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Abbreviations

1 Abbreviations

2B4 Natural killer cell receptor 2B4

AAAs AML associated antigens

ALL Acute lymphoblastic leukemia

Allo-HSCT Allogeneic hematopoietic stem cell transplantation
AML Acute myeloid leukemia

APCs Antigen-presenting cells

ASNAs AML-specific neo-antigens

ATAC Assay for Transposase accessible chromatin
B3GAT1 Beta-1,3-Glucuronyltransferase 1

B-ALL B-cell acute lymphoblastic leukemia

BM Bone marrow

bmT cells Bone marrow T cells

bp Base pair

CAR Chimeric antigen receptor

cCAR Compound CAR

CCR1 C-C chemokine receptor type 1

CCR4 C-C chemokine receptor type 4

CcD Cluster of differentiation

cDNA Complementary DNA

CLL1 C-type lectin-like molecule-1

CNS Central nervous system

CREM CAMP responsive element modulator
CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
CXCR3 CXC-motive-chemokine receptor 3

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DNAsel Desoxyribonuclease |

DYNLT1 Dynein light chain Tctex-type 1

Ec Extracellularly stained

EMR2 EGF-like module-containing mucin-like hormone receptor-like 2
ENTPD1 Ectonucleoside triphosphate diphosphohydrolase 1

FAB classification

French American British association

FACS

Fluorescence-activated cell sorting

FC

Fold change




Abbreviations

Fc Fragment, crystallizable region

FcR Fc receptor

FCS Fetal bovine serum

FMF Fluorenscence-minus-five

FMS Fluorenscence-minus-six

Foxp3 Forkhead-box-protein P3

FR Future relapse

FSC-A Forward scatter-area

FSC-H Forward scatter-height

FU Fluorescence unit

GAL-9 Galectin-9

GITR Glucocorticoid-induced TNFR-related protein
GZMB Granzyme B

HAVCR2 Hepatitis A virus cellular receptor 2
HD Healthy bone marrow donor
Healthy BMD Healthy bone marrow donor

HVEM Herpesvirus entry mediator

| Inductor antigen

IC panel Intracellular panel

ICOS Inducible T-cell co-stimulator

ICOSL Inducible T-cell co-stimulator ligand
ID Initial diagnosis

IFN Interferon

IFRD1 Interferon related developmental regulator 1
Ig Immunoglobulin

IgG Immunoglobulin G

IL2 Interleukin 2

IL21 Interleukin 21

IL21R Interleukin 21 receptor

Initial Dx Initial diagnosis

Int Intermediate

Isotype Ctrl Isotype control

LAG3 Lymphocyte-activation gene 3

LSCs Leukemic stem cells

mAb Monoclonal antibody

MD Doctor of Medicine (Medicinae Doctor)
MDS Myelodysplastic syndrome

MFI Mean fluorescence intensity




Abbreviations

mRNA Messenger-RNA

MUC1 5E10 Mucin-1 5E10

MUC1 5E5 Mucin-1 5E5

NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
NFKBIA NF-kB inhibitor alpha

NFR No future relapse

NK cells Natural killer cells

NKT cells Natural killer T cells

NP40 Nonidet P40

Nt Nucleotide

NT5E 5'-Nucleotidase ecto

0Xx-40 0X40 receptor

OX-40L 0X40 receptor-ligand

PBMCs Peripheral blood mononuclear cells
PBS Phosphate-buffered saline

PCR Polymerase chain reaction

PD-1 Programmed cell death protein 1
PD-L1 Programmed cell death-ligand 1
PDCD1 Programmed cell death 1
Pen-Strep Penicillin-Streptomycin

PRF1 Perforin 1

R Relapse

RARA Retinoic acid receptor alpha

RFS Relapse-free survival

RIN RNA integrity number

RNA Ribonucleic acid

RNA-seq RNA sequencing

RPKM Reads per kilo base per million mapped reads
RPM Rounds per minute

RPMI medium Roswell Park Memorial Institute medium
scFv Single chain variable fragment
SSC-A Side scatter-area

synNotch receptor

Synthetic Notch receptor

T Target antigen
Tem Central memory T cells
TCRy/6 T-cell receptor y/6




Abbreviations

TD buffer DNA tagmentation buffer

Terr Effector T cells

Tem Effector memory T cells

TF Transcription factor

Th cells T helper cells

TIGIT T-cell immunoreceptor with Ig and ITIM domains
TILs Tumor-infiltrating lymphocytes

TIM-3 T-cell immunoglobulin and mucin-domain containing-3
TME Tumor microenvironment

Tn Naive T cells

TNFRSF18 TNF receptor superfamily member 18

TNFRSF4 TNF receptor superfamily member 4

Tregs Regulatory T cells

TRIM39 Tripartite motif containing 39

Tsem Stem cell-like memory T cells
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Introduction

2 Introduction

2.1 Pediatric acute myeloid leukemia

Acute myeloid leukemia (AML) is an aggressive type of hematological malignancy caused by the
abnormal proliferation of immature myeloid cells (Austin et al., 2016). While acute lymphoblastic
leukemia (ALL) is the most common form of cancer in children, AML mainly affects adults.
Nevertheless, AML still accounts for approximately 15 % of pediatric leukemia (Klein et al., 2018).

Due to intensified treatment regimens and advancements in supportive care, the outcome for
pediatric AML patients has improved substantially over the past years with current survival rates up
to 75 % in high-income countries (Zwaan et al., 2015; Elgarten and Aplenc, 2020). Nonetheless, most
treatment regimens still rely on conventional chemotherapeutic agents associated with significant
toxicity (Fidler et al., 2016; Klein et al., 2018) and relapse rates remain high with 25-35 % (Zwaan et
al., 2015). Therefore, AML is still one of the poorest prognosis pediatric cancers (Figure 1).

In view of those circumstances, central objective should be the development of more specific

therapy measures. Here, immunotherapy provides important opportunities.

Overall

Acute myeloid leukemia

Acute lymphocytic leukemia- 90.3
Non-Hodgkin lymphoma- 90.3
Brain and other nervous svstem—
Soft tissue 79.1
L) L) L) L) T
Q '19 b‘Q ‘bQ ‘bQ QQ

5-year survival [%]

Figure 1: 5-year survival rate of pediatric cancer, Ages 0-19, 2009-2015. AML is still one of the poorest
prognosis pediatric cancer (SEER Cancer Statistic Review, 1975-2016, Howlader et al., 2019).

2.2 Cancer immunotherapy

Over the last decades, immunotherapy has developed from a promising therapeutic option to a

robust clinical reality for treating cancer patients.
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In cancer formation, tumor cells develop certain strategies in order to escape immunosurveillance,
for example by upregulation of co-inhibitory molecules on the surface and therefore negatively
impacting the activity of tumor infiltrating lymphocytes (Austin et al., 2016). Preventing such escape
mechanisms (immunoescape) and therefore enabling T cell mediated cytotoxity by using so-called
immune response amplifiers (e.g. Checkpoint inhibitors) is a strategy used in anti-cancer
immunotherapy (Majzner et al., 2017).

Another approach in immunotherapy of malignancies is the generation of a yet not existing immune
response against tumor cells by using synthetic immunotherapies. These include monoclonal
antibodies against surface structures of malignant cells, as well as the adoptive immunotherapy with
T cells expressing chimeric antigen receptors (CARs, Majzner et al., 2017).

Recently, especially the monoclonal antibodies Ipilimumab (anti-CTLA-4) and Nivolumab (anti-PD-1)
could achieve brilliant success in improving survival of metastatic melanoma patients (Austin et al.,
2016; Larkin et al., 2019).

In synthetic immunotherapy CAR T cells targeting the B-ALL associated antigen CD19 have yielded
high remission rates particularly in pediatric patients (Maude et al., 2014, 2018).

Mutational load is thought to be a prerequisite for effective immune response amplification by e.g.
checkpoint inhibition (Samstein et al., 2019). However, synthetic immunotherapy e.g. by CAR T cells
does not necessitate mutations, as it does not rely on previously primed T cells that specifically
recognize cancer cells in contrast to immune response amplifiers (Hegde and Chen, 2020). B-ALL
serves here as an example that a low mutational load malignancy, which is probably not accessible to
immune response amplification, can be efficiently treated by synthetic immunotherapy.

This is of particular relevance in view of the widely shared supposition that a high tumor mutational
burden is essential for tumor cell immunogenicity and therefore fundamental for a relevant response

to immunotherapy (Austin et al., 2016).

2.3 Immunotherapy of pediatric AML

Immunotherapeutic approaches in AML have been much less successful so far. This is primarily due
to the lack of appropriate AML specific target structures suitable for immunotherapy (Mardiana and
Gill, 2020). Considering AML as malignant entity with one of the lowest mutational burden, targeting
of AML-specific neo-antigens arising from genetic mutations may not be effective (Austin et al.,,
2016). Furthermore, immune recognition is less likely to respond to immune checkpoint blockade
due to the unclear immunogenicity of the AML cells (Perna et al., 2017).

AML associated antigens (AAAs), which are self-antigens that are abnormally expressed by AML cells,

might represent more promising immune targets e.g. for CAR T-cell therapy (Austin et al., 2016). But

12
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as the majority of reported AAAs like CD33, CD123 and CLL1 is also expressed in healthy tissues,

single targeting approaches could lead to severe on-target off-leukemia toxicity (Haubner et al.,

2019; Lamble and Tasian, 2019).

