense transcripts.l%'189
Furthermore, distinct peptides from normal cellular proteins 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 in tumor cells leading to the expression
of tumor-associated HLA ligands, is not perfectly understood.***%

CTAs are tumor-associated germline antigens and are therefore more tumor-specific than

193

differentiation antigens.”™ Several CTAs like the melanoma-associated antigen (MAGE) family,

NY-ESO1, or MUC1 have been investigated in different vaccination approaches in the last years.*** %

The last group of TAAs includes overexpressed self-proteins or peptides. The identification of
overexpressed antigens can be utilized by two different ways, which will be discussed in a later
section in more detail. On the one hand, overexpressed proteins can be determined by gene
expression analyses and HLA-restricted peptides of those proteins can be predicted through in silico
methods.'***® With the special focus on leukemias, several leukemia-associated antigens (LAAs),
including WT1,"” 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 spectrometry-based strategy have been applied more and more in recent years

enabling the comprehensive identification of HLA ligands of leukemic cells.'>* 2%°%

A major disadvantage of all these TAAs is that they are also presented on normal tissues and
therefore lack full tumor specificity causing an existing central tolerance of antigen-specific T cells,
which must be overcome by the vaccine. In comparison, TSAs are clearly tumor-specific with no
expression on normal tissues and cells, thereby on-target/off-tumor effects can be completely
avoided. TSAs can be divided into two groups: mutation-derived neoantigens or oncogenic viral

proteins.

Antigens derived from oncogenic viruses have been identified in virus-induced cancers such as
human papillomavirus (HPV)-associated cervical cancer and others. Vaccination approaches with viral

antigens have already shown efficacy in both, preventive®® and therapeutic®® settings.

Antigens derived from cancer-specific mutations, so-called neoantigens, are ideal targets for antigen-
specific immunotherapy due to their specificity and high immunogenic potential. For several years,
only indirect evidence of neoepitope presentation by detection of neoepitope-specific T cells was
possible.’”® Recently, direct evidence of HLA-presented neoantigens was accomplished by mass

207-209

spectrometry. The encouraging potential of neoantigen-based vaccination approaches was

already investigated in phase | clinical trials assessing personalized neoantigen-based vaccines in
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melanoma patients.'% 2!

However, it is extremely important to keep in mind that most mutations
are individual for single patients and are therefore not suitable for broadly applicable therapies. Only
a small set of mutations are recurrent in single cancer entities. Furthermore, several studies
demonstrated that only a very small fraction of mutations at the DNA sequence level results in

peptides naturally presented on HLA molecules.®® % 212

Nevertheless, neoantigen-based
immunotherapy approaches have proven their potential in early clinical trials. Through the improved
high-throughput 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 clinical investigation for several cancer entities in the near future.
Vaccine composition — cells, peptides, or nucleic acids?

Besides the selection of suitable tumor rejection antigens, the vaccine composition is also of great
importance. During the last years several different approaches of diverse compositions and
formulations have been investigated. Cancer vaccines can be applied as cells containing or presenting
the antigen of choice or as peptides, proteins, or nucleic acids (DNA/RNA), which directly represent
or encode for the target antigen.

213,214 51 DCs that are

Cell-based vaccine approaches either use whole tumor cells, tumor cell lysates,
genetically modified or antigen-loaded.”” DC vaccination was first explored in a clinical trial already
25 years ago.’'® Since then, a variety of DC subsets, different culture protocols, and treatment
regimens have been developed and tested. As a result, the first therapeutic vaccine was approved by
the FDA in 2010 and by the EMA in 2013.*" However, the approval was withdrawn by the EMA in
2015.78 The major disadvantage of cell-based vaccines is the tremendous effort for the production of
patient-individualized clinical vaccines manufactured under GMP conditions. However, these

vaccines can score with encouraging clinical results also in patients with advanced cancers.”*® 2%

Nucleic acid-based approaches applying DNA or RNA vaccines are being intensively studied in recent
years. The huge advantage of such vaccines are the built-in immune adjuvants as specific forms of

DNA and RNA can stimulate the innate immune system via toll-like receptors (TLRs).?2" *2

Peptide-based vaccines offer a range of advantages compared to other approaches. Peptides are
easier and less expensive to synthesize even in GMP quality. Induced immune responses can be
monitored in an antigen-specific manner due to the exact knowledge of the vaccinated epitope.
Furthermore, they can be produced in a modular premanufactured “warehouse” system, so multiple
peptides can be easily combined to multipeptide vaccines for individual patients. One major
drawback of the approach is the HLA restriction of unique peptides calling for complete patient-
individualized peptide vaccine cocktails or the limitation to broadly applicable peptides matching the

most prevalent HLA allotypes and thereby excluding single patients. Peptide-based cancer vaccines
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are proven to be safe and well-tolerated, but so far have low therapeutic effects and limited

223, 2% T overcome this obstacle the combination with suitable adjuvants and/or

immunogenicity.
delivery systems or combinatorial therapies remains an important pillar for clinical effective peptide-

based vaccination approaches.

Multipeptide vaccination approaches for example the phase Il clinical trial with the vaccine IMA901
already demonstrated clinically effectiveness and an association of peptide-specific T-cell responses

225

with overall survival of the patients.”” However, these positive results could not be confirmed in a

phase Il clinical trial,**® possibly due to the combination of the peptide vaccine with the TKI Sunitinib,

d.?*” Another phase |

for which a negative impact on cytotoxic T-cell response was previously describe
multipeptide vaccination trial in glioblastoma patients combining unmutated with mutated antigens
showed favorable safety and a strong immunogenicity. Unmutated antigens predominantly elicited

CD8" T cell responses, whereas neoantigens induced mainly CD4" T-cell responses.??®
Adjuvants — nothing without activation?

The efficacy of cancer vaccines additionally depends on strong adjuvants and immunomodulators,
which provide a general immune stimulus, thereby inducing a stronger anti-tumor immune response.
Adjuvants represent a diverse range of molecules and materials and with the increasing
understanding of immune cell function and their interaction with growing tumors novel adjuvants

are available and are investigated in diverse vaccination settings.”*

One popular adjuvant is GM-CSF, which recruits and activates APCs at the side of injection.
Nevertheless, the overall adjuvant effect of GM-CSF is weak®® **° and strongly depends on the

administered doses as high concentrations might even inhibit T-cell function.?!

A huge repertoire of several TLR-based immune adjuvants are already available or under
development and high expectations have been placed on these adjuvants. TLR agonist such as poly-
ICLC, monophosphoryl lipid A (MPL), or CpG oligodeoxynucleotide activate the innate immune
system through their binding to TLRs. The TLR7/8 agonist imiquimod (Aldara®), a single-stranded
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RNA, is one of the most common TLR agonist used in recent clinical vaccination trials.
very promising TLR-based adjuvant is a derivate of the TLR2-targeting synthetic analogue of the
bacterial lipopeptide Pam;Cys-Ser-Ser. Recently, the induction of a strong anti-vaccine T-cell

response after peptide vaccination together with this Pam;Cys derivative was described.?** 23* 23

Since the efficacy of therapeutic cancer vaccines are so far limited, further development and clinical
investigation of strong adjuvants is relevant for the clinical success of T-cell-based immunotherapies

especially in the context of peptide-based vaccination approaches.
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Delivery vehicles — last but not least

Delivery vehicles are an essential component of cancer vaccines especially for peptide-/protein- and
nucleic acid-based vaccines as these vaccines must be protected from fast degradation. Furthermore,
some of these agents are at the same time delivery vehicles and exhibit adjuvant effects. Delivery
vehicles can be composed for example of emulsions, liposomes, or virosomes. Emulsions such as
Montanide ISA 51 (incomplete Freund’s adjuvant analogue) are the most common vehicles used in
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clinical trials.”” Montanide, a water-in-oil emulsion, has a depot effect and slowly releases the

%% several other delivery vehicles are currently in development and are

antigen at the injection site.
investigated in preclinical and clinical trials. The selection of the best suitable adjuvant and delivery

vehicles has a strong impact 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 currently almost non-
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 combination therapies still need to be identified.

5.2.2.4. Clinical effective cancer vaccination — novel 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 likely require the combination with other treatments to
overcome tumor-mediated immunosuppression and to be clinically effective in established cancers.
The range of possible combinations is endless. Combinatorial approaches of cancer vaccines with
immune checkpoint inhibitors, neutralizing antibodies to inhibitory cytokines, small molecule

inhibition of T,eg, or immunomodulatory drugs are already investigated in several studies.”***°

Especially immunomodulatory drugs such as lenalidomide (Revlimid®) and pomalidomide (Actimid®)
are potent modulators of cellular immune and cytokine responses. The effects of these agents
include enhanced T-cell responses,241 reduction of Tregs,242 and the reconstitution of the defective
T-cell immune synapse especially in malignancies with profound immune defects.”*® *** These
preclinical investigations clearly indicate that the combination of T-cell-based immunotherapies with

immunomodulatory agents harbor a considerable potential for further treatment developments.

The future of cancer treatment will include combinations of different anti-tumor immune therapies,
which will likely stimulate more robust T-cell responses and improve clinical responses and outcome

in cancer and leukemia patients.
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5.3. IMMUNOPEPTIDOMICS

The knowledge about and the identification of the entirety of HLA-presented 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 gaining insight into
the fundamental rules of immune recognition and for the development of innovative and novel
immunotherapeutic approaches. The field of immunopeptidomics, which deals with the mass
spectrometry-based identification of the HLA ligandome, has grown rapidly in recent years as a result
of numerous technical and bioinformatic advances and has become an important component in the
development and application of novel anti-cancer immunotherapies. Immunopeptidomics does not
only enable the identification of promising naturally presented TAAs with potential for clinical
applications,™ %2 put also increases our understanding of disease and disease progression and

supports the development of novel biomarkers.*** 2%

For several years the identification of tumor-associated overexpressed antigens or mutation-derived
neoantigens was solely based on genome and transcriptome sequencing followed by in silico
prediction of HLA-presented peptides using algorithms such as SYFPEITHI**” and NetMHCpan.**® The
large number of predicted candidates had then to be screened for immunogenicity by extensive in
vitro assays. Furthermore, a huge drawback of prediction-based approaches lies in the distorted
correlation of gene expression with HLA-restricted antigen presentation and in the
immunopeptidome being an independent complex layer molded by the antigen presentation

machinery and therefore not necessarily mirrored the transcriptome nor the proteome.?® 242!