Combinatorial CAR T-cell therapies (e.g. Tandem-
CARs, synNotch-gated CARs) might enhance
efficacy of this immunotherapeutic approach
without increasing on-target off-leukemia effects
(Daver et al., 2021; Perna et al., 2017). Here, a
Tandem-Car contains two extracellular antigen-
binding domains against two different antigens,
joined in tandem via a linker molecule, with a
common intracellular domain (Figure 2).
Therefore, target cells need to express both
antigens at the same time in order to activate
the CAR T cells (Navai and Ahmed, 2016). In case
of the synNotch-gated CAR T-cell approach

(Figure 3) a synNotch receptor for one antigen

scFv antigen
binding domain ~ \

transmembrane
domain

1

co-stimulatory
signaling domain

CD3-C

CAR T cell Tandem -

CAR T cell
Figure 2: CAR constructs. A) Single-targeting second
generation CAR contains an intracellular CD3-{ or
Fcreceptor-y signaling domain and an intracellular

co-stimulatory domain. B) Tandem-CAR contains two
extracellular antigen-binding domains against two
different antigens, joined in tandem via a linker molecule,
with a common intracellular domain (Figure adapted from

Navai and Ahmed, 2016).

(inductor antigen) controls the inducible

expression of a CAR for a second antigen (target antigen, Roybal et al., 2016).

IF antigen A
THEN synNotch
activates CAR
transcription

!

IF antigen B
THEN CAR
activates T cell

synNotch

1

| .

| . antigen A
1

-
—

[ antigenB
CAR

TIELl 2

.

Figure 3: Design of a synNotch-gated CAR T-cell construct. After binding antigen A the synNotch receptor leads
to expression of a CAR targeting antigen B via releasing of a transcription factor (Figure adapted from Roybal et
al., 2016).

Furthermore, AML cells employ various mechanisms in order to impair anti-leukemic immune
responses as immunoescape mechanism, which is of particular relevance for any T cell-based AML
immunotherapy. Several receptor-ligand pairs with conserved functions in physiologic immunology
could be potentially involved in the AML — T cell crosstalk possibly leading to immunoescape. High

levels of CD80 or CD86 on AML cells may induce immunosuppression via the engagement of
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co-inhibitory receptor CTLA-4 on T cells (Austin et al., 2016). Additionally, AML blasts were reported
to express high levels of CD112 and CD155, which was correlated with a downregulation of their
stimulatory receptor CD226 on NK (Sanchez-Correa et al., 2012) and T cell side (Wang et al., 2018)
and led to an impaired prognosis. To sum up, AML blasts may develop specific strategies in order to
create environmental conditions favorable for leukemia progression by counteracting T cell
mediated cytotoxicity (Austin et al., 2016).

Nevertheless, it remains unclear, which mechanisms in the interaction of AML blasts and T cells
contribute to immunoescape in pediatric AML, as mentioned results were mainly obtained in adults

(Kaspers and Creutzig, 2005).
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3 Aims and objectives of this study

Although immunotherapy has developed from a promising therapeutic option to a robust clinical
reality for treating cancer patients over the last decades, pediatric AML patients did not profit so far
from this development. This is due to the unknown immunogenicity of AML, lacking feasible

AML-specific target antigens and low patient numbers that make clinical studies cumbersome.

In order to analyze the immunologic landscape within the AML bone marrow and to identify possible
target antigens for combinatorial CAR-T cell therapy, bmT cells (T cells within the bone marrow), AML
blasts, NK and NKT cells within bone marrow samples of 29 pediatric AML patients and 9 healthy
bone marrow (BM) donors were assayed by flow cytometry, RNA-sequencing and ATAC-sequencing.
Subsequently, three differential analyzes were most relevant to us:
(1) AML patients vs. healthy controls: what is the effect of AML disease on healthy bone marrow
immune populations such as T cells?
(2) Initial AML samples with future relapse vs. initial AML samples without future relapse: can
we define prognostic factors at time of primary diagnosis?
(3) Initial AML samples vs. relapsed AML samples: what changes occur both on the side of
leukemia and bmT cells during the course of AML relapse?
Finally, we examined whether the observed changes in phenotype of physiologic immune cells were
linked to blast phenotype by integrating results from both populations. Thus, to determine whether
AML blasts do induce e.g. T cell phenotype changes we analyzed two common axes of interaction
between antigen-presenting cells (APCs) and T cells in the context of AML. To that end, we correlated
the expression of CD86 and CD112/CD155 on AML blasts to the respective expression of
CTLA-4/CD28 on bmT cells and TIGIT/CD226 on bmT cells, NK and NKT cells.
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4 Materials

4.1 Equipment and software

Equipment/software

Name, Manufacturer

Cell counting
auxiliaries

Cell Counting Chamber Neubauer, Chamber Depth 0.1 mm, Paul Marienfeld, Lauda-
Konigshofen, Germany

Mini Centrifuge Fresco 17, Heraeus, Hanau, Germany

Centrifuges

Centrifuge 5810R, Eppendorf, Hamburg, Germany

Cooler (4 °C) Comfort No Frost, Liebherr, Biberach an der RiB, Germany

Freezer (-20 °C) Premium No Frost, Liebherr, Biberach an der Ri3, Germany

Cooling units

Freezer (-86 °C) HERAfreeze HFC Series, Heraeus, Hanau, Germany

Thermo Scientific Cryo 200 liquid nitrogen dewar, Thermo Fisher Scientific, Waltham,
Massachusetts, USA

BD FACSAria lll, BD, Franklin Lakes, New Jersey, USA

Flow cytometer

BD LSRFortessa Cell Analyzer, BD, Franklin Lakes, New Jersey, USA

Heat block

Eppendorf ThermoMixer comfort, Eppendorf, Hamburg, Germany

Incubator

HERAcell 240, 150i CO, Incubator, Thermo Fisher, Waltham, Massachusetts, USA

Laminar flow hood

HERAsafe, Thermo Fisher, Waltham, Massachusetts, USA

Cleaner Box UVC/T-M-AR, DNA-/RNA UV-cleaner box, Biosan, Riga, Latvia
Vortexer Vortex Genie 3, IKA-Werke, Staufen, Germany

Microscope Leica DM IL, Leica Microsysteme, Wetzlar, Germany
gii.;enn;jzl:ro Agilent Technologies, Santa Clara, California, USA

Pipettes (manual)

2,5 ul, 20 ul, 200 pl, 1000 ul Eppendorf Research, Eppendorf, Hamburg, Germany

BD FACSDiva 8.0.1, BD Biosciences, Franklin Lakes, New Jersey, USA

FlowJo 10.0.7r2, Ashland, Oregon, USA

GraphPad PRISM 7.0, La Jolla, California, USA

Software Microsoft Office 2010, Redmond, Washington, USA
2100 Bioanalyzer Expert, Agilent Technologies, Santa Clara, California, USA
DNASTAR — Lasergene, DNASTAR, Madison, Wisconsin, USA
Arraystar 15, DNASTAR, Madison, Wisconsin, USA

Sequencer NextSeq500 & NextSeq550, lllumina, San Diego, California, USA

Thermocycler

pegSTAR 96 Universal Gradient, Isogen, Utrecht, Netherlands

Vacuum pump

Vakuumsytem BVC 21 NT, Vacuubrand, Wertheim, Germany

Water bath

3043, Kéttermann, Uetze/Hanigsen, Germany

Freezing container

Nalgene Mr. Frosty, Thermo Fisher Scientific, Waltham, USA
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Pipettes (electrical)

Easypet 3, Easypet Original, Eppendorf, Hamburg, Germany

Scale R 200 D, Sartorius AG, Gottingen, Germany

4.2 Solutions, media and sera for cell culture

Solution/Medium/Serum Order number | Manufacturer

Compensation beads 552843 BD Biosciences, San Diego, California, USA

Fetal Bovine Serum FO804 Sigma-Aldrich CHEMIE, Steinheim, Germany

;Ili( & PERM™ Cell Permeabilization GAS004 Life Technologies, Frederick, Maryland, USA
L-Glutamine 200 mM K 0283 Biochrom, Berlin, Germany
Penicillin/Streptomycin 15140-122 Gibco, Life Technologies, Darmstadt, Germany
Trypan blue 15250-061 Gibco, Life Technologies, Darmstadt, Germany
Tween 20 11332465001 Sigma-Aldrich, St.Louis, Missouri, USA

VLE RPMI 1640 Medium F1415 Biochrom, Berlin, Germany

Nonidet P40 Substitute 11332473001 Sigma-Aldrich, St.Louis, Missouri, USA

PBS 14190-250 Invitrogen, Carlsbad, California, USA

Quick-RNA™ Microprep R1051 Zymo, Irvine, California, USA

Human BD Ec Block™ 564220 Elteec\:,:clcjr;,rsl');\cfﬁézn and Company (BD), Franklin Lakes,
DNAse | 18047-019 Invitrogen, Carlsbad, California, USA

ifj;ggﬁ: High Sensitivity DNA 5067-4626 Agilent Technologies, Santa Clara, California, USA
Agilent RNA 6000 Pico Kit 5067-1513 Agilent Technologies, Santa Clara, California, USA
Digitonin G9441 Promega, Fitchburg, Wisconsin, USA

Illumina NextSeq 500 Mid FC-404-2001 Illumina, San Diego, California, USA

Nextera DNA Library Kit FC-121-1030 Illumina, San Diego, California, USA

RNAse free Tubes 20170-038 VWR International, Radnor, Pennsylvania, USA
DNA Clean & Concentrator™ -5 D4014 Zymo Research Corp., Irvine, California, USA
DMSO 4720.4 Carl Roth, Karlsruhe, Germany

EEE;iX;feEItK::;:IrI Iﬁ:;‘;::nal RNA E7760S New England Biolabs, Ipswich, Massachusetts, USA
:\SI(EE‘&TEJ):TVIPOOC:YJﬁQ) MRNA Magnetic S7490S New England Biolabs, Ipswich, Massachusetts, USA
Il\llliiql\:s)a(?(Ig/luualrill:r)ml::le:xollirfr?wsefrzrSet 1) E7600S New England Biolabs, Ipswich, Massachusetts, USA
y;??f;;&?éi;) High Output Kit 20024907 lllumina, San Diego, California, USA

17
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4.3 Consumables

Consumable Order number Name, Manufacturer

Cannula 851.638.235 Safety-Multifly-Needle, Sarstedt, Nimbrecht,
Germany

Cell culture dish 664 160 Cellstar Greiner Labortechnik, Kremsmiinster,

Austria

Cell culture flasks with ventilation

caps

83.3910.002,
83.3911.002,

T25, T75, T175, Sarstedt, Nimbrecht, Germany

83.3912.002
Compresses 18507 Gauze Compresses 10 x 10 cm, Nobamed Paul
Danz, Wetter, Germany
Cover slips C10143263NR1 MenzeI-GIas.er 20 x 20 mm, Gerhard Menzel,
Braunschweig, Germany
340345, . _—
FACS buffers and solutions 340346, FACS clean/rlnse/flow', Becton, Dickinson and
Company (BD), Franklin Lakes, New Jersey, USA
342003
Freezing tubes 72.379 Cryo Pure Gefals 1.8 ml, Sarstedt, Nimbrecht,
Germany
Pasteur pipettes 247720 Glass Pasteur Pipettes 230 mm, Brand, Wertheim,

Germany

70.1130.217,

Pinette tios 70.760.213, 0.1-2.5 pl, 10 pl, 20 pl, 100 pl, 2-200 pl, 1000 pl,
P P 70.760.212, Sarstedt, Nimbrecht, Germany
70.762.211
62.554.502 15 ml, Sarstedt, Nimbrecht, Germany
4440100 50 ml, Orange Scientific, Braine-I'Alleud, Belgium
Reaction vessels
72.690.550 1.5 ml, Sarstedt, Nimbrecht, Germany
72737 ijltlply-Pro 0,2ml Biosphere, Sarstedt,
Nimbrecht, Germany
Round bottom tubes with cell 5 ml Polystyrene Round Bottom Tube, Falcon,
. 352235 . . ) .
strainer snap cap Corning Science, Taumaulipas, Mexico
Safety gloves 9209817 Vaso Nitril Blue, B. Braun Melsungen, Melsungen,

Germany

Serological pipettes

86.1685.001,
86.1253.001,

5 ml, 10 ml, 25ml Serological Pipette, Sarstedt,
Nimbrecht, Germany

86.1254.001
Skin disinfectant 975512, Sterilium Classic Pure, Sterilium Virugard,
306650 Hartmann, Heidenheim, Germany

Surface disinfectant

CLN-1006.5000

Ethanol 80 % MEK/Bitrex, CLN, Niederhummel,
Germany

RNAse AWAY

A998.4

Molecular bioproducts

4.4 Antibodies

FI - .
uoro Antigen Clone Order number Manufacturer
chrome
AF 488 CCR1 5F10B29 362906 Biolegend, San Diego, California, USA
AEGAT EMR2 494025 564342 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
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APC 2B4 C1.7 329511 Biolegend, San Diego, California, USA
APC CD28 CD28.2 561792 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
APC CCR4 REA297 130-103-883 Miltenyi Biotec, Bergisch Gladbach, Germany
APC CD57 TBO3 130-099-748 Miltenyi Biotec, Bergisch Gladbach, Germany
APC HVEM 122 318808 Biolegend, San Diego, California, USA
APC CD80 2D10 305219 Biolegend, San Diego, California, USA
APC CTLA-4 BNI3 555855 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
APC D8 K1 345775 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
APC MUCL sES by MTA obtained by MTA with the university of
Copenhagen
APC- Viability 730804 FAB71261A eBioscience, Waltham, Massachusetts, USA
eFluor780 Dye
BB515 TIM-3 703 565568 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BB515 cD27 M-T271 564643 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BB515 CD196 11A9 564479 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BB515 CD96 6F9 564774 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BUV395 CDASRO UCHLL 564292 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BUV395 CD45 HI30 563792 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BUVA96 cDa K3 564651 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BUVA96 D38 HIT2 564658 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BUV737 D3 UCHT1 564308 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BV421 PD-1 EH12.2H7 329919 Biolegend, San Diego, California, USA
BV421 GITR 108-17 371208 Biolegend, San Diego, California, USA
BV421 TCRy/6 B1 331217 Biolegend, San Diego, California, USA
BV421 TIGIT A15153G 372709 Biolegend, San Diego, California, USA
V421 CD371 50C1 242929 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BV421 PD-L1 29E.2A3 329714 Biolegend, San Diego, California, USA
BVA21 CD275 D3 B7-H2 | 564276 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BVE50 CDBL DREG-56 563808 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BV650 CD33 WM53 303429 Biolegend, San Diego, California, USA
BV650 PD-1 EH12.2H7 329949 Biolegend, San Diego, California, USA
BV785 LAG3 11C3C65 369322 Biolegend, San Diego, California, USA
BV786 cD127 HIL7R-M21 | 563324 Becton, Dickinson and Company (BD), Franklin

Lakes, New Jersey, USA
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BV785 CD155 TX24 244720 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
BV785 CD86 1T2.2 305441 Biolegend, San Diego, California, USA
BV785 TIM-3 F38-2E2 345031/345032 | Biolegend, San Diego, California, USA
BV785 CD3 Oct-03 317330 Biolegend, San Diego, California, USA
BV786 CTLA-4 BNI3 563931 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA

BV786 ICOS C398.4A 313534 Biolegend, San Diego, California, USA

BV786 CD226 DX11 742497 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA

BV786 CD123 6H6 306031 Biolegend, San Diego, California, USA

FITC CD16 REA423 130-106-761 Miltenyi Biotec, Bergisch Gladbach, Germany

FITC CD73 AD2 344016 Biolegend, San Diego, California, USA

PE CD160 BY55 341205 Biolegend, San Diego, California, USA
PE 0X-40 Ber-ACT35 350003 Biolegend, San Diego, California, USA
PE CD25 M-A251 356103/356104 | Biolegend, San Diego, California, USA
PE CD56 REA196 130-100-653 Miltenyi Biotec, Bergisch Gladbach, Germany
PE CD85d 42D1 338706 Biolegend, San Diego, California, USA
PE CD112 TX31 337410 Biolegend, San Diego, California, USA
PE OX-40L i1 558164 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
PE LAG-3 11C3C65 369306 Biolegend, San Diego, California, USA
PE MUCL 5E10 By MTA obtained by MTA with the university of
Copenhagen
PE-CF594 CXCR3 106/CXCR3 | 562451 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA
PE-CE594 CD45 HI30 562312 Becton, Dickinson and Company (BD), Franklin
Lakes, New Jersey, USA

PE-Cy7 CD39 Al 328211 Biolegend, San Diego, California, USA

PerCP- . . . .

Cy5.5 CD135 BV10A4H2 313316 Biolegend, San Diego, California, USA

PerCP- . . . .

Cy5.5 CD47 CC2C6 323109 Biolegend, San Diego, California, USA

PerCP- . . . .

Cy5.5 CD70 113-16 355107/355108 | Biolegend, San Diego, California, USA

PerCP- . . . .

Cy5.5 CD8 SK1 344709 Biolegend, San Diego, California, USA
PEVio770 CD95 DX2 130-104-232 Miltenyi Biotec, Bergisch Gladbach, Germany
PEVio770 CD34 AC136 130-100-844 Miltenyi Biotec, Bergisch Gladbach, Germany

VioBlue CD45 5B1 130-092-880 Miltenyi Biotec, Bergisch Gladbach, Germany
V"’F?T”Cght CD4 REA623 | 130-109-457 Miltenyi Biotec, Bergisch Gladbach, Germany
Viobright . I .

FITC CDh4 REA623 130-113-229 Miltenyi Biotec, Bergisch Gladbach, Germany
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4.5 Isotype controls

Fluorochrome

Isotype control

Order number

Company

APC Mouse IgG1, k 400121 Biolegend, San Diego, California, USA
Becton, Dickinson and Company (BD), Franklin
APC Mouse IgG2a k 552893 Lakes, New Jersey, USA
Becton, Dickinson and Company (BD), Franklin
BB515 Mouse, 1gG1, k 564416 Lakes, New Jersey, USA
Becton, Dickinson and Company (BD), Franklin
BV421 Mouse 1gG2b, k 562748 Lakes, New Jersey, USA
BVv421 Mouse 1gG1, k 400158 Biolegend, San Diego, California, USA
Becton, Dickinson and Company (BD), Franklin
BV786 Mouse IgG1, k 563330 Lakes, New Jersey, USA
FITC Mouse IgG1, k 130-098-105 Miltenyi Biotec, Bergisch Gladbach, Germany
FITC Mouse 1gG1, k 400109 Biolegend, San Diego, California, USA
PE Mouse 1gG1, k 400113 Biolegend, San Diego, California, USA
PE-Cy7 Mouse 1gG1, k 400125 Biolegend, San Diego, California, USA
PerCP-Cy5.5 Mouse IgG1, k 400149 Biolegend, San Diego, California, USA