With the tremendous development and progress in liquid chromatography, mass spectrometry, and
bioinformatics the large-scale and in-depth direct identification of up to ten thousands of

153, 200-203

HLA-presented peptides from one single primary patient sample became feasible. Especially
the development of orbitrap mass analyzers extremely improved speed, accuracy, resolution, and
dynamic range. Furthermore, advances in bioinformatics enable remarkably fast spectra
interpretation and peptide annotation in a high-throughput fashion. In contrast to epitope prediction
algorithms, the mass spectrometry-based mapping of the immunopeptidome is the only unbiased
approach for the comprehensive identification of tumor rejection antigen candidates validating the
natural processing and presentation of these antigens.”*” The translation of immunopeptidomics into
the clinic is already investigated in different clinical trials,”> *** but the low-throughput sample
capacity due to many sample handling steps is a major issue. Recently, a high-throughput platform

for sequential immunoaffinity purifications of several samples simultaneously has been described,

which could accelerate sample analysis.”>
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In the next years, mass spectrometry-based immunopeptidomics will guide the development and
advances of further vaccination-based immunotherapies and will therefore contribute to the
improvement of clinically effective and patient-individualized T-cell-based immunotherapeutic

approaches such as peptide vaccination for cancer patients.

5.4. AIM OF THIS STUDY

The ongoing development and advancement of novel and innovative therapeutic options for the
treatment of hematological neoplasms in recent years will evermore enable a more specific, clinically
effective, and patient-individualized treatment of leukemia patients. In most hematological
neoplasms the established therapies are able to achieve remissions, but the persistence of residual
malignant cells often leads to relapses and therefore a permanent cure for the majority of patients
still remains impossible. Therefore, the development of novel, clinically effective therapeutic
approaches especially for the prevention of relapses is still indispensable. Thus, the aims of all
projects presented in this thesis are the development and the improvement of broadly applicable
peptide-based immunotherapies for leukemia patients. On the one hand, the identification and
characterization of novel tumor-associated antigens for CML and AML will allow the definition of
target candidates for peptide-based immunotherapy approaches. On the other hand, the
combination of peptide-based immunotherapy with immunomodulatory agents call for the thorough
characterization of the effect of the combinatorial drugs on the immunopeptidome of the tumor
cells, as investigated here for CLL and lenalidomide. With these projects we would like to contribute
to the development of novel therapeutic options for leukemia patients in the rapidly developing field

of T-cell-based immunotherapy.
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RESULTS

6. RESULTS

The results section of this thesis is divided into three separate parts. Part | and Il are published
manuscripts where the author of this thesis is the first or shared first author, respectively. Part lll is in

preparation for submission.

Part | “HLA ligandome analysis of primary chronic lymphocytic leukemia (CLL) cells under
lenalidomide treatment confirms the suitability of lenalidomide for combination with T-cell-based
immunotherapy” investigates the influence of the immunomodulatory drug lenalidomide on the HLA
ligandome of primary CLL cells and especially on the presentation of the previously described
ClLL-associated antigens identified in the publication "HLA ligandome analysis identifies the
underlying specificities of spontaneous antileukemia immune responses in chronic lymphocytic
leukemia (CLL)" by Daniel Kowalewski and colleagues published in Proceedings of the National

Academy of Sciences in 2015.

Part Il “The HLA ligandome landscape of chronic myeloid leukemia delineates novel T-cell epitopes
for immunotherapy” and Part Il “Development of a therapeutic peptide vaccine for the treatment
of acute myeloid leukemia based on naturally presented HLA ligands of AML progenitor cells” both
describe state of the art immunopeptidomics characterizing the immunopeptidomic landscape of
CML and AML in comparison to benign human cells and tissues and the consequent identification of
leukemia-associated antigens suitable for tailored T-cell-based immunotherapy 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 especially of LPCs, which are the main
reason for the high relapse rates in AML, and thereby the definition of LPC-associated antigens is of

great importance for the specific targeting of these cells.
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6.1.1. ABSTRACT

Recent studies suggest that CLL is an immunogenic disease, which might be effectively targeted by
antigen-specific T-cell-based immunotherapy. However, CLL is associated with a profound immune
defect, which might represent a critical limitation for mounting clinically effective anti-tumor
immune responses. As several studies have demonstrated that lenalidomide can reinforce effector
T-cell responses in CLL, the combination of T-cell-based immunotherapy with the immunomodulatory
drug lenalidomide represents a promising approach to overcome the immunosuppressive state in
CLL. Antigen-specific immunotherapy also requires the robust presentation of tumor-associated
HLA-presented antigens on target cells. We thus performed a longitudinal study of the effect of
lenalidomide on the HLA ligandome of primary CLL cells in vitro. We showed that lenalidomide
exposure does not affect absolute HLA class | and Il surface expression levels on primary CLL cells.
Importantly, semi-quantitative mass spectrometric analyses of the HLA peptidome of three CLL
patient samples found only minor qualitative and quantitative effects of lenalidomide on HLA class I-
and ll-restricted peptide presentation. Furthermore, we confirmed stable presentation of previously
described CLL-associated antigens under lenalidomide treatment. Strikingly, among the few HLA
ligands showing significant modulation under lenalidomide treatment, we identified upregulated
IKZF-derived peptides, which may represent a direct reflection of the cereblon-mediated effect of
lenalidomide on CLL cells. Since we could not observe any relevant influence of lenalidomide on the
established CLL-associated antigen targets of anti-cancer T-cell responses, this study validates the

suitability of lenalidomide for the combination with antigen-specific T-cell-based immunotherapies.

6.1.2. INTRODUCTION

In recent years T-cell-based immunotherapy has become a main pillar of anti-cancer therapy."”
However, profound immune defects in some cancer entities and immune escape mechanisms

10,11 In order to overcome this

represent major limitations of these immunotherapeutic approaches.
obstacle and thereby to increase overall response rates in cancer patients, the combination of

T-cell-based therapies with immunomodulatory drugs seems indispensable.

CLL represents a B-cell malignancy that shows characteristics of immunogenicity and
immunosuppression: The immunogenicity, which is documented by graft-versus-leukemia effects
after HSCT** * and by cases of spontaneous remissions after viral infections,'* as well as favorable
immune effector-to-target cell ratios in the MRD setting, suggest that CLL might be effectively
targeted by T-cell-based immunotherapy.”” On the other hand, CLL is associated with profound
immune defects, characterized by defective CD8" and CD4" T-cell function,™ increased frequencies of
regulatory T cells” and defective immunological synapse formation,"® which result in increased

susceptibility to recurrent infections as well as failure to mount effective anti-tumor immune
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responses. Lenalidomide, an immunomodulatory compound targeting both cancer cells and their
microenvironment, has shown substantial activity in several hematological malignancies.19 It has
been approved for the treatment of multiple myeloma, myelodysplastic syndrome and mantle cell

lymphoma and is currently investigated for the treatment of CLL.** *!

Several preclinical and clinical
studies have proven the positive immunomodulatory effect of lenalidomide treatment on T-cell
responses in CLL, demonstrating enhanced antigen uptake and improved priming of CD8" T cells by
APCs,? reduction of regulatory T cells,” increased frequency of functional CD8" and CD4" T cells,*
upregulation of costimulatory molecules on CLL cells® as well as the reconstitution of the defective

18, 26

T-cell immune synapse. Therefore, lenalidomide can be considered well suited for combination

with antigen-specific T-cell-based immunotherapeutic approaches in CLL.

We recently conducted a study characterizing the antigenic landscape of CLL by mass spectrometric
analysis of naturally presented HLA ligands and identified a panel of CLL-specific CD8" and CD4" T-cell
epitope targets suitable for T-cell-based immunotherapy approaches in CLL patients.”” Anti-cancer

28, 29

drugs can have marked effects on the HLA ligandome of tumor cells, including changes in HLA

3931 the HLA allotype distribution,® as well as the induction of novel treatment-

surface expression,
associated ligands.* For the combination of T-cell-based immunotherapy with other anti-cancer
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 not only mediated via the microenvironment but also by direct
inhibition of CLL cell proliferation via cereblon.*® This leads to the upregulation of the
cyclin-dependent kinase inhibitor p21WAF1/Cipl and to the increased degradation of the
transcription factors IKZF1 and IKZF3.>* These direct effects of lenalidomide might influence HLA
ligand presentation of CLL cells. In the present study, we therefore comprehensively and

semi-quantitatively mapped the impact of lenalidomide on HLA-restricted antigen presentation in

primary CLL samples.

6.1.3. METHODS

Patients and blood samples

Peripheral blood mononuclear cells (PBMCs) from CLL patients (> 88% CLL cells) prior to therapy
were isolated by density gradient centrifugation (Biocoll, L 6113). Informed written consent was
obtained in accordance with the Declaration of Helsinki protocol. The study was performed according
to the guidelines of the local ethics committee (373/2011B02). Patient characteristics are provided in
Table S1.
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In vitro lenalidomide treatment of primary CLL samples

Primary CLL samples were cultured in RPMI1640 medium (life technologies, 52400-025)
supplemented with 10% fetal bovine serum (life technologies, 10270-106), 1% penicillin/
streptomycin (Sigma, P4333), 1% non-essential amino acids (Biochrom, K 0293) and 1% sodium
pyruvate (Biochrom, L 0473) and incubated with lenalidomide (0.5 uM, Selleckchem, $1029) for 24 or
48 hours (t,s, and tign). 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 (UPN1 untreated #3 t,4,) did not pass the quality control threshold of 500 ligands
for being included in label-free quantitation (LFQ) analysis and had to be replaced by UPN1
untreated #2 t,4,. All analyses based on LFQ data therefore implement UPN1 untreated #2 compared
with lenalidomide #3 as the data set #3 for lenalidomide-induced modulation at t,4,. For the HLA
class | dataset of UPN2 the mass spectrometry analysis could only be performed at t,s, because of
technical problems during the measurement of the lenalidomide t,s, dataset. Due to 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 analyses. Sample characteristics including cell count, cell viability and HLA

class | and Il ligand IDs are provided in Table S2.