21




Methods

5 Methods

5.1 Selection of bone marrow samples for analysis

36 bone marrow samples (BM samples) of pediatric AML patients at the time of primary diagnosis or
at the time of relapse were selected from the biobank of the children’s hospital. Furthermore, 9
samples of age-matched healthy bone marrow donors (healthy BM donors) were chosen from the
same biobank in order to be used as a healthy control for the observations made in AML patients.
The following criteria were taken into account for the selection of AML patient samples: (1) date of
diagnosis, (2) age at the time of diagnosis, (3) gender, (4) therapy status (naive or after treatment),
(5) follow up, (6) initial white blood cell count and (7) bone marrow blast frequency. Samples from
initial diagnosis had to be therapy naive in order to be included in the study. Relapse samples were
only included, if relapse treatment had not started yet, but independent of therapy status of initial
diagnosis. Additionally, samples of patients diagnosed with acute promyelocytic leukemia (AML M3)
were excluded. Sample selection and analysis was performed according to the guidelines of the
HaunerHematologyBiobank (Projekt Nr: 17-163, Ethikkomission der LMU Minchen). Patient samples
(N=36) were anonymized and subsequently labelled according to their utilization in this project:
samples of patients without relapse (A002 — A016, N=14), primary samples of relapse patients (A301-
A306, N=7) and relapse samples (A401 — A410 for first relapse, N=10; A501, A503 for second relapse;
A601 for third relapse; A701 for fourth relapse; A801 for fifth relapse). Samples of healthy BM donors
(N=9) were equally anonymized and subsequently labelled (A101-A110). Further healthy BM donor

and patient characteristics are presented in Figure 4 and Figure 5.
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Healthy BM donors All cases
Samples, n 9 29
Age, mean (range) 7.3y ({0.9-16.4) 7.6y{0.4-16.6)
Gender, n (%)
Male 5(56) 13 (45)
Female 4(44) 16 (55)
AML, all cases
Samples, n 29
FAB, n (%)
Mo 1(3.4)
M1 2 (6.9)
M2 7(24.1)
m3 0(0)
M4 8(27.6)
M4eo 3(10.3)
M5 4(13.8)
M6 1(3.4)
M7 1(3.4)
unknown 2 (6.9)

Age at initial Dx,

mean (range)

7.6y (0.4-16.6)

Future relapse (%)

15(51.7)

Time to relapse,

mean (range)

1.3y (0.2-2.8)

Exitus letalis (%)

6(20.7)

Monitoring period,

mean (range)

6.7y (0.8-14.4)

Figure 4: Healthy bone marrow donor and AML patient characteristics. A) General information of healthy BM
donors and AML patients. B) Detailed AML patient information including AML subtypes and age at time of
diagnosis. Healthy BM donors: healthy BM donors, initial Dx: initial diagnosis.
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Patient | Initial Dx | 1strelapse | 2" relapse | 3" relapse | 4t relapse | 5 relapse
1 A301
2 A302
3 A303 A503
4 A306 A406
5 A307 A407
6 A308 A408
7 A309* b
8 A401
9 A402
10 A403
11 A404
12 A405
13 A409
14 A410
15 A501 A601 A701 A801

Figure 5: Samples of relapsed pediatric AML patients. Measured samples with respective patient codes in
green, unavailable samples in red. * indicates CNS relapse, blank cells indicate that the respective relapse did
not occur. Initial Dx: Initial Diagnosis.

5.2 Cell culture methods

5.2.1 Cell culture

Cells cultures were stored in the HERAcell 240i CO, Incubator at 37 °C and 5 % CO.,. All cell culture

related processes were performed under sterile bench conditions.

5.2.2 Thawing of cells

After being transported on dry ice to a sterile bench in the S1 area, samples were thawed by agitating
them for about 2 min in a 37 °C water bath. Subsequently, 1.8 ml of sample volume was added to
13.2 ml of 37 °C RPMI-Medium (10 % FCS, 1 % Pen-strep, 1 % L-Glutamin) to which DNAsel had been
added (100 U/ml) to prevent sample clotting. Live cells were counted in a Neubauer counting
chamber using trypan blue to identify dead cells that were not counted. After 10 min of
centrifugation at 300 g at room temperature the supernatant was aspirated and the remaining cell
pellet resuspended in PBS+1 % FCS up to a maximal concentration of 10x10e7/ml.

In case of insufficient dissolving of the cell pellet after centrifugation DNAsel was added at an

increased concentration (200 U/ml, in PBS+1 % FCS) and the cell suspension was incubated for

24



Methods

15 min at 37 °C (HERAcell 240i CO; Incubator). After centrifugation for 4 min at 400 g, the pellet was

resuspended again in an appropriate amount of PBS+1 % FCS with regards to the cell count.

53 Immunological methods

5.3.1 Staining of patient samples with fluorochrome labelled monoclonal antibodies
(mADb) for flow cytometry analysis

The following steps were performed in an unsterile environment. Prior to FACS staining all samples
but samples A002-A010 and A101-A110 were treated with the Human BD Fc Block™ to reduce
potential non-specific antibody staining caused by cellular receptors for IgG.

Subsequently, samples were analyzed in 8 single tubes by using 8 different 12- or 13-color panels
(Figure 6). For cell type definition (e.g. AML blasts, CD3+ T cells in the bone marrow: bmT cells) and
characterization of bmT cell maturation stage (e.g. CD62L-CD45R0-: effector bmT cells) 3 different 5-
or 6-color backbone panels (Blast Panel, T cell Panel, IC panel; Figure 6) were employed. In addition,
5 to 6 other molecules were stained in each panel (Figure 6). For the latter isotype and
fluorescence-minus-five (FMF) or fluorescence-minus-six (FMS) controls were performed.

After adding 25 pl of cell suspension (containing 1-10x10° cells in PBS+1 % FCS) to 25 pl of antibody
mix, the mixture was incubated for 20 min in the dark at room temperature. Intracellular staining of
CTLA-4 and PD-L1 was performed after extracellular staining by using the FIX & PERM™ Cell
Permeabilization Kit by ThermoFisher according to the manufacturers” protocol (4.2). Being stained,
cells were washed once (400 g x 4 min), resuspended in 400 pul PBS+1 % FCS and stored in the dark at
4 °C. Prior to measurement, all samples were strained through a filter with 35 um filtering capacity.
During the project some antigens had to be changed. As in samples A002-A010 and A101-A110
CTLA-4 could not be detected on the cell surface, BV786-CTLA-4 was replaced with BV785-LAG-3 for
all other patients’ samples (T1, Figure 6). Except one patient (Figure 7), MUC1 5E10 and MUC1 5E5
were only weakly expressed on AML blasts of patient samples A002-A010 in contrast to CD454im cells
of healthy BM donors’ samples A101-A110, whereas CD96 was not only expressed on blasts, but also
on bmT cells. Consequently, all three markers were not suited as CAR-targets and therefore replaced
by three markers from the literature (CCR1, CD85d and EMR2, Perna et al., 2017). Those were

stained in all other patient samples.
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PerCP-Cy5.5 D8 B PE-Vio770 CD34 c PerCP-Cy5.5 D8
PE-Vio770 CD95 APC-eFluor780| live/dead APC-eFluor780| live/dead
APC-eFluor780 | live/dead BV650 CD33 BV650 PD-1
BV650 CD62L BUV737 CD3 BUV737 D3
BUV737 CD3 BUV496 CD38 BUV496 CD4
BUV496 D4 BUV395 CD45 BUV395 CD45
BUV395 CD45R0O
D T1: Exhaustion T2: Stimulation E T1: Exhaustion T2: Stimulation
BB515 TIM-3 BB515 CD27 BB515 TiM-3 BB515 CD27
PE CD160 PE 0OX40 PE CD160 PE 0X40
APC 2B4 APC CD28 APC 2B4 APC (D28
BV786 CTLA4 BV785 1COS BV785 LAG-3 BV785 1COS
BvV421 PD-1 BV421 GITR BV421 PD-1 BvV421 GITR
T3: T cell subsets T4: NK & NKT cell function T3: T cell subsets T4: NK & NKT cell function
BB515 CCR6 FITC CD16 BB515 CCR6 FITC CD16
PE-CF594 CXCR3 PE-CF594 CD45 PE-CF594 CXCR3 PE-CF594 CD45
PE CD25 PE CD56 PE CD25 PE CD56
APC CCR4 APC CD57 APC CCR4 APC CD57
BV786 CD127 BV786 CD226 BV786 CD127 BV786 CD226
BvV421 TCRyS BvV421 TIGIT BV421 TCRyS BvV421 TIGIT
B1: CAR targets B2: Inhibiton B1: CAR targets B2: Inhibiton
PerCP-Cy5.5| CD135 |PerCP-Cy5.5 CDa7 PerCPCy5.5| CD135 |PerCP-Cy5.5 CD47
BB515 CD96 BB515 TIM-3 Alexa Fluor CCR1 BB515 M3
PE MUC15E10 PE CD112 488
APC MUC1 5E5 APC HVEM PE CD8&5d PE CD112
BV785 D123 BV786 CD155 Alexa Fluor EMR2 APC HVEM
BV421 L1 BV421 PD-L1 L
B3: Stimulation IC: T cells and Blasts BV78s £D123 Bv785 D155
PerCP-Cy5.5 CD70 FITC CD73 Sues b S Lt
BB515 D27 PE/Cy7 CD39 B3: Stimulation IC: T cells and Blasts
PE OX40L PE LAG3 PerCP-Cy5.5 CD70 FITC D73
APC CD30 APC CTLAA BB515 cD27 PE/Cy7 CD39
BV785 | (D86 BV785 M3 PE Oxag4L PE LAG-3
BVA21 | ICOSL BV421 PD-L1 APC Do AP CILA4
BV785 CD86 BV785 TIM-3
BvV421 ICOSL Bv421 PD-L1

Intracellular staining
changed antigens

Figure 6: Flow cytometry panel design. A) T cell backbone panel. B) Blast backbone panel. C) IC backbone
panel. D) T cell panels, Blast panels and Intracellular panel for A002-A010 and A101-A110. CTLA-4 and PD-L1
were stained intracellularly. E) T cell panels, Blast panels and Intracellular panel for A011-A016, A301-A309,
A401-A410, A501, A601, A701 and A801. CTLA-4 and PD-L1 were stained intracellularly. T1-T4: T cell panels,
B1-3: Blast panels, IC: Intracellular panel.
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SSC-A
SSC-A

MUC1 5E5 MUC1 5E10
Isotype Ctrl Isotype Ctrl

Figure 7: MUC1 5E5 and MUC1 5E10 expression on blasts of AML patient A005. Patient AOO5 showed the
highest MUC1 5E5 (A: 79.4 %) and MUC1 5E10 (B: 18.8 %) expression levels on AML blasts of measured
patients A002-A010. On blasts of the other patients, these antigens were only weakly expressed compared to
CDA454im cells of healthy BM donors. Ctrl: Control.

5.3.2 Automated bead compensation

Prior to the measurement of BM samples automated bead compensation was performed. For this
purpose, a single-stained compensation control tube was set up for each color used.

For all fluorochromes except for the viability dye APC-eFluor 780 positive (BD™ CompBeads Anti-
Mouse Ig, k particles) and negative (BD™ CompBeads Negative Control particles with no binding
capacity) beads were used according to the BD LSRFortessa Cell Analyzer User’s Guide (4.1). For the
viability dye APC-eFluor 780 dead PBMCs (10 min at 65 °C) were used instead of positive beads.
Additionally, a tube containing negative beads and no fluorochrome labelled antibodies served as
unstained control and two different all in tubes (with or w/o PE-CF594) containing both positive and
negative beads, all antibodies and dead cells were prepared.

With a total volume of 50 ul (antibody + beads/PBMC or both + PBS+1 % FCS) the samples were
incubated for 20 min in the dark at room temperature, washed once with PBS+1 % FCS and eluted in
400 pl PBS+1 % FCS. The spectral overlap of the fluorochromes was measured at the BD LSRFortessa
and a compensation matrix was calculated by using the BD FACSDiva 8.0.1 software according to the

BD LSRFortessa Cell Analyzer User’s Guide. If necessary, voltages were adapted.

5.4  Sorting of bone marrow populations at the BD FACSAria Ill

Parallel to the staining process for flow cytometry analysis 50 pl of each sample’s cell suspension was

added to an antibody mixture containing 8 fluorochrome labelled antibodies: VioBright FITC-CD4,
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PEVio770-CD34, PE-CD56, APC-eFluor780-live/dead, APC-CD8, BV785-CD3, BV650-CD33 and
VioBlue-CDA45.

After 20 min of incubation in the dark at room temperature 4 bone marrow populations per sample
were sorted into tubes containing 100 % FCS at 4 °C in order to maximize cell viability: CD4+
bmT cells, CD8+ bmT cells, CD454im cells (AML blasts/healthy control) and NK cells (Figure 8).

To document sample purity higher than 95 %, a post-sort was performed for 57 % of the sorted cell
populations dependent on number of sorted cells (Figure 9).

Subsequently, sorted cell populations were processed further for downstream analysis: chromatin
transposition, RNA and DNA isolation. Healthy BM donors’ samples were treated equally.
Compensation matrices for the sorting panel were generated regularly according to the
manufacturers’ protocol. Sorting at the BD FACSAria lll was performed in cooperation with the

working group of Prof. Dr. Dr. Klein.

5.5 Antibody titration

To determine the best antibody concentration for an optimized separation between the positive and
the negative population, all antibodies were titrated prior to analysis of BM samples. Therefore, a
known number of cells was stained with decreasing amounts of antibodies starting with the
concentration recommended by the manufacturers. The antibody amount and concentration
resulting in the highest signal-to-noise ratio was identified by eye in FlowJo 10.5.0 and subsequently

used in the panel.
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Figure 8: Sorting of bone marrow populations. Gating strategy for sorting as indicated by arrows between
plots: (1) SSC-A vs. FSC-A: selection of cells by size and granularity, (2) FSC-H vs. FSC-A: excluding doublets, (3)
SSC-A vs. live/dead: elimination of dead cells, (4) SSC-A vs. CD45: gating for CD454im (AML blasts/healthy
control) and CD45nigh cells, (5) CD56 vs. CD3: differentiation of CD45high cells in NK cells and bmT cells, (6) CD8
vs. CD4: differentiation of bmT cells in CD8+ and CD4+ bmT cells. The following bone marrow populations were
sorted: CD454im cells (AML blasts/healthy control), NK cells, CD8+ bmT cells and CD4+ bmT cells.
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Figure 9: Exemplary post-sort of CD8+ bmT cells of patient A009. All measured cells are within the CD8+
bmT cells gate. The CD4+ bmT cells gate, the NK cells gate and the CD454im cells gate (AML blasts/healthy
control) are event-free. Therefore high sample purity of the sorted CD8+ bmT cell population is shown by using
following gating strategy: (1) SSC-A vs. FSC-A: selection of cells by size and granularity, (2) FSC-H vs. FSC-A:
excluding doublets, (3) SSC-A vs. live/dead: elimination of dead cells, (4) SSC-A vs. CD45: gating for CD45dim
(AML blasts/healthy control) and CD45high cells, (5) CD56 vs. CD3: differentiation of CD45high cells in NK cells
and bmT cells, (6) CD8 vs. CD4: differentiation of bmT cells in CD8+ and CD4+ bmT cells.

5.6 Flow cytometry data analysis

5.6.1 General gating strategies

To analyze the flow cytometry data generated at the BD LSRFortessa the software FlowJo 10.5.0 was
used. In order to identify the cells of interest based on the relative size and complexity of the cells,
while removing debris and other events that are not of interest, following steps were used as general
gating strategy in the FlowlJo files of all samples.

(1) SSC-A vs. FSC-A: selection of cells by size and granularity
(2) FSC-H vs. FSC-A: including singlets and excluding doublets
(3) SSC-A vs. APC-eFluor 780: elimination of dead cells from further analysis

Depending on the respective panel the living cells were differentiated into CD3+ bmT cells , further

divided into CD3+CD4+ and CD3+CD8+ bmT cells (T cell panels, Figure 10), CD454m cells (AML
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blasts/healthy control, Blast panels, Figure 11), NK and NKT cells (Figure 12). For convenience,
CD3+CD4+ and CD3+CD8+ bmT cells were referred to as CD4+ and CD8+ bmT cells.

The populations of CD3+ bmT cells in common, CD4+ bmT cells, CD8+ bmT cells, NKT and NK cells
were analyzed for the expression of co-inhibitory and co-stimulatory molecules and for the
expression of combinations out of these molecules.

By using CD62L, CD45R0 and CD95 the bmT cell maturation stages could be further described (Figure
10): CD62L-CD45RO- cells were interpreted as effector bmT cells, CD62L-CD45R0O+ cells as effector
memory bmT cells and CD62L+CD45R0+ cells as central memory bmT cells. As naive T cells are
specified to be CD95-CD62L+CD45R0- cells and CD95+CD45R0O-CD62L+ cells are defined as stem cell-
like memory T cells, the CD95-CD62L+ population was interpreted as naive bmT cell subpopulation
and its percentage was subtracted from the percentage of the CD62L+CD45R0O- population in order
to define the stem cell-like memory bmT cells.

For the CD454im cells (AML blasts/healthy control), CD38 vs. CD34 was used to define four
distinguishable maturation stages of blasts (Figure 11). Here, CD38-CD34+ Blasts were defined as
leukemic stem cells (LSCs) in case of the AML patients or as hematopoietic stem cells in case of the
healthy BM donors. Moreover, expression levels of both stimulatory and inhibitory molecules, as well
as the expression of possible target structures were measured on the blasts’ surface.

In the Intracellular (IC) panel markers CD3, CD4 and CD8 for further evaluation of bmT cells were

used together with CD45 to characterize CD454im cells (AML blasts/healthy control).
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Figure 10: General FlowJo gating strategy for T cell panels (T1-T3, Figure 6). The following gating steps were
performed in order to characterize CD4+ and CD8+ bmT cells, as well as the different maturation stages of
bmT cells: (1) SSC-A vs. FSC-A: selection of cells by size and granularity, (2) FSC-H vs. FSC-A: excluding doublets,
(3) SSC-A vs. Live/dead: elimination of dead cells, (4) SSC-A vs. CD3: gating for bmT cells, (5) CD8 vs. CD4:
differentiation of bmT cells in CD4+ and CD8+ bmT cells, (6) CD62L vs. CD95 and CD62L vs. CD45R0: description
of bmT cell maturation stages. CD62L-CD45RO- cells were interpreted as effector bmT cells (Ter),
CD62L-CD45RO+ cells as effector memory bmT cells (Tem), CD62L+CD45R0O+ cells as central memory bmT cells
(Tem) and CD95-CD62L+ cells as naive bmT cells (Tn). CD62L+CD45R0O- were defined as sum out of naive
bmT cells (Tn) and stem cell-like memory bmT cells (Tscm). Tn: naive bmT cells, Tsem: stem cell-like memory
bmT cells, Tem: central memory bmT cells, Tem: effector memory bmT cells, Terr: effector bmT cells.
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Figure 11: General FlowJo gating strategy for Blast panels (B1-B3, Figure 6). The following gating steps were
performed in order to characterize CD454m cells (AML blasts/healthy control), as well as the different
maturation stages of CD454im cells: (1) SSC-A vs. FSC-A: selection of cells by size and granularity, (2) FSC-H vs.
FSC-A: excluding doublets, (3) SSC-A vs. Live/dead: elimination of dead cells, (4) SSC-A vs. CD45: gating for
CD454im cells (AML blasts/healthy control), (5) CD38 vs. CD34: differentiation of blasts in four distinguishable
stages of maturation (CD34+CD38-: Leukemic Stem Cells).
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Figure 12: General Flowlo gating strategy for T4 Panel (Figure 6). The following gating steps were performed
in order to characterize bmT cells, NK and NKT cells: (1) SSC-A vs. FSC-A: selection of cells by size and
granularity, (2) FSC-H vs. FSC-A: excluding doublets, (3) SSC-A vs. Live/dead: elimination of dead cells, (4) SSC-A
vs. CD45: gating for CD45high cells, (5) CD56 vs. CD3: gating for bmT cells, (6) SSC-A vs. CD3: differentiation in
CD3- and CD3+ CD45nigh cells, (7) CD56 vs. CD16: gating for NK and NKT cells.