Quantification of HLA surface expression

HLA surface expression on CD19°CD5" CLL cells and CD19°CD5" autologous B cells of CLL patients was
analyzed using the QIFIKIT bead-based quantitative flow cytometric assay (Dako, KO078) according to
manufacturer’s instructions as described before.* In brief, samples were stained with the pan-HLA
class | specific monoclonal antibody (mAb) W6/32 (produced in-house), the HLA-DR-specific mAB
L243 (produced in-house) or IgG isotype control (BioLegend, 400202), respectively. Surface marker
staining was carried out with directly labeled APC anti-human CD19 (BiolLegend, 302212), PE
anti-human CD5 (BiolLegend, 300608) and APC-H7 anti-human CD3 (BD, 641406) antibodies. Aqua
fluorescent reactive dye (life 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 immunoaffinity purification as
described before,*® using the pan-HLA class I-specific mAb W6/32, the pan-HLA class Il-specific mAb
T-39, and the HLA-DR-specific mAB L243 (all produced in-house) to extract HLA ligands. All samples

of each patient were adjusted to identical cell counts prior to HLA ligand isolation.
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Analysis of HLA ligands by liquid chromatography-tandem mass spectrometry (LC-MS/MS)

HLA ligand extracts were analyzed in five technical replicates as described previously.” In brief,
peptide samples were separated by nanoflow high-performance LC (RSLChano, Thermo Fisher
Scientific) using a 50 um x 25 cm PepMap rapid separation liquid chromatography column (Thermo
Fisher Scientific) and a gradient ranging from 2.4% to 32.0% acetonitrile over the course of 90 min.
Eluting peptides were analyzed in an online-coupled LTQ Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific) using a top speed collision-induced dissociation (CID) fragmentation
method for samples of UPN1 and UPN3. Samples of UPN2 were analyzed in an online-coupled LTQ

Orbitrap XL mass spectrometer (Thermo Fisher Scientific) using a top 5 CID fragmentation method.

Database search and HLA annotation

Data processing was performed as described previously.”’ In brief, for UPN1 and UPN3 (orbitrap
fragment spectra) the SEQUEST HT search engine (University of Washington)®’ and for UPN2 (ion trap
fragment spectra) the Mascot search engine (Mascot 2.2.04; Matrix Science) were used to search the
human proteome as comprised in the Swiss-Prot database (20,279 reviewed protein sequences,
September 27" 2013) without enzymatic restriction. Precursor mass tolerance was set to 5 ppm, and
fragment mass tolerance to 0.5 Da for ion trap spectra analyzed by Mascot and 0.02 Da for orbitrap
spectra analyzed by SEQUEST HT, respectively. Oxidized methionine was allowed as a dynamic
modification. The false discovery rate (FDR) was estimated using the Percolator algorithm® and
limited to 5% for HLA class | and 1% for HLA class Il. Peptide lengths were limited to 8 — 12 amino
acids for HLA class | and to 8 — 25 amino acids for HLA class Il. Protein inference was disabled,
allowing for multiple protein annotations of peptides. HLA class | and class Il annotation was

340 3nd NetMHClIpan 3.1% annotating peptides with ICsy scores or

performed using NetMHCpan 3.0
percentile rank below 500 nM or 2%, respectively. In cases of multiple possible annotations, the HLA

allotype yielding the lowest rank/score was selected.

Label-free quantitation of HLA ligand presentation

For LFQ of the relative abundances of HLA ligands over the course of lenalidomide treatment, the
total cell numbers of all samples per patient were normalized by adjusting the implemented volume
of cell lysate prior to HLA ligand isolation. LC-MS/MS analysis was performed in five technical
replicates for each sample. 500 HLA ligands per sample in five merged technical replicates 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 chromatograms using
ProteomeDiscoverer 1.4.1.14. Peptide identifications and their measured intensities are provided in
supplemental data 1-6 (Access via www.bloodjournal.org/content/128/22/3234). Reproducibility of

guantitation across biological replicates in the LFQ strategy using matching between runs is shown in
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a correlation analysis of the MS-measured intensities of identified HLA ligands (Figure S2). In order to
cope with the common problem of missing values in DDA MS and label-free quantitative

proteomics****

we utilized a LFQ strategy using matching between runs to reduce missing values in
guantitation by lowering FDR cutoffs. High quality peptide spectrum matches filtered for 5% FDR and
subsequently screened for predicted HLA binding (NetMHCpan 3.0 rank < 2% or affinity < 500 nM)
were used to generate seed lists for semi-quantitative volcano plot analysis. The sequences 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
“one hit wonders” (peptides only found in one technical replicate) were discarded and 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 fold-change calculation of HLA ligands detected in only one of both
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 LFQ-MS runs of each sample were calculated and

unpaired, heteroskedastic two-tailed t-tests implementing Benjamini-Hochberg correction were

performed using an in-house R script (v3.2.3).

Software and statistical analysis

Flow cytometric data analysis was performed using Flowlo 10.0.7 (Treestar). An in-house Python
script was used for permutation analysis for the calculation of FDRs of treatment-associated peptides
at different presentation frequencies, as described previously.”” Briefly, the numbers of original
treatment-associated peptides identified based on the analysis of the treated and untreated samples
were compared to random simulated treatment-associated peptides. Simulated treated and
untreated samples were generated in silico based on random weighted sampling from the entirety of
peptide identifications in both original conditions. These randomized virtual ligandomes were used to
define virtual treatment-associated peptides based on simulated cohorts of treated versus untreated
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 corresponding FDRs for any chosen frequency of treatment-exclusive 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 UPN1. In-house R scripts were utilized
for volcano plots and longitudinal 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 BioVenn.* GraphPad Prism 6.0 (GraphPad Software) was used for

statistical analysis. Comparative analysis of HLA surface expression was based on unpaired t-tests.
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6.1.4. RESULTS

In vitro lenalidomide has no significant impact on HLA surface expression of primary CLL 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 upon in vitro incubation with lenalidomide. First, we analyzed the cytotoxicity
of treatment with low dose (0.5 uM) lenalidomide on primary CLL samples. Viability analyses showed
no significant difference between lenalidomide-treated cells and untreated controls, with mean cell
viability of 71% and 74% at t.g,, respectively. With regard to HLA class | expression on CD19°CD5" CLL
cells, no significant impact of lenalidomide compared to untreated controls was observed (fold-
change 0.92 — 1.02, t,g,), with expression levels ranging from 60,000 — 125,000 molecules/cell (Figure
1A and B). For HLA class Il a slight increase of HLA surface molecules after lenalidomide treatment
was detectable (fold-change 1.25 — 1.43, t,g,) with expression levels ranging from 29,000 — 201,000
molecules/cell (Figure 1C and D). In line, HLA class | and Il quantification of autologous CD19°CD5
B cells showed no significant impact of in vitro lenalidomide exposure compared to untreated

controls (Figure S1).

A HLA class | molecule counts B HLA class | expression under lenalidomide
ns ns treatment

@ 150,000
a:lJ. L A ?}‘ 151
n A A UPN1 - - UPN1
] . A L] + u, @ m©
3 100,000 —n S — + UPN2 E’g -+ UPN2
£ - . . . . = UPN3 5 _i = UPN3
E - ® UPN4 23 - UPN4
— 50,000 g & =
0 B 3.0 SUUTRPTOORR J
S E

pre lenalidomide untreated lenalidomide untreated pre treatment t2ah tash

treatment tlﬂh rﬂﬂh
C HLA class Il molecule counts D HLA class Il expression under lenalidomid
ns ns treatment

= 1 1
< 200,000 *
5 -
N ’ g
g 150,000 . A UPN1 Eo § -+ UPN1
2 — . ] + UPN2 s £ -+ UPN2
2 1000001 A =, 4 —= = uUPN3 I3 = UPN3
% —.y— . : ¢ UPN4 R -~ UPN4
2 50,000 * 3
m =
5 * =

T T T T T T T T
3 0

pre lenalidomide untreated lenalidomide untreated pre treatment t2ah tash

treatment tllh t4Bh

Figure 1: Effect of in vitro lenalidomide treatment on HLA class | and Il surface expression on primary CLL cells.
Quantification of HLA surface expression was performed using a bead-based flow cytometric assay using the pan-HLA
class I-specific monoclonal antibody W6/32 and the HLA-DR-specific monoclonal antibody L243. Absolute counts of HLA
class | (A) and HLA class Il (C) surface molecules on primary CD19°CD5" CLL cells (n = 4) treated in 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 under in vitro lenalidomide treatment. Abbreviations: ns, not significant (P = 0.05, unpaired
t-tests); UPN, uniform patient number.
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Relative quantitation of HLA class | peptide presentation on primary CLL cells under in vitro
lenalidomide treatment

To assess changes in HLA class | ligandome composition, direct mass spectrometric analysis of HLA
class | ligand extracts was performed for three primary CLL samples prior to treatment and at t,4, and
tisn, as well as for the corresponding untreated controls. Based on available PBMC counts (Figure 2A)
we performed in vitro lenalidomide treatment for UPN1 in three biological replicates and for UPN2
and UPN3 in single experiments. In total 6,991 unique naturally presented HLA class | ligands
representing 3,983 source proteins were identified on these primary CLL cells (n = 3, Figure 2A,
Supplemental Data 1-3, access via www.bloodjournal.org/content/128/22/3234). Within this dataset
we were able to detect 35 different HLA-matched CLL-associated ligands (UPN1, 27; UPN2, 5;
UPN3, 4) described in a previous study by our group (Figure 2A and B).?” Using the summed peptide
intensities of all FDR-filtered HLA ligand identifications as an indirect measure of total peptide
abundance, we did not detect any major decrease of total HLA class | peptide presentation on
lenalidomide-treated cells (t,s, and t,g, combined) compared to levels prior to treatment or

untreated controls (UPN1, +35.1%; UPN2, -11.4%; UPN3, +3.1%; Figure 2C, Figure S4A and D).
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Figure 2: Mass spectrometric analysis of the HLA class I-presented peptidome of primary CLL cells under in vitro
lenalidomide treatment. (A) Overview of PBMC count, unique HLA class | ligand IDs, representing source protein IDs and
the number of identified HLA-matched CLL-associated antigens identified by mass spectrometry of analyzed primary CLL
samples (n = 3). (B) Overlap analysis of HLA class | ligands identified on UPN1 with HLA-matched CLL-associated class |
antigens identified in an earlier study. (C) HLA class | ligand extracts of UPN1 before in vitro treatment and at t,4, and tag,
after incubation with 0.5 uM lenalidomide or 0.005% DMSO (vehicle control) were analyzed in biological triplicates. The
number of HLA ligand identifications and the summed area of their extracted ion chromatograms are indicated in grey and
black bars, respectively. 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 HLA-presented peptides
and does not induce cryptic, treatment-associated HLA ligands

A first basic qualitative comparison of the HLA peptidomes of untreated versus lenalidomide-treated
primary CLL cells using overlap analyses of HLA ligand identifications based on high quality peptide
spectrum matches filtered for 5% FDR and HLA binding affinity suggests considerable differences in
HLA ligandome composition. Comparison of the untreated samples (UPN1, 2 and 3 cells prior to
treatment, and at t,,, and ts;, without lenalidomide 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 UPN1, 2 and 3 to be exclusively presented on untreated cells, respectively.
Whereas 22.3% (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 3A, Figure S4B and E). Out of the 1,287 treatment-exclusive HLA ligands 284
(22%) were never identified on any benign or malignant tissue comprised in our in-house database
containing 260 HLA ligandomes of various normal tissues and organ specimens as well as 262
ligandomes of different malignant entities. In order to asses if any of these treatment-exclusive HLA
ligands are significantly associated with lenalidomide treatment, we plotted the frequencies of
peptide detection in the two different conditions (lenalidomide-treated n = 6, untreated n =8, UPN1)
and calculated the significance thresholds for treatment-associated presentation of HLA ligands
based on permutation analysis as described previously (Figure 3B and S8A).”” Notably, none of the
1,026 UPN1 HLA ligands exclusively detected on treated cells was found to reach the thresholds for
significant association with lenalidomide treatment (P < 0.05).

Due to the fact that the missing value problem***

is @ major concern in data-dependent acquisition
mass spectrometry (DDA MS) and label-free quantitative proteomics, we further used the strategy of
matching between runs which reduces missing values in quantitation by lowering FDR cutoffs and
thus results in more robust quantitation of peptides across conditions even in runs with lower
numbers of FDR-filtered peptide identifications. The identified HLA ligand sequences — based on high
quality peptide spectrum matches and 5% FDR — 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 this LFQ strategy we semi-quantitatively assessed HLA class | ligand presentation during in vitro
lenalidomide treatment. We observed no relevant plasticity of the HLA class | ligandome of UPN1
after treatment with lenalidomide (0.03% up-modulation, 0.00% down-modulation, mean of three
biological replicates) at t,s, compared to untreated controls (Figure 3C, single biological replicate
analysis Figure S3A). At t,g, similar proportions of modulation were observed (0.00% up-modulation,

0.03% down-modulation, Figure 3D, single biological replicate analysis Figure S3B). The only HLA

ligands that showed significant alteration in their abundance under lenalidomide treatment are the
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IKZF1-derived peptide APHARNGLSLs19.423 (Up-modulation at t,,,) and the IL1B-derived peptide
SVDPKNYPK00.20s (down-modulation at t,g,). Strikingly, plotting HLA ligand presentation of untreated
UPN1 controls at t,4, and ts4g, compared to levels of cells prior to lenalidomide treatment yielded even
higher proportions of modulated HLA class | ligands, with 3.04% (2.96% up-modulation, 0.08% down-
modulation) and 6.30% (4.15% up-modulation, 2.15% down-modulation) of HLA ligands significantly
altered in their abundance at t,4, at t.g, respectively (Figure 3E and F, single biological replicate

analysis Figure S3C and D).
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Figure 3: Quantitative and qualitative influence of in vitro lenalidomide treatment on the HLA class | peptidome of UPN1.
(A) Overlap analysis of HLA class | ligands identified on lenalidomide- versus untreated (vehicle controls and pre treatment)
cells. (B) Frequency-based analysis of peptide presentation on treated versus untreated (vehicle controls and pre
treatment) UPN1 cells. HLA class | ligands are indicated on the x-axis, the frequency of positive ligandomes on the y-axis.
(C-F) Volcano plots of the relative abundances of HLA ligands on UPN1 cells comparing the conditions indicated combining
three biological replicates. Each dot represents a specific HLA ligand. Log, fold-changes of peptide abundance are indicated
on the x-axis, the corresponding significance levels after multitesting correction (-log,q P-value) on the y-axis. HLA ligands
showing significant up- or down-modulation (> log, 2-fold-change in abundance with P < 0.01) are highlighted in red and
blue, respectively. The absolute numbers and percentages of significantly modulated ligands are specified in the
corresponding quadrants. (C, D) Volcano plots comparing HLA ligand abundances on lenalidomide- versus untreated cells at
tyan and tygp, respectively. (E, F) Control volcano plots comparing HLA ligand abundances on untreated cells at t,4, and tg, to
baseline levels prior to treatment. (G) Distribution of HLA restrictions among peptides identified on lenalidomide-treated
(n= 4,221 peptides) versus untreated (vehicle controls and pre treatment) primary CLL cells (n = 3,577 peptides).
Abbreviations: rep, replicate; vs., versus; FC, fold-change.
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Gene ontology enrichment analysis (PANTHER version 11.1)% %

comparing the source proteins of all
identified HLA ligands on UPN1 with the up- and down-modulated 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 UPN3 resulted in similarly low
HLA ligandome plasticity (Figure S4C and F), which confirms that lenalidomide has no relevant
influence on the HLA-presented peptidome of primary CLL cells. Furthermore, no differences in the

HLA allotype distribution of the HLA ligands identified on lenalidomide-treated and untreated

samples were detected (Figure 3G).

In vitro lenalidomide mediates no substantial quantitative or qualitative influence on the HLA
class Il ligandome of primary CLL cells

Because of the important role of CD4" T cells in anti-cancer immune responses*®>° optimal target
selection for T-cell-based immunotherapy may benefit from the inclusion of HLA class 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 CLL cells (n = 3, Figure 4A, Supplemental Data 4-6, access via
www.bloodjournal.org/content/128/22/3234). Within this dataset we were able to detect 92 unique
CLL-associated HLA class Il epitopes described in a previous study (Figure 4A).”’ A first basic overlap
analysis suggested considerable qualitative differences in the composition of HLA class Il ligandomes
on untreated versus lenalidomide-treated primary CLL cells. However, none of the 417/3,631 (11.5%)
and 524/3,755 (14.0%) HLA class Il ligands of UPN1 and 3 that showed exclusive presentation on
lenalidomide-treated cells (Figure 4B and S6A) was found to reach the significance thresholds
calculated based on permutation analysis (Figure 4C and S8B). Implementing LFQ using matching
between runs we further semi-quantitatively assessed HLA class Il ligand presentation during in vitro
lenalidomide treatment. We observed no relevant plasticity of the HLA class Il ligandome of UPN1
after treatment with lenalidomide with 0.11% and 0.06% of UPN1 ligands (mean of three biological
replicates) showing significant modulation at t,;, and t, compared to untreated controls,
respectively (Figure 4D and E, single biological replicate analysis Figure S5A and B). HLA ligand
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 abundance at t,4, and t4g,, respectively (Figure 4F and G, single
biological replicate analysis Figure S5C and D). In vitro lenalidomide treatment of UPN3 resulted in
similar HLA ligandome plasticity (Figure S6B and S7), which confirms that lenalidomide has no

relevant influence on the relative abundances of HLA class Il-presented peptides of primary CLL cells.

50



RESULTS

A
UPN cell count class Il ligand IDs protein IDs identified CLL-associated ligands
1 4.2 x10° 3,631 867 37
2 1.4 x 10° 461 347 13
3 2.0x10° 3,755 1,183 68
total 6,767 1,642 92
B C
I treated no treatment M treated (n=6) no treatment (n=9)
7 100%
@
2
.‘g‘ g 50%
2%
417 ‘; E
-]
s 5
2 k3 50%
Q
e
100%
HLA class Il ligands (n= 3,631)
D /N lenalidomide vs. untreated controls F untreated vs. pre treatment
10{ n=0 ' n=4 10{ n=83 n=36
(0.00%) (0.11%) (2.12%) (0.92%)
81 81 %
61 61
toan 5 & 34
S | | A
'§ 4 4 2 & 78
n'g 2 . 21 f =
o0 B
i 0 * g 0 I‘Q’
K] 0 5 0 5 10 10 5 0 5 10
E 3 G '
Y 101 n=1 n=1 10 {n=161 n=102
c (0.03%) (0.03%) (4.00%) . (2.54%)
& | ¢ 8 :
.E .y
» |6 6 Y
tash _
4 44 fa 3
A A
2 2 et
- -:‘}. .
of WOV o o
-10 -5 0 5 10 -10 -5 0 5 10
~ ~
”~ ~
log, FC treated / untreated log, FC untreated / pre treatment

O up-modulated O down-modulated ® CLL-associated ligands

Figure 4: Quantitative and qualitative influence of in vitro lenalidomide treatment on the HLA class Il peptidome of
primary CLL cells. (A) Overview of PBMC count, unique HLA class Il ligand IDs, corresponding source proteins and the
number of unique CLL-associated antigens identified by mass spectrometry of analyzed primary CLL samples (n = 3). (B)
Overlap analysis of HLA class Il ligands identified on lenalidomide-treated versus untreated (vehicle controls and pre
treatment) cells (UPN1). (C) Frequency-based analysis of peptide presentation on treated versus untreated (vehicle controls
and pre treatment) UPN1 cells. HLA class Il ligands are indicated on the x-axis, the frequency of positive ligandomes on the
y-axis. (D-G) Volcano plots of modulation in the relative abundances of HLA class Il ligands on UPN1 cells comparing the
conditions indicated. Each dot represents a specific HLA ligand. Log, fold-changes of peptide abundance are indicated on
the x-axis, the corresponding significance levels after multitesting correction (-log,q P-value) on the y-axis. HLA ligands
showing significant up- or down-modulation (> log, 2-fold-change in abundance with P <0.01) are 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 lenalidomide- versus untreated cells at
tyan and t,gp, respectively. (F, G) Control volcano plots comparing HLA ligand abundances on untreated cells at t,,, and tag,
to baseline levels prior to treatment. Abbreviations: UPN, uniform patient number; rep, replicate; vs., versus; FC, fold-
change.
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CLL-associated HLA ligands show robust presentation under lenalidomide treatment

As stable presentation of CLL-associated antigens is indispensable for the rational combination of
lenalidomide with T-cell-based immunotherapy approaches, we next longitudinally analyzed the
presentation kinetics of established CLL-associated HLA class | and class Il ligands upon lenalidomide
treatment. For UPN1 18/27 HLA class | and 29/37 HLA class Il ligands could be longitudinally
analyzed, as for these peptides MS2 identifications and quantifiable precursor extracted ion
chromatograms were available for at least one replicate at each time point. CLL-associated HLA
class | ligands showed only slight modulation due to lenalidomide treatment with median log,
fold-change (treated/untreated, mean of three replicates) of 0.28 (range -0.24 to 1.11) and 0.41
(range 0.21 to 1.00) at t,, and tag, respectively (Figure 5A, Table S3). Tracking of these specific
peptides in single replicate volcano plot analyses confirmed for 17/18 (94.4%) of these
CLL-associated HLA ligands that the observed modulation did not reach statistical significance (Figure
S3A and B). Similar results were obtained for CLL-associated HLA class Il ligands with median log,
fold-change of -0.01 (range -0.81 to 1.23) and -0.22 (range -1.05 to 0.41) at t,4, and t.s, respectively
(Figure 5B, Table S4). 26/29 (89.7%) of these HLA class Il ligands showed non-significant modulation
in the single replicate volcano plot analysis (Figure S5A and B), confirming the robust presentation of

the CLL-associated antigens under lenalidomide exposure.