5.6.2 Analysis of bmT cell subsets

CXCR3, CCR6 and CCR4 (T3, Figure 6) were used to examine the proportional distribution of the
different bmT cell subsets. After gating on naive CD4+ bmT cells (CD45R0-CD95-), CCR4-CCR6-CXCR3-
cells were defined as ThO T cells. Mature CD4+ T cells (CD45R0O+CD95+) were further differentiated
into the following 7 populations:

- CCR4-CCR6+CXCR3+ (Th1Th17),
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- CCR4-CCR6+CXCR3- (CCR6+0nNly),

- CCR4+CCR6+CXCR3- (Th17),

- CCR4+CCR6+CXCR3+ (CXCR3+Th17),

- CCR4+CCR6-CXCR3- (Th2),

- CCR4+CCR6-CXCR3+ (CXCR3+ Th2) and

- CCR4- CCR6- CXCR3+ cells (Th1), (Figure 13).

Regulatory bmT cells (bmT,egs) were characterized as CD127ow/CD25high/CD4+ bmT cells (Figure 14).
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Figure 13: General FlowJo gating strategy for different bmT cell subsets (T3, Figure 6). After gating on CD4+
bmT cells, CD45R0-CD95- cells were defined as naive CD4+ bmT cells and CD45R0O+CD95+ cells were defined as
mature CD4+ bmT cells. After gating on naive CD4+ bmT cells CCR6-CCR4-CXCR3- cells were interpreted as
ThO cells, whereas after gating on mature CD4+ bmT cells CCR6+CCR4-CXCR3+ cells were characterized as
Th1Th17, CCR4-CCR6+CXCR3- as CCR6+ only, CCR4+CCR6+CXCR3- as Th17, CCR4+CCR6+CXCR3+ as
CXCR3+TH17, CCR4+CCR6-CXCR3- as Th2, CCR4+CCR6-CXCR3+ as CXCR3+ Th2 and CCR4- CCR6- CXCR3+ cells as
Th1 cells.
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Figure 14: Representative dot plot of gating strategy for regulatory bmT cells (bmTregs). bmTregs were identified
as CD1271ow/CD25high/CD4+ bmT cells using the following pregating steps: SSC-A vs. FSC-A, FSC-H vs. FSC-A,
SSC-A vs. live/dead, SSC-A vs. CD3+, CD8 vs. CDA4.

5.6.3 Gating strategies for surface and intracellular markers

5.6.3.1 Single-parameter

To analyze the single-parameter surface and intracellular expression, the gate was set according to
populations, if possible (Figure 15). In a second step, also the Isotype control, the FMF/FMS control
(fluorescence-minus-five/six) and the unstained control were taken into account. Later, all positive
percentages of the Isotype controls (<5 %) were subtracted from the positive percentages of the
stained samples. In specific cases, it was not subtracted due to different reasons (see: Isotype
control: Trouble shooting) or the mean value of the positive percentages of the Isotype controls of all
other samples was subtracted instead.

Concerning markers, for which there was no out-growing positive population or two separate
populations visible, gating was performed directly according to the Isotype control as this proved to
be the strictest control (Figure 16). That applies particularly to CD454im cells (AML blasts/healthy
control). Here, the same strategy was equally used for analysis of both AML patients’ samples and
healthy BM donors to avoid analysis bias and ensure consistent flow cytometry data analysis.

In contrast, other working groups used different strategies to evaluate antigen expression intensity
on AML blasts, e.g. MFI ratio: here, the MFI value of the antigen-specific antibody was divided by the
MFI value of the respective isotype control (Haubner et al., 2019) to evaluate expression values. In
order to check comparability, MFI ratio of TIM-3 expression on AML blasts was calculated, but the

resulting expression levels were correlated with expression values calculated by gating according to
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the Isotype control. Thus, the above-mentioned gating strategy was kept for shifting positive

populations.

A

SSC-A
SSC-A

Isotype Ctrl PD-1

SSC-A
SSC-A

Isotype Ctrl 2B4

Figure 15: Representative dot plots of gating strategies for single-parameter surface and intracellular
expression. A) Out-growing positive populations: To analyze the PD-1 expression on CD3+ bmT cells, the gate
was set near to the negative population. In a second step, the Isotype control and other controls were taken
into account. B) Two clear populations: To analyze the 2B4 expression on CD3+ bmT cells, the gating step was
performed directly in the middle of both populations. In a second step, the Isotype control and other controls
were taken into account. Ctrl: Control.
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Figure 16: Gating strategy for single-markers with shifting positive populations. To analyze the CLL1
expression on CD454im cells (AML blasts/healthy control) the gating strategy was based on the isotype control.
A) CLL1ow AML blasts of patient A801. B) CLL1nigh AML blasts of patient A011. C) CLL1in: AML blasts of patient
A014. Ctrl: Control, int: intermediate.
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5.6.3.2 Two-parameter

To determine, if a cell does express two surface or intracellular markers at the same time,
two-parameter dot-plots were used (Figure 17). Here, only the percentage of the double positive
cells was exported and analyzed in accordance to the fitting isotype control. For gating the same

strategies were used as with single-parameter analysis (5.6.3.1 and 5.6.4).

Isotype Ctrl
TIM-3

Isotype Ctrl PD-1

Isotype Ctrl
CD39

Isotype Ctrl CTLA-4

Figure 17: Representative dot plots of gating strategies for two-parameter surface and intracellular
expression. A) TIM-3 vs. PD-1 was used in order to identify TIM-3, PD-1 double positive CD4+ bmT cells by using
the following pregating steps: SSC-A vs. FSC-A, FSC-H vs. FSC-A, SSC-A vs. live/dead, SSC-A vs. CD3+, CD8 vs.
CD4. B) CD39 vs. CTLA-4 was used in order to identify CD39, CTLA-4 double positive CD4+ bmT cells by using the
following pregating steps: SSC-A vs. FSC-A, FSC-H vs. FSC-A, SSC-A vs. live/dead, SSC-A vs. CD3+, CD8 vs. CD4.
Ctrl: Control.
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5.6.4 Isotype control: Trouble shooting

The most appropriate isotype control would match the host species, the Ig subclass, the fluorophore
and the manufacturer of the primary antibody as well as the antibody concentration. Due to low cell
counts in AML patient samples and time management, these conditions could not be completely
fulfilled in this project, as the performance of one single isotype control per panel was not possible.
Instead, three different Isotype controls were used per patient sample: one Isotype control for all
T cell panels (T1-4), one Isotype control for all Blast panels (B1-3) and one Isotype control for the IC
Panel (Figure 18). In each of those three isotype controls the backbone antibodies were combined
with the most appropriate isotype controls for all panels: for the T cell panels and Blast panels only
mouse IgG1, k Isotype controls were used, whereas for the IC panel the Isotype controls could be
directly adapted to the primary antibodies in case of host species, the Ig subclass and the
fluorophore. As far as the fluorophore and the manufacturer of the primary antibodies are
concerned, there had been made some compromises, which also leads to the fact that the isotype
controls had to be interpreted with caution in some cases.

Usually, the positives percentages of the Isotype controls were subtracted from the positive
percentages of the stained samples. In cases with positive percentages of the Isotype control more
than 5%, it was evaluated whether this was due to unspecific binding or only due to a shifting
population in the Isotype control. In the latter case, the mean value of the positive percentages of

the Isotype controls of all samples was subtracted instead.
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A PerCP-Cy5.5 CD8 B PerCP-Cy5.5 IgG1, k Isotype control
BB515 IgG1, k Isotype control BB515 IgG1, k Isotype control
PEvio770 CD95 PEvio770 C-D34
PE IgG1, k Isotype control PE IgG1, k Isotype control
APC-eFlour780 |Viability Dye APC-eFlour780 |Viability Dye
APC IgG1, k Isotype control APC IgG1, k Isotype control
BV786 IgG1, k Isotype control BV786 IgG1, k Isotype control
BV650 CD62L BV650 CD33
Bv421 IgG1, k Isotype control BV421 lgG1, k Isotype control
BUV737 CD3 BUV737 CD3
BUV496 CD4 BUV496 CD38
BUV395 CD45R0O BUV395 CD45

C PerCP-Cy5.5 CD8
FITC IgG1, k Isotype control
PE-Cy7 IgG1, k Isotype control
PE IgG1, k Isotype control
IAPC-eFlour780 [Viability Dye
APC IgG2a, k Isotype control
BV786 IgG1, k Isotype control
BV650 PD1
Bv421 IgG2b, k Isotype control
BUV737 CD3
BUV496 CD4
BUV395 CDA45

Figure 18: Flow cytometry panel design of isotype controls. Extracellularly used isotype controls are marked in
orange, whereas intracellularly stained isotype controls are highlighted in blue. A) Isotype control for all T cell
panels. B) Isotype control for all Blast panels. C) Isotype control for the IC panel.