IKZF1- and IKZF3-derived HLA ligands are selectively and significantly up-modulated under
lenalidomide treatment of primary CLL cells

As the IKZF1-derived HLA class | ligand APHARNGLSL419.428 Showed significant up-modulation under
lenalidomide treatment (UPN1, Figure 3C) we aimed to analyze whether the direct inhibition of CLL
cell proliferation via cereblon caused by lenalidomide is reflected in the HLA ligandome of treated
primary CLL cells. We screened the HLA ligandome of UPN1 for the presence of IKZF1- and IKZF3-
derived ligands, as these two transcription factors undergo increased proteasomal degradation under

lenalidomide treatment.?* !

We identified two length variants of an IKZF1-derived HLA class | ligand
(APHARNGLSL419.428, B*¥07:02; APHARNGL419.426, B*¥07:02) and one IKZF3-derived HLA class | ligand
(AEMGSERAL46.554, B*44:02). Strikingly, the IKZF3-derived ligand was detected exclusively on CLL
cells after lenalidomide treatment and the IKZF1-derived ligands showed substantial up-modulation
under lenalidomide treatment with median log, fold-changes (treated/untreated, mean of three
replicates) of 1.25 and 1.72 at t,4, and tagp, respectively (Figure 5C). In the single replicate volcano
plot analysis comparing the HLA ligandomes of lenalidomide-treated cells with cells prior to
treatment, the IKZF1l-derived ligand APHARNGLSL reached significance thresholds (log,

fold-change > 2, P < 0.01 after multitesting correction) for up-modulation in 2/3 biological replicates

at both, t,4, and tag, (Figure 5D and E).
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Figure 5: Kinetics of CLL-associated and IKZF1-derived HLA ligand presentation on primary CLL cells (UPN1) after
treatment with lenalidomide. (A-C) Longitudinal analysis of the presentation of CLL-associated HLA class | (A) and class Il (B)
ligands as wells as IKZF1-derived HLA class | ligands (C) after in vitro treatment with lenalidomide. Modulation in peptide
abundance is indicated on the y-axis as log, fold-change compared to untreated controls. (D, E) Volcano plots of the
modaulation in the relative abundances of HLA ligands on UPN1 cells comparing lenalidomide-treated cell with cells prior to
treatment at t,4, (D) and tyg, (E). Each dot represents a specific HLA ligand. Log, fold-changes of peptide abundance are
indicated on the x-axis, the corresponding significance levels after multitesting correction (-log,, P-value) on the y-axis. HLA
ligands showing significant up- or down-modulation (> log, 2-fold-change in abundance with P < 0.01) are highlighted in red
and blue, respectively. The significantly modulated IKZF1-derived HLA class | ligand (APHARNGLSL,19.423 B*07:02) is labeled
in black. Abbreviations: vs., versus; rep, replicate; FC, fold-change.

6.1.5. DISCUSSION

The positive effects of the immunomodulatory drug lenalidomide on antibody-dependent natural

2

killer cell-mediated cytotoxicity,® antigen presentation by DCs** as well as T-cell function and

activation® **

suggest that lenalidomide is a promising compound for combination with T-cell-based
immunotherapeutic approaches.”® As precise and effective antigen-specific cancer immunotherapy
requires the exact knowledge of presentation patterns and kinetics of tumor-associated
HLA-presented 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 the HLA-presented immunopeptidome of
primary cancer cells. Our previous studies indicated that a mass spectrometry-based approach is
highly efficient in longitudinally mapping the effect of anti-cancer drugs on the HLA ligandome?®® as
well as for identification of physiological targets of anti-cancer T-cell responses in patients with

27, 54, 55

hematological malignancies. In CLL, this strategy enabled us to establish a panel of highly
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specific, immunogenic and pathophysiologically relevant CLL-associated antigens, which may be
implemented for antigen-specific immunotherapy.27 However, profound immune defects in CLL

1618 combination of

patients might constitute a major limitation for such T-cell-based approaches.
specific T-cell-based approaches with the immunomodulatory agent lenalidomide may represent a
suitable option to overcome the immunosuppressive state in CLL.”® The present study was designed
to analyze the impact of lenalidomide on the HLA-presented antigenic landscape of primary CLL cells,
thereby allowing the informed selection of robustly presented targets for antigen-specific
immunotherapy. We utilized the dose of 0.5 uM of lenalidomide for in 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 cells.”® To take into account the kinetics of HLA peptide
processing and presentation®® we implemented two time points of longitudinal HLA ligandome
analysis at t,4, and tig, 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 other anti-cancer
drugs.’® " *” > The quantitative and qualitative changes in the HLA class | and Il ligandome following
lenalidomide treatment were very moderate compared to the previously reported effects of
carfilzomib and bortezomib on HLA ligand presentation.’” >° Furthermore, no relevant alterations in
the HLA allotype distribution or in the presentation of previously defined CLL-associated HLA ligands
were detected, which enables a straightforward target selection in CLL patients irrespective of
lenalidomide treatment. Recent data demonstrated the induction of novel, cryptic, treatment-
associated HLA ligands for anti-cancer drugs like decitabine®® and carfilzomib.>* In this study we
demonstrate that lenalidomide does not significantly induce cryptic, treatment-associated antigens.
However, we detected a significant up-modulation of IKZF1-derived HLA-presented peptides under
lenalidomide exposure, which might be due to the direct effect of lenalidomide on CLL cells via
cereblon-driven proteasomal degradation of this transcription factor. Further studies will be needed
to evaluate the impact of IKZF1- and IKZF3-induced peptides under lenalidomide treatment,

especially concerning their eligibility as novel T-cell epitopes.

Together, our study shows that in vitro lenalidomide has no relevant influence on the HLA-presented
immunopeptidome of primary CLL cells and therefore adds novel important aspects toward
characterizing lenalidomide as a suitable agent for the combination with T-cell-based
immunotherapy. Based on these results we implemented a phase Il peptide vaccination study
combining our CLL-associated HLA ligands®’ with lenalidomide treatment following first-line therapy

of CLL patients (NCT02802943).%°
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6.2.1. ABSTRACT

Anti-leukemia immunity plays an important role in disease control and maintenance of TKl-free
remission in CML. Thus, antigen-specific immunotherapy holds promise to strengthen immune
control in CML, but requires the identification of CML-associated targets. In this study, we used a
mass spectrometry-based approach to identify naturally presented, HLA class I- and class ll-restricted
peptides in primary CML samples. Comparative HLA ligandome profiling using a comprehensive
dataset of different hematological benign specimen and samples of CML patients in deep molecular
remission delineated a panel of novel, frequently presented, CML-exclusive peptides. These
non-mutated target antigens are of particular relevance since our extensive data mining approach
suggests absence of naturally presented, BCR-ABL- and ABL-BCR-derived, HLA-restricted peptides and
lack of frequent, tumor-exclusive presentation of known CTAs and LAAs. Functional characterization
revealed spontaneous T-cell responses against the newly identified CML-associated peptides in CML
patient samples and their ability to induce multifunctional and cytotoxic antigen-specific T cells de
novo in samples of healthy volunteers and CML patients. These antigens are thus prime candidates
for T-cell-based immunotherapeutic approaches that may prolong TKI-free survival and even mediate

cure of CML patients.

6.2.2. INTRODUCTION

CML is characterized by the translocation t(9;22), which leads to the formation of the BCR-ABL fusion
transcript.” > To inhibit the resulting fusion protein, which mediates constitutive tyrosine kinase
activity, five approved TKls are 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 remission (MR), in which discontinuation of TKI therapy can be considered.
However, only few patients are able to permanently stop TKI therapy without suffering from
molecular relapse.®® Thus, lifelong TKI therapy is the standard of care for most CML patients, but can

10.11 sayeral studies

associate with significant side effects and the risk of developing resistance to TKls.
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 (CMLy) and treatment-free
remission (TFR). The restoration of immune responses is characterized by increased natural killer

2 and the correlation of CD62L

(NK) and T-cell responses,12 reduced PD-1 expression on T cells,
expression on T cells™ in patients with MR as well as by the association of increased natural killer cell

count™® and CD86" plasmacytoid dendritic cell count and function® with TFR.
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In turn, reinforcing CML-specific immune responses by T-cell-based immunotherapy may serve to
enlarge the fraction of patients achieving long-term TFR or even cure. It has been shown that
“non-specific” immunotherapy approaches, such as allogeneic stem cell transplantation or

interferon-a therapy, enable long-lasting remissions in CML patients after discontinuation of TKI

16-20

therapy. Immune checkpoint inhibitors, which have revolutionized the treatment of many solid

tumors in recent years,”*? are currently being evaluated in CML therapy.** More advanced strategies

to treat CML patients comprise agents inducing an immune response specifically directed against the

25-27 28-30

leukemic cells, such as vaccines, TCR mimic antibodies, or engineered T cells.? 3 The
prerequisite for such T-cell-based immunotherapeutic approaches is the identification of targets for
CML-specific T-cell responses, which in general are represented by tumor-associated HLA-presented

33, 34

peptides on malignant cells. Several studies have suggested neoepitopes arising from tumor-

specific mutations as central specificities of checkpoint inhibitor induced T-cell responses in solid

3% 3 However, the role of neoantigens for T-cell responses in

tumors with high mutational burden.
cancer entities with low mutational burden, including CML, remains unclear. Besides neoantigens, we
and others identified non-mutated, tumor-associated HLA peptides that are able to induce
peptide-specific T-cell responses and can serve as targets for T-cell-based immunotherapy
approaches.®*** In recent years, we implemented the characterization of such tumor-associated
antigens in hematological malignancies based on the direct isolation of naturally presented HLA
ligands from leukemia cells and their subsequent identification by mass spectrometry (MS). For AML,
CLL, and multiple myeloma we so far identified more than 100 tumor-exclusive, highly frequent
antigens, which were validated as immunogenic targets for T-cell-based immunotherapy

38, 40, 41

approaches. An extensive meta-analysis of our HM immunopeptidome data revealed only a

small set of entity-spanning antigens, which were predominantly characterized by low presentation
frequencies within the different patient cohorts,* indicating that T-cell-based immunotherapies for

hematological malignancies should be designed in an entity-specific manner. For CML, only very few

43-46 47-49

non-mutated tumor-associated antigens or peptides derived from the BCR-ABL fusion region

have been described so far and validated as immunogenic targets of anti-cancer T-cell responses.’*>
Here, we comprehensively mapped the landscape of naturally presented HLA class | and |l peptides in
primary CML samples to identify novel CML-associated antigens covering a broad range of HLA
allotypes. These antigens were further validated for their potential to induce T-cell
responses particularly in the context of immunomodulatory effects induced by TKI treatment in CML

patients.se"56

60



RESULTS

6.2.3. METHODS

Detailed method descriptions can be found in the supplement.

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

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

HLA surface molecule quantification

HLA surface expression was determined using the QIFIKIT quantification flow cytometric assay
(Dako).*” *’ Cells were stained with the pan-HLA class I-specific W6/32, the HLA-DR-specific L243
mAbs, or isotype control. Surface marker staining was performed with fluorescence-conjugated

antibodies against CD33, CD13, CD117, and CD34.

Isolation of HLA ligands
HLA molecules were isolated by standard immunoaffinity purification®® *® using the mAbs W6/32,

Ti-39, and L243.

Analysis of HLA ligands by LC-MS/MS

HLA ligand extracts were analyzed as described previously.*® Peptides were separated by nanoflow
high-performance LC. Eluted peptides were analyzed in an online-coupled LTQ Orbitrap XL mass
spectrometer. Furthermore, parallel reaction monitoring (PRM) targeting BCR-ABL- and
ABL-BCR-derived peptides (Table S2) was performed on an Orbitrap Fusion Lumos mass

spectrometer.

Data processing

%57 The Proteome Discoverer (v1.3, Thermo

Data processing was performed as described previously.
Fisher) was used to integrate the search results of the Mascot search engine (v2.2.04, Matrix Science)
against the human proteome (Swiss-Prot database). For the search of BCR-ABL- and ABL-BCR-derived
neoantigens the human proteome was extended by BCR-ABL sequences from the TrEMBL database

59, 60

and by published ABL-BCR sequences.

The FDR (estimated by the Percolator algorithm 2.04%") was limited to 5% for HLA class | and 1% for
HLA class Il. HLA class | annotation was performed using SYFPEITHI 1.0%2 and NetMHCpan 3.0.2*® The
lists of HLA class | and Il peptides identified on CML, CMLyg, and hematological benign tissue samples

are provided in supplemental data 1 (Access via www.bloodjournal.org/content/133/6/550).
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Peptide synthesis
Peptides were produced by the peptide synthesizer Liberty Blue (CEM) using the 9-fluorenylmethyl-

oxycarbonyl/tert-butyl strategy.®®

Amplification of peptide-specific T cells and IFNy ELISPOT assay
PBMCs from CML patients and healthy volunteers (HVs) were pulsed with 1 pug/mL (class 1) or

38,40

5 pg/mL (class Il) per peptide and cultured for 12 days. Peptide-stimulated PBMCs were analyzed

by enzyme-linked immunospot (ELISPOT) assay.*" ®®

aAPC priming of naive CD8" T cells
Priming of peptide-specific CTLs was conducted using artificial antigen-presenting cells (aAPCs).>” ®’
Magnetic-activated cell-sorted CD8" T cells were cultured with IL-2 and IL-7. Weekly stimulation with

peptide-loaded aAPCs and IL-12 was performed four times.

Cytokine and tetramer staining

The functionality of peptide-specific CD8" T cells was analyzed by intracellular cytokine staining
(1CS).%® ®® Cells were pulsed with peptide, Brefeldin A, and GolgiStop. Staining was performed using
mAbs against CD8, TNF, IFNy, and CD107a. Frequency of peptide-specific CD8" T cells was

determined by anti-CD8 and tetramer staining.*

Cytotoxicity assay

Cytolytic capacity of peptide-specific CD8" T cells was analyzed using the flow cytometry-based VITAL
assay.”” "t 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 peptide-loaded target cells was calculated relative to control

targets.

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

identifier PXD010450.
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6.2.4. RESULTS

Myeloid and precursor cells of primary CML samples express high levels of HLA molecules

T-cell-based 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 CD33" and CD13" myeloid cells as well as on CD117°CD34" precursor cells using PBMCs
of CML patients (n = 7, Table S1). HLA class | surface levels showed substantial heterogeneity with
molecule counts/cell of 78,600 — 202,100 (mean 153,600) for CD33" cells and 69,500 — 322,000
(mean 184,600) for CD13" cells (Figure 1A). HLA class Il expression ranged from 37,700 — 230,000
(mean 101,200) molecules/cell for DR*CD33" cells and 39,000 — 286,300 (mean 158,900)
molecules/cell for DR'CD13" cells (Figure 1B). Notably, highest HLA surface levels were detected on
precursor cells with 112,000 — 316,500 (mean 221,100) and 99,700 — 487,200 (mean 228,300)

molecules/cell for HLA class | and Il, respectively (Figure 1A,B).
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Figure 1: HLA surface expression of primary CML cells. (A) HLA class | and (B) HLA-DR expression was determined by flow
cytometry for CD33" and CD13" myeloid cells as well as CD117°CD34" precursor cells from peripheral blood of CML patients
(n =7) at the time of diagnosis. Data points represent individual samples. Horizontal lines indicate mean values + SD.

MS identifies naturally presented, CML-associated 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 sample) from 5,478 source proteins (Figure S3A, supplemental data 1,
access via www.bloodjournal.org/content/133/6/550), obtaining 82% of the estimated maximum
attainable coverage in HLA ligand source proteins (Figure 2A). For the identification of CML-
associated antigens we established a comparative cohort of hematological benign tissues (n = 108)
including PBMCs (n = 63), granulocytes (n = 14), CD19" B cells (n = 5), bone marrow (n = 18), and
CD34" HPCs (n = 8). A total of 51,232 different naturally presented HLA class | ligands (range 101 —
7,587, mean 1,404 per sample) from 11,437 source proteins (supplemental data 1, access via

www.bloodjournal.org/content/133/6/550), obtaining 95% of maximum attainable coverage
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(Figure S4A), were identified. Furthermore, we created an additional comparative benign ligandome
dataset of PBMCs from CML patients in deep MR (CMLyg, n = 15) comprising a total of 5,907 unique
HLA class | ligands (range 311 — 1,145, mean 655 per sample, supplemental data 1, access via

www.bloodjournal.org/content/133/6/550).

The CML cohort included a total of 31 different HLA class | allotypes, the most frequent being
HLA-C*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 population’ 7

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 population coverage of 99.9% (Figure S6B) and matched 89% of HLA-A, 100% of

HLA-B, and 88% of HLA-C allotypes within the CML cohort (Figure S5B).

To identify CML-associated antigens, we performed comparative HLA class | ligandome profiling of
the CML cohort with the hematological benign and CMLy cohorts. Overlap analysis revealed 2,600
HLA class | ligands to be presented exclusively on CML samples (Figure 2B) and never detected on
hematological benign or CMLyz samples. For the identification of broadly applicable, CML-associated
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 target-definition FDR of < 5%
(< 1%) a total of 23 (5) HLA class | ligands with a representation frequency > 19% (> 24%) were
identified (Figure 2C and S7A, Table S4). The most common HLA allotype restrictions of these HLA
ligands included HLA-A*02, -A*03, -A*11, and -B*07. To identify CML-associated targets with even
higher representation frequencies, we subsequently performed HLA allotype-specific
immunopeptidome profiling. Setting target FDR to < 5% (< 1%) we identified 4 (1) HLA-A*02, 35 (15)
HLA-A*03, 3 (0) HLA-A*11, and 8 (2) HLA-B*07-restricted ligands with representation frequencies of
> 40% (> 50%), > 38% (= 50%), = 80% (> 80%), = 43% (> 57%), respectively (Figure 2D-G and S7B-E,
Table S4). To further validate these CML-associated targets we compared them with an additional
benign dataset comprising 28 different non-hematological tissue entities (n = 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 CML-exclusive target antigens including two
HLA-A*02-, three HLA-A*03-, one HLA-A*11-, and two HLA-B*07-restricted ligands for further

immunological characterization.
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Figure 2: Comparative HLA class | ligandome profiling and identification of CML-associated antigens. (A) Saturation
analysis of HLA 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 samples (n = 21). Exponential regression
allowed for the robust calculation (R2 = 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 identifications of primary CML samples (n = 21), CMLyz samples from patients in
deep MR (n = 15), and hematological benign samples (n = 108) including PBMCs (n = 63), granulocytes (n = 14), CD19" B cells
(n = 5), bone marrow (n = 18), and CD34" HPCs (n = 8). (C) Comparative profiling of HLA class | ligands based on the
frequency of HLA-restricted presentation in CML and hematological benign ligandomes. Frequencies of positive
immunopeptidomes for the respective HLA ligands (x-axis) are indicated on the y-axis. 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 highlight the subset of CML-associated antigens showing CML-exclusive, highly frequent presentation.
(D-G) Allotype-specific comparative profiling of (D) HLA-A*02, (E) -A*03, (F) -A*11, as well as (G) -B*07 positive samples as
described above. Abbreviations: IDs, identifications; pos., positive.
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HLA class Il ligandome profiling delineates three novel groups of CML-associated antigens

Mapping the HLA class Il ligandomes of 20 primary CML samples, we identified 5,991 different HLA
class ll-restricted peptides (range 172 — 1,162, mean 641 per sample) derived from 1,302 source
proteins (Figure S3B, supplemental data 1, access via www.bloodjournal.org/content/133/6/550),
achieving 72% of maximum attainable coverage (Figure 3A). Our HLA class Il hematological benign
tissue cohort (n = 88, PBMCs (n = 38), granulocytes (n = 18), CD19" B cells (n = 9), bone marrow
(n=15), CD34" HPCs (n = 8)) comprised 42,753 unique peptides (range 111 — 6,267, mean 1,197 per
sample) from 4,877 source proteins (supplemental data 1, access via www.bloodjournal.org/
content/133/6/550), obtaining 84% of maximum attainable coverage (Figure S4B). The benign CMLyr
ligandome dataset (n = 15) included a total of 1,529 HLA class Il peptides (range 74 — 281, mean 164

per sample, supplemental data 1, access via www.bloodjournal.org/content/133/6/550).