5.6.4.1 FITC-CD16

For the analysis of FITC-CD16 (T4, Figure 6) there was no isotype control taken into account for all
samples, as in the other T cell panels only BB515 labeled antibodies were used, and therefore a
BB515-1gG1 Isotype control was performed as an approximation for all T cell panels. While it is the
case, that BB515 and FITC show very similar excitation and emission properties in flow cytometry,
BB515 is a dye that is up to seven times brighter than FITC. Therefore, for FITC-CD16 this isotype

control was ignored.
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5.6.4.2 FITC-CD73

During the project the FITC Mouse IgG1, k Isotype control from Biolegend was exchanged by the FITC
Mouse 1gG1, k Isotype control from Miltenyi for organizational reasons. This lead to a shifting
population in the Isotype control. Therefore, for analysis of CD73 expression (IC, Figure 6) the mean
value of the positive percentages of the Isotype controls of all other samples was subtracted in all

cases with an isotype control with a positive percentage more than 5 % (Figure 19).

5.6.4.3 PE-LAG-3

PE-LAG-3 (IC, Figure 6) was stained extracellularly, but in the IC Panel. This means, after extracellular
staining cells were fixed and permeablized by using the FIX & PERM™ Cell Permeabilization Kit by
ThermoFisher prior to intracellular staining. PE is a fluorophore with a relatively big mass. Bigger
fluorophores are harder to get into the cell, but also harder to wash back out again if they are not
bound to antigen. Due to this reason, in the isotype control often a positive population was observed
with no similarity to the positive population in the stained. Therefore, the isotype control was

ignored for analysis of LAG-3 expression (Figure 19).
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SSC-A
CD8

|

CD73 LAG-3
Isotype Ctrl Isotype Ctrl

i

CD73
Isotype Ctrl

SSC-A

Figure 19: Exemplary histograms and dot plots for gating difficulties due to the isotype control. A) Usual
gating strategy for CD73 was possible. Isotype control was event-free. B) Usual gating strategy for CD73 could
not be performed without cutting the shifting population in the isotype control. In further analysis, the isotype
control was ignored and not subtracted. The mean value of the positive percentages of all other samples was
subtracted from the positive percentage of the stained sample instead. C) For PE-LAG-3 the isotype control
showed positive populations with no similarity to the positive populations in the stained sample (CD8+
bmT cells were expressing more LAG-3 than CD4+ bmT cells in the stained sample) due to the process of
intracellular staining. Unspecific binding of the antibody was excluded and the isotype control ignored for all
samples.

5.7 RNA isolation

The RNA isolation of the sorted bone marrow populations was performed by using the Quick-RNA™
Microprep Kit from Zymo Research. Therefore, sorted cells were stored on ice for up to 4 hours and
then pelleted by 5 min at 500 g. Afterwards, the supernatant was aspirated, the cell pellet
resuspended in RNA lysis buffer and then frozen either at -20 °C or -80 °C.

After storage at -20 °C for a maximum of 7 days sample material was processed further according to

the kit's manufacturers’ protocol, including DNA in-column digestion prior to RNA isolation. When
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stored at -80 °C, cell material was treated equally, with the exception, that samples could be stored

more than 7 days prior to RNA isolation.

5.8 Quality control of RNA samples

Prior to sequencing, the quality of the isolated RNA was analyzed using the Agilent RNA 6000 Pico Kit
and the Agilent Bioanalyzer 2100 according to the Agilent RNA 6000 Pico Kit Guide. For analysis, 1 pl
of each 15 pl RNA sample was used; in case of samples generated from more than 100.000 cells a
1:10 dilution step with nuclease free water was performed prior to analysis to avoid overloading.
Subsequently, the RNA 6000 Pico chip was loaded according to the Agilent RNA 6000 Pico Kit Guide.
For quality assessment, the RIN (RNA integrity number) value (RIN-value > 7) and height of the 28S

peak (> 18S peak) were taken into account (Figure 20).
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Figure 20: Representative electropherograms of RNA samples from CD8+ bmT cells produced by using the
Agilent RNA 6000 Pico Kit and the Agilent Bioanalyzer 2100. A) Patient A013: With a RIN-value of 9.1 and no
visible elevation of the curve in the fast region this sample could be used for RNA-seq. B) Patient A016: Despite
the low RIN-value of 5.7 (under the threshold of RIN=7), the 28S and 18S peak were still visible and the
elevation of the curve was limited to the 5S region. This indicated a high amount of Micro-RNA in the sample
and not RNA degradation. Sample could be sequenced. C) Patient A302: Sample could not be sequenced due to
a low RIN-value of 3.3 and an elevation within the fast region.
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5.9 DNA isolation

In case of the blasts’ population, a part of the cell suspension was kept for DNA isolation after
sorting, if there were at least 3x10e4 blasts left after chromatin transposition. Therefore, after being
pelleted by 5 min at 500 g, the cell pellet was resuspended in 200 pl PBS and then frozen at -20 °C.
These frozen samples were saved for DNA isolation and further down-stream analysis in the future

such as leukemia exome sequencing for mutational burden analysis.

5.10 Chromatin transposition

Chromatin transposition of the sorted bone marrow populations was performed according to the
“Supplementary Protocol 1 — Omni-ATAC — An improved and broadly applicable ATAC-seq” published
in Nature Methods 2017 by the Howard Chang Lab (Corces et al., 2017). After sorting at the BD
FACSAria 11l 6.5-15x10e3 cells per sample (minimum: 13x10e3 sorted cells per sample in total) were
resuspended in 100-200 pl RSB | (49,25 ml nuclease free water, 10 mM Tris-HCl pH 7.4, 10 mM NacCl,
3 mM MgCly) and pelleted for 5 min at 4 °C and 500 g. Afterwards, all supernatant was aspirated and
the pellet was resuspended in 50 ul of RSB Il (RSB | containing 0.1 % Tween-20, 0.1 % NP40 and
0.01 % Digitonin). After 3 min of incubation on ice 100ul of RSB Ill was added (RSB | containing 0.1 %
Tween-20) and tubes were inverted. Then, nuclei were pelleted for 10 min at 4 °C and 500 g and
supernatant was completely aspirated. Subsequently, the pellet was resuspended in 8 pl of freshly
prepared transposition mix (70 % 2X TD buffer + 6.25 % Tn5 enzyme + 22.25 % PBS + 0.5 % Digitonin+
1% Tween-20) by pipetting up and down 6 times and then incubated at 37 °C for 30 min in the
thermomixer with 1000 RPM mixing.

After incubation, a column-based DNA clean-up was performed using the Zymo DNA Clean &
Concentrator™-5 Kit according to the DNA Clean & Concentrator™-5 INSTRUCTION MANUAL.
Afterwards, DNA was eluted in 23.6 pul nuclease-free water and amplified via PCR. To that end, 1 pl
each of a forward and a reverse primer was added to 25 pl of NEBNext 2x MasterMix and the purified
transposed DNA. PCR was performed at the peqSTAR 96 Universal Gradient including the following
cycles:

(1) 1 cycleof 72 °Cfor 5 min, 98 °C for 30 sec
(2) 9 cycles of 98 °C for 10 sec, 63 °C for 30 sec, 72 °C for 1 min

Prior to this project, 9 cycles of PCR had been determined as optimal in the context of 7.000-15.000
cells as input material and the described adapted OMNI-ATAC protocol. Thus, no real-time PCR for
determination was performed as proposed by the original OMNI-ATAC protocol (Corces et al., 2017).

For samples A002-A010 and A101-A110 another clean-up reaction using the Zymo DNA Clean &

Concentrator™-5 Kit was performed after PCR. Subsequently, the DNA was eluted in 11l
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nuclease-free water and frozen at -20 °C. For all other patients, DNA was frozen immediately after

amplification at -20 °C without another clean-up reaction until library preparation.

5.11 RNA Sequencing

The CD8+ bmT cell population showed the most promising effects in the flow cytometric analysis and
was sequenced first.
RNA library preparation was performed according to the NEBNext® Ultra™ Il Directional RNA Library
Prep Kit for lllumina in combination with the NEBNext® Poly(A) mRNA Magnetic Isolation Module.
In brief, the following protocol was performed:
(1) Sample RNA (up to 100ng as available) was used as input material.
(2) Washed Oligo dT Beads were mixed with input RNA 1:1 (total 100pl).
(3) The RNA-Bead mix was denatured at 65°C for 4min and subsequently washed, eluted,
rebound, rewashed and then eluted and fragmented by 15min at 94°C.
(4) Fragmented mRNA was subsequently used for first strand cDNA synthesis, then second
strand synthesis.
(5) End Prep of cDNA Library was followed by Adaptor Ligation (100-fold dilution of adapters).
(6) Finally, adapter ligated cDNA library was enriched by 14 cycles of PCR using NEB primers for
multiplexed sequencing.
Analysis of RNA-seq libraries was performed by DNA high sensitivity chip on the Bioanalyzer 2100.
Pooling of 24 libraries for sequencing on a NextSeq 500/550 High Output Kit v2.5 (150 Cycles) was
performed according to average library size and library concentration.
Pooled libraries were diluted and loaded on the NextSeq500 as described in the documentation of
Illumina using paired end sequencing with 2 x 75 bp reads.

RNA sequencing was performed by Dr. med. Semjon Willier.

RNA-seq data of CD8+ bmT cells was available for AML patient samples and healthy BM donor
samples, as listed in Figure 21. As healthy BM donors have been analyzed by both another MD
student in the laboratory (Jonas Wilhelm) and me, healthy BM donor RNA-seq data was used as
reference in both projects to have more reference samples.

Differential analysis as documented here was derived following the standard RNA-seq pipeline of the
DNASTAR Lasergene: Arrayexpress.