For the identification of HLA class Il-restricted, CML-associated 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 performed comparative 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 or CMLyz samples. Of these, 36
peptides were identified with a representation frequency > 20% based on an FDR < 1%. However,
30/36 peptide targets showed length variants (> 50% overlap) presented on benign hematological
samples and were therefore excluded (peptide targets, Figure 3C and S8A, Table S5). Further
ligandome profiling was performed on HLA class Il source protein level. Based on an FDR < 5% (< 1%),
a total of 4 (2) source proteins were identified with a frequency > 20% (> 25%) representing 10 (4)
unique HLA class Il peptides (protein targets, Figure 3D and S8B, Table S5). As a third group of CML-
associated antigens we analyzed CML-exclusive hotspots by peptide clustering, which validated the
previously described targets and identified one additional CML-associated hotspot with a
representation frequency of 20% comprising three unique HLA class Il peptides (hotspot targets,
Figure 3E, Table S5). Subsequent validation of these targets using our non-hematological benign
tissue dataset (n = 166, 28 tissues, 143,652 HLA class Il peptides, 13,410 source proteins) delineated

a panel of six strongly CML-associated target antigens for immunological characterization.

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

myeloid cell-containing samples representing shorter HLA class Il-restricted peptides (Figure 3F, S9).

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 samples (n =20).
Exponential regression allowed for the robust calculation (R2 = 0.9997) 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 Il peptides of primary CML samples (n = 20), CMLyr samples from patients
in deep MR (n = 15), and hematological benign samples (n = 88) including PBMCs (n = 38), granulocytes (n = 18), CD19" B
cells (n = 9), bone marrow (n = 15), and CD34" HPCs (n = 8).
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Figure 3 continued: (C-D) Comparative profiling of (C) HLA class Il peptides and (D) HLA class Il source proteins based on the
frequency of HLA-restricted presentation in CML and hematological benign ligandomes. Frequencies of positive
immunopeptidomes for the respective HLA peptides or source proteins (x-axis) are indicated on the y-axis. To allow for
better readability, HLA peptides or source proteins identified on < 5% of the samples within the respective cohort are not
depicted. The boxes on the left and their magnifications highlight the subset of CML-associated antigens showing CML-
exclusive, highly frequent presentation in CML samples. (E) Hotspot analysis of the protein RB27A by peptide clustering.
Identified peptides were mapped to their amino acid positions within the source protein. Representation frequencies of
amino acid counts within each cohort for the respective amino acid position (x-axis) were calculated and are indicated on
the y-axis. The box and its magnification highlight the identified hotspot with the respective amino acids on the x-axis. (F)
Tissue-specific HLA class Il peptide length distribution (number of amino acids) of all identified peptides on primary CML
samples (n = 20), granulocytes (n = 18), PBMCs (n = 38), CD19" B cells (n = 9), bone marrow (n = 15), and CD34" HPCs (n = 8).
Abbreviations: IDs, identifications; aa, amino acid; n,e,, number of peptides.
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The role of cancer/testis and leukemia-associated antigens as well as BCR-ABL-derived neoantigens
in the immunopeptidome of CML

Beside the definition of novel CML-associated antigens, we focused on the identification and ranking
of established CTAs”> 7® and LAAs™ 77 in our dataset of naturally presented HLA peptides. We
identified 170 different HLA class | and 382 class Il peptides from 39 and 18 CTAs, respectively, as
well as 1,429 class | and 3,428 class |l peptides from 131 and 77 LAAs, respectively (Table S6 — 9).
Notably, these antigens were not only represented in CML immunopeptidomes but also on
hematological benign samples (Figure 4). Hence, this analysis delineated only a small panel of seven
(4% of total) CML-exclusive but infrequent CTAs and LAAs, which represent suitable candidates for
T-cell-based immunotherapy in selected CML patients. As the characteristic BCR-ABL translocation
may result in the presentation of BCR-ABL or ABL-BCR neoepitopes, we further screened our CML
cohort for naturally presented, BCR-ABL- and ABL-BCR-derived peptides by DDA of all CML samples
as well as targeted PRM of four CML samples (Table S2). Despite the fact that the BCR-ABL and ABL-
BCR fusion sites potentially provide HLA binding motifs for several HLA allotypes, no naturally

presented HLA peptides were identified.

HLA class I-restricted CML-associated antigens induce functional peptide-specific T cells in samples
of HVs and CML patients

To confirm immunogenicity and detect preexisting memory T-cell responses against the identified
CML-associated antigens (Figure 5A) we performed IFNy ELISPOT and tetramer staining assays using
HLA-matched PBMCs from CMLy patients and HVs. We observed IFNy secretion for 1/8 CML-
associated ligands in 2/17 (12%) analyzed CMLyy, patients (Figure 5B), but also for two peptides in
one HV (Figure S10), respectively. Cross-reacting microorganism- or virus-specific T cells as reason for
the observed T-cell responses in single HVs appears unlikely, as no sequence similarity of the CML-
associated antigens with proteins from microorganisms and virus was determined. In addition, low
frequent peptide-specific CD8" T cells were detected by tetramer staining for 4/8 peptides in 3/18
CMLyg patient samples after 12-d stimulation without any detectable preexisting peptide-specific
T cells ex vivo prior to stimulation (Figure S11). To assess the immunogenicity of the remaining HLA
class I-restricted ligands we performed in vitro aAPC-based priming experiments using CD8" T cells of
both, HVs and CML patients. Effective priming and expansion of antigen-specific T cells was observed
for all eight CML-associated peptides in > 70% of analyzed HVs with frequencies of peptide-specific
T cells ranging from 0.1 — 33.9% (mean 2.2%) within the CD8" T-cell population (Figure 5A,C and S12).

68



RESULTS

A CTAs C LAAs D LAAs
HLA class | HLA class | HLA class Il
total = 39 total = 131 total =
representation frequency [%] representation frequency [%] representation frequency [%]
20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
- - L 1 L L L ] [T
L 2
KDMS5B TEBS 5 g|GProw

N HBB Szl OGFR

2 NUF2 HBA -

t EF1A1
2 | oore2 HNRPM COF1
2 H COF1] o | S10A9

+| DNiB8 PCNA| ] TBBS

g g DEF1

°l KiFc TKT Fr CATG

. g TSP1
W
g
ob = RL18A| § | stvn
£| poree £ | ca § | ewp1
W
E & o | EF1AL s DDX5|
= £[HEmGN 5 | msprc S | pena
U
o ;:_' bOTEA E ENOA TYBAY)|
[T
2 3 | Rreepg | RU2
L 3 -
PRTN3
g DEF1 Hon
B CTAs HeA
S10A9| G3P|
HLA class Il DDX6 ] ENOA|
2
EHD1 £ | HSP7C
o PPIA|
L
PLIN2 s ELNE|
STMN1 £ | prTN3
ABC38B 2 |HNRPM
AURKA| £ | vpsap
ELNE| ‘c TPM1
L 2 TKT|
r DNLI3
DDX5, DEMAI
PARP1 TGFR2
ALDOA| -
o FAK2 RL18A|
[
total = 18 | Emss AL:;;:
w
g | baa o | paB1
representation frequency [%] £ RSSA 2z cD44|
=1

K 20 40 60 80 100 5| M S | cucy

e & | cuas @ GRAH
28 POTEE 21 G o | IF1AY

= s
O §| so6A1 & | vpss1 2 | Pun2

5 SPG17 CDN2D SPB9

H BIRCS|
L e ADIP DNJA1
c 2
C ‘_g[HEMGN [ M L IL1AP
¥

BcovL CML-exclusive benign-exclusive
[l hematological benign CML-overrepresented benign-overrepresented

Figure 4: Representation of published CTAs and LAAs in CML and hematological benign HLA ligandomes. Representation
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
and LAAs assigned to their degree of CML-association (CML-exclusive, CML-overrepresented, benign-overrepresented,
benign-exclusive). Bar diagrams depict relative representation [%] of respective antigens on CML and hematological benign
samples allocated to their CML-association. Only antigens with representation frequencies (A, B, D) > 5% or (C) > 25% in the
respective cohort are shown. Abbreviations: CTAs, cancer/testis antigens; LAAs, leukemia-associated antigens.
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Figure 5: Immunogenicity of HLA class I-restricted, CML-associated antigens. (A) Immunogenicity analysis results of the
eight HLA class I-restricted, CML-associated peptides with their respective frequencies of preexisting immune recognition
by PBMCs of CML patients or HVs in IFNy ELISPOT assays (CD8" T-cell response in CML/HVs) as well as frequencies of
peptide-specific CD8" T cells detected after in vitro aAPC-based priming experiments with naive CD8" T cells of HVs and CML
patients. (B) Examples of CML-associated ligands evaluated in IFNy ELISPOT assays after 12-d stimulation using PBMCs of
CML patients. Results are shown for immunoreactive peptides only. PHA was used as positive control. HLA-A*02-restricted
DDX5_HUMAN 45 156 peptide YLLPAIVHI served as negative control. Data are expressed as mean * SD of two independent
replicates. (C, D) Naive CD8" T cells from (C) HVs as well as from (D) CML patients were primed in vitro using aAPCs. Graphs
show single, viable cells stained for CD8 and PE-conjugated multimers of indicated specificity. Tetramer staining was
performed after four stimulation cycles with peptide-loaded aAPCs. The left panels show P3,«g3- or P7g«y;-tetramer staining,
respectively. The middle panels (negative control) depict P3,«p3- Or P7g+g;-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 12-d recall stimulation by either (C) tetramer staining or (D) IFNy ELISPOT assay. (E) Tetramer staining
after four stimulation cycles with negative control peptide-loaded aAPCs (HLA-A*02, YLLPAIVHI, DDX5_HUMAN g 156 and
HLA-A*03, QIFVKTLTGK, UBC_HUMAN,_,). Abbreviations: ID, identification; HVs, healthy volunteers; n.t., not tested; UPN,
uniform patient number; SFU, spot forming unit; neg., negative; pos., positive.

70



RESULTS

Furthermore, all analyzed CML-associated peptides induced peptide-specific T cells using CML
patient samples with frequencies of 0.1 — 2.2% (mean 0.4%) within the CD8" T-cell population (Figure
5A,D). Notably, peptide-specific immune responses were even induced in CMLyy, patient samples that
had not shown preexisting immune responses. Priming experiments with control peptides frequently
presented by HLA-A*02 and -A*03 on both, tumor and benign tissues (peptide presentation > 90% in
HLA-matched sources), confirmed CML-specificity of the induced T-cell responses (Figure 5E).
Furthermore, multifunctionality of peptide-specific T cells was shown for 6/8 CML-associated
peptides by IFNy and TNF production and upregulation of the degranulation marker CD107a (Figure
6A,B). Finally, cytotoxicity assays with polyclonal peptide-specific effector T cells revealed the

capacity to induce antigen-specific lysis for 3/4 analyzed peptides (Figure 6A,C-E and S13).

Reduced functionality of CD8" T cells in CMLyy, patients
Subsequently, we reasoned that weak preexisting immune responses against the CML-associated,
HLA class I-restricted peptides in our IFNy ELISPOT assays could have been caused by an impairment

>33 Therefore, we compared

of CD8" T-cell functionality that reportedly occurs upon TKI treatment.
T-cell responses against viral epitopes of CMLy patients, HVs, and CLL patients® in IFNy ELISPOT
assays. While CD8" T-cell counts themselves were not reduced in CMLy, patients (Figure 7A), we
observed significantly reduced IFNy release of T cells compared to HVs and CLL patients (p < 0.001,
Figure 7B). In contrast, no significantly reduced IFNy production upon stimulation with HLA class II-
restricted viral epitopes was observed (Figure 7C). These results were confirmed by the functional
characterization of six HLA class ll-restricted, CML-associated peptides in IFNy ELISPOT assays
(Figure 7D,E). Frequencies of CD4" T-cell responses reached up to 24% (4/17) of analyzed CML patient

samples, however, with some peptides only analyzed in pooled read-outs due to low cell numbers.

Taken together, we characterized a panel of novel, CML-associated, HLA class | and Il antigens, which
even in the context of the immunosuppressive effects induced by TKI treatment were able to induce
multifunctional T-cell responses and therefore could serve as prime targets for the development of

antigen-specific 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
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Figure 6: Functional characterization of CML-associated antigen-specific CD8" T cells. (A) Functional characterization of
CML-associated antigen-specific CD8" T cells including their CD107a and cytokine expression profile detected by ICS
following aAPC-based priming experiments and their cytotoxic capability (VITAL assay). (B) Representative example of
increased IFNy and TNF production as well as CD107a expression after stimulation with the respective P73«y;-peptide used
for the stimulation with aAPCs compared to the corresponding negative control peptide (HLA-B*07, TPGPGVRYPL,
NEF_HV1BRi5g.137). PMA and ionomycin served as positive control. The P7g+,-specific CD8" T-cell population showed a
frequency of 1.01% as detected by tetramer staining (leftmost panel). (C-E) Selective cytotoxicity of P5,x3-specific effector
T cells analyzed in a VITAL cytotoxicity assay with in vitro primed CD8" T cells of an HV. (C,D) Tetramer staining of polyclonal
effector cells before performance of the VITAL assay determined the amount of P5,x3-specific effector cells in the (C)
population of successfully P5xxqs-primed CD8" T cells and in the (D) population of control cells from the same donor primed
with an HLA-matched irrelevant peptide. (E) At an effector to target ratio of 2.5:1, P5,+g3-specific effectors (black) exerted
20.9% (+0.4%) P5,xo3-specific and significant higher lysis of P5,«y3-loaded autologous target cells in comparison to control
peptide-loaded target cells (HLA-A*03, RLRPGGKKK, GAG_HV1BR,.,5). P5axg3-unspecific effectors (grey) only showed 2.0%
(+0.4%) unspecific lysis of the same targets. Results are shown as mean + SEM for three independent replicates.
Abbreviations: ID, identification; n.t., not tested; ICS, intracellular cytokine staining; FSC, forward scatter; n.s., not
significant; *** p < 0.001.
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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 CMLy, patients and immunogenicity of HLA class ll-restricted, CML-associated
antigens. (A) CD8" T-cell counts of CML patients under TKI treatment (CMLy, n = 7) compared to HVs (n = 10) and CLL
patients (n = 10). (B,C) Retrospective analysis of preexisting immune responses directed against (B) HLA class |- and (C) HLA
class Il-restricted viral T-cell epitopes (Table S3) analyzed in IFNy ELISPOT assays after 12-d recall stimulation of PBMCs from
CMLyy patients (HLA class | n = 10, HLA class Il n = 12), HVs (HLA class | n = 14, HLA class Il n = 6), and CLL patients (HLA
class| n = 31, HLA class Il n = 24). (D) HLA class ll-restricted, CML-associated peptides with their corresponding source
proteins and frequencies of preexisting immune recognition by CD4" T cells of CML patients or HVs in IFNy ELISPOT assays
after 12-d stimulation. (E) Examples of CML-associated, HLA class Il-restricted peptides evaluated in IFNy ELISPOT assays
using PBMCs of CML patients. Results are shown for immunoreactive peptides only. PHA was used as positive control. HLA
class ll-restricted FLNA_HUMAN g69.1633 peptide ETVITVDTKAAGKGK served as negative control. Results for UPN41 and
UPN49 are shown as pool read-outs of all six HLA class ll-restricted, CML-associated peptides due to low cell numbers. Data
are expressed as mean + SD of two independent replicates. Abbreviations: HVs, healthy volunteers; SFU, spot forming unit;
ID, identification; UPN, uniform patient number; neg., negative; pos., positive; *** p < 0.001.

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 CML."”> ' '® Therefore, various immunotherapeutic approaches are

d'’?% 2% 2 with the main goal to achieve deep remissions that enable

currently being evaluate
long-term TKI-free survival or even cure of CML patients. An attractive approach is the further
development of tailored peptide-based immunotherapy, which enables specific and minor side effect
targeting of CML cells. Therefore, the identification of novel, naturally presented, highly frequent,
CML-associated target antigens is required. In this study, we present a large-scale
immunopeptidomics-based approach to identify and functionally characterize such CML-associated
HLA class |- and ll-restricted peptides.

We confirmed strong HLA surface expression on myeloid cells as well as on hematopoietic precursor

40, 41

cells of CML patients in a range comparable to different healthy hematological cell types as well
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340,41 and solid tumors,®” which constitutes a major prerequisite

as other hematological malignancies
for immunotherapeutic approaches. The comprehensive comparison of HLA ligandomes of CML
samples with benign tissues and PBMC samples of CMLyz patients revealed a total of 50 CML-
associated HLA class | ligands for four of the most common HLA allotypes.”® Allele-specific prevalence
of these CML-associated targets reached up to 80%. This enables both, the personalized composition
of for example multipeptide vaccine cocktails, and the broadly applicable off-the-shelf development
of single peptide-based immunotherapeutic approaches, such as adoptive T-cell transfer or TCR
therapies.

Beside cytotoxic CD8" T cells, CD4" T cells play important direct and indirect roles in anti-cancer

%% Thus, we expanded our profiling approach to the HLA class Il peptidome identifying 19

immunity.
additional CML-associated peptides. Interestingly, length distribution of HLA class Il-restricted
peptides could be correlated to specific cell types and lineages, as myeloid cell-derived 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 composition® but also by the length distribution of HLA-presented
peptides as demonstrated by our data.

As spontaneous, pathophysiologically relevant T-cell responses against non-mutated, leukemia-

associated antigens were described for other hematological malignancies,®® > ®

we analyzed our
CML patient cohort for preexisting T-cell responses against our newly defined targets. Of note, while
preexisting T-cell responses against HLA class Il peptides were identified with comparable
frequencies as previously described for CLL,*® AML," and MM,*" functional T cells targeting HLA
class | antigens were only low frequent in CMLy, patient samples. In line with previous studies

3338 or dysregulating® impact of TKI treatment on immune responses, CD8" T-cell

reporting a negative
functionality in our CMLy, patient cohort was impaired, potentially explaining the reduced
frequencies of preexisting memory T-cell responses to CML-associated HLA class | ligands. Of note, as
no CML patients without TKI treatment were included in this study, the reduced T-cell functionality
could not be directly correlated to TKI treatment and might also be linked to a general
immunosuppressive state in CML disease caused by for example HLA-G,** elevated myeloid-derived

12 . . . 12
*% as well as increased PD-1 expression on immune cells.

suppressor,” and regulatory T cells,
However, the immunogenicity of all our CML-associated HLA class | antigens was proven by in vitro
induction of multifunctional and cytotoxic T cells of HVs. Strikingly, CML-specific T cells could also be
induced de novo using PBMCs of CMLyy, patients, which qualifies the identified targets as promising
candidates for peptide-based immunotherapy approaches not only in CML patients after termination

of TKI therapy, but even for tailored combinations with TKI treatment. Furthermore, several studies

could show a pathophysiological relevance of preexisting peptide-specific T-cell responses
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38, 86, 87

concerning clinical outcomes in cancer patients suggesting that such T-cell response, induced

or boosted by peptide-based immunotherapies, might achieve clinical effectiveness.

Mutated neoantigens have been described as the main specificities of anti-cancer T-cell responses
induced by immune checkpoint inhibitors in solid tumors with high mutational burden.’* However,
only a very small fraction of mutations at the DNA sequence level results in peptides naturally

presented in the HLA ligandome.”***

This raises the question of the relevance of mutated
neoepitopes for T-cell-based immunotherapy, in particular for malignancies with low mutational
burden, including CML. Despite an extensive search for naturally presented, BCR-ABL- and ABL-BCR-
derived peptides, none could be validated in our CML cohort by MS. However, we have to emphasize
that absence of 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 decades,” 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 spectrometry-based
immunopeptidomics is currently the only unbiased methodology to identify the entirety of naturally
processed and presented HLA peptides in primary tissue samples,’® which enables us to identify and

characterize target antigens in low mutational burden cancer entities that are i) non-mutated,

ii) naturally presented, iii) highly frequent, and iv) tumor-specific.

This is further emphasized as the extensive screen in our CML and hematological benign cohorts for
HLA-presented peptides derived from previously described CTAs” ’® and LAAs*”” revealed no highly
frequent, tumor-exclusive presentation. Together with previous findings showing a distorted
correlation of gene expression and HLA-restricted antigen presentation with the immunopeptidome

40,93, 97-100 4yig precludes, in our view, these

neither mirroring the transcriptome nor the proteome,
antigens as optimal candidates for T-cell-based 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 analysis was performed on the level of entire antigens and does not consider
presentation of CTA- and LAA-derived single HLA ligands as they could potentially be tumor-exclusive

due to differential antigen processing in cancer cells.

In conclusion, the cell biology-specific character of the immunopeptidome®* calls for entity-centered
identification of tumor-associated targets. Therefore, our study provides profound insights into the
naturally presented immunopeptidome of CML, delineating a panel of novel, immunogenic, non-
mutated, CML-associated T-cell epitopes. These antigens aid the development of different antigen-
specific therapeutic approaches, which may provide options to enable achievement of deep

remission, long-term TKI-free survival, or even cure for CML patients.
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