Here, RNA-seq analysis focused on the question whether differences between healthy BM donors

and AML patients could be seen and if so, whether (a) the molecules changed by flow cytometry
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analysis could be confirmed as differentially expressed and (b) whether other molecules of functional
relevance could be found to be differentially expressed.

The gene expression data was subjected to multiple testing correction and then filtered using the
following criteria:

(1) RPKM=2 in comparison group 1 (AML patient samples/initial samples without future relapse)
(2) RPKM=2 in comparison group 2 (healthy BM donors/initial samples with future relapse)

(3) Fold change 22 in either group

(4) Statistics: p<0.05 (false discovery rate)

The filtered genes were researched and categorized by known function in CD8+ T cells. Genes with
estimated relevance were colored in the volcano plots in subchapter 6.6. Genes that showed
significant differences in flow cytometric analysis were also compared to their location in the volcano
plots.

RNA-seq analysis was performed by me and Dr. med Semjon Willier.
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Healthy BM donors All cases
Samples, n 14 20
Age, mean (range) 8.5y (1.7-13.0) 7.3y (0.4-16.6)
Gender, n (%)
Male 7 (50) 9 (45)
Female 7 (50) 11 (55)
B NFR FR
Samples, n 10 4
Age, mean (range) 8.0y (0.6-16.6) 6.4y (0.4-14.6)
Gender, n (%)
Male 3(30) 4 (100)
Female 7 (70) 0(0)
C Patient | Initial Dx | 1trelapse | 2" relapse | 3" relapse | 4t relapse | 5% relapse
1 A002
2 A003
3 A004
4 A005
5 A006
6 A007
7 A00S
8 A010
9 AO11
10 A012
11 A013
12 A014
13 A015
14 A016
15 A301
16 A302
17 A303 A503
18 A306 A406
19 A307 A407
20 A308 A408
21 A309* *
22 A401
23 A402
24 A403
25 A404
26 A405
27 A409
28 A410
29 A501 A601 A701 A801

Figure 21: RNA-seq data - healthy bone marrow donor and AML patient characteristics. A) General
information of healthy BM donor and AML patient RNA samples. B) General information of initial AML RNA
samples with and without future relapse. C) All AML samples with respective patient codes in green,
unavailable samples in red. * indicates CNS relapse, blank cells indicate that the respective relapse did not
occur. RNA samples available for RNA-seq analysis are marked in purple. Initial Dx: Initial Diagnosis, healthy BM

donors: healthy BM donors, NFR: no future relapse, FR: future relapse.
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5.12 Statistical Analysis

Statistical analysis was performed using GraphPad Prism 7. The significance of differences was
determined by using the Mann—Whitney U test for unpaired values and the Wilcoxon matched-pairs
signed rank test for paired values. Statistical significance was considered for p<0.05 (*), p<0.01 (**),
p<0.001 (***) and p<0.0001 (****). In statistical analysis, only non-parametric tests were used in
order to prevent false positive findings, as non-parametric tests tend to have less power than
parametric tests. Multiple testing corrections were performed using the Original FDR method of

Benjamini and Hochberg. Graphs were generated using GraphPad Prism 7.

5.12.1 Multiple testing correction

Multiple testing corrections for flow cytometry data were performed using the Original FDR method
of Benjamini and Hochberg. P values were analyzed and corrected in separate groups with regard to
cell type (CD3+, CD4+ and CD8+ bmT cells) and ways of comparison (AML vs. healthy BM donors, no
future relapse vs. future relapse, initial diagnosis vs. relapse, Kaplan-Meier estimates for single
antigens, Kaplan-Meier estimates for indices). In order to avoid any information loss, uncorrected, as
well as corrected p values (q values) were listed at the end of each chapter. Unless otherwise stated,

apart from that mentioned p values are uncorrected (note asterisks in figures).

5.12.2 Kaplan-Meier estimates

In context of Kaplan-Meier estimates, initial AML samples were categorized into two groups using
the mean expression value of the respective marker/index on/of bmT cells of all AML patients (N=29)
as cut-off value (6.2.8 and 6.2.9).

We also tried k-means clustering on SPSS in order to divide the AML patients into groups in
consultation with our statistician: That did not work out with our patient cohort. Therefore, the

above-mentioned method was maintained.
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6 Results

Defined populations within bone marrow samples of pediatric AML patients and healthy bone
marrow donors (healthy BM donors) were analyzed for protein expression by flow cytometry, for
RNA expression by RNA-seq and for chromatin accessibility by ATAC-seq. Unless otherwise stated, for

the following figures Mann-Whitney U test was used to calculate all p-values.

6.1 Flow cytometry analysis of cellular composition of AML bone marrow samples
compared to healthy bone marrow donors

The frequency of cells in the blast gate (CD454m cells) given as percentage of living cells was
increased in AML patients in comparison to healthy controls (80.2 % vs. 23.7 %, mean values,
p<0.0001, Figure 22A), whereas the number of CDA454g cells was decreased in AML patients
compared to healthy BM donors (12.6 % vs. 41.2 %, p<0.0001, Figure 22B). The mean frequency of
T cells (CD56-CD3+) among CD45gn cells was 60.2 % in AML patients, while not significantly different
to healthy BM donors (60.2 % vs. 52.7 %, p=0.1499, Figure 23A). The mean frequency of NK cells
among CD45pighCD3- cells was 25.1 % in AML patients, while the mean frequency of NKT cells among
CD454ighCD3+ cells was 4.9 % in patients’ samples. Only the frequency of NK cells among CD3- cells
was significantly reduced in healthy controls in comparison to AML patients (NK: 25.1 % vs. 14.0 %,
p=0.0320, Figure 23B; NKT: 4.9 % vs. 4.4 %, p=0.4166, Figure 23C). Regarding CD3+ and CD3- cells

among CD45yign cells there were no differences observed between AML patients and healthy

controls.
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Figure 22: Cellular composition of alive cells in AML bone marrow samples in comparison to healthy BM
donors’ samples. A) Among alive cells in the bone marrow the mean frequency of CD454im cells was increased
in AML patients compared to healthy BM donors (p<0.0001). B) The number of CD45high cells among alive cells
in the bone marrow was reduced in AML patients in comparison to healthy controls (p<0.0001). Healthy
BMD: healthy bone marrow donors.
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Figure 23: Cellular composition of CD45high cells in AML bone marrow samples and healthy BM donors’
samples. A) Among CD45high cells in the bone marrow the mean frequency of T cells (CD3+CD56-) was not
significantly different to healthy controls. B) Among CD45highCD3- bone marrow cells the mean frequency of NK
cells (CD56+, CD16+, CD56+CD16+) was increased compared to healthy BM donors (p=0.0320). C) In the
frequency of NKT cells (CD56+, CD16+, CD56+CD16+) among CD45highCD3+ bone marrow cells no statistical
difference was observed between AML patients and healthy controls. Healthy BMD: healthy bone marrow
donors.

6.2 Flow cytometric phenotype analysis of bone marrow T cells in AML patients

T cells in the bone marrow (bmT cells) were phenotypically analyzed for characteristics like T cell
frequency and CD4/CDS8 ratio, maturation stages and expression of co-inhibitory and co-stimulatory
molecules. CD3+ bmT cells were differentiated further into CD3+CD4+ and CD3+CD8+ bmT cells. For
convenience, the latter two were referred to as CD4+ and CD8+ bmT cells.

All initial AML samples were therapy naive, but within the AML samples from 1° relapse (N=10) four
relapses happened within the chemotherapy treatment of initial diagnosis, whereas four other
relapses happened upon completion of the chemotherapy treatment of initial diagnosis. These

sample groups were compared concerning the expression rates of different markers (Figure 24,

52



Results

Figure 83). There were no significant differences determined, so all samples from 1° relapse were

treated equally in analysis.
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Figure 24: Comparison of relapsed AML samples (1% relapse) before chemotherapy completion (N=4) and
after chemotherapy completion (N=4) of initial diagnosis. Between relapsed AML samples within
chemotherapy treatment of initial diagnosis and relapsed AML samples upon completion of chemotherapy
treatment of initial diagnosis expression rates of 2B4, PD-1, GITR, OX40, TIM-3 and ICOS on CD3+ bmT cells and
the frequency of Tregs among CD4+ bmT cells were not significantly different. For other objects of comparison
see Figure 83. Treated: relapsed AML samples before completion of primary AML chemotherapy, untreated:
relapsed AML samples after completion of primary AML chemotherapy, FC: fold change.

6.2.1 Decreased frequency of bmT cells and increased frequency of late bmT cell
differentiation stages in AML patients compared to healthy bone marrow donors

The frequency of CD3+ bmT cells was reduced in AML patients compared to healthy BM donors
(8.4 % vs. 23.9 %, mean values, p<0.0001, Figure 25A), whereas the CD4/CD8 ratio of CD3+ bmT cells
in patients was not altered in comparison to healthy controls (Figure 25B). The frequency of y6 T cells
in AML patients was also not significantly different compared to healthy BM donors (Figure 25C).

Concerning the T cell maturation stages there was a shift towards a more mature phenotype in AML
patients detectable in contrast to healthy BM donors. The following observations were based
on CD62L, CD45R0 and CD95 expression levels (Figure 26): The frequency of naive (CD62L+CD45R0O-
CD95-) bmT cells (CD3+: 33.9 % vs. 57.5 %, p=0.0018; CD4+: 38.8 % vs. 62.9 %, p=0.0013; CD8+:
30.9 % vs. 54.3 %, p=0.0028) was reduced in AML patients in comparison to healthy controls, while
the frequency of effector memory (CD62L-CD45R0+) bmT cells (CD3+: 21.5 % vs. 9.4 %, p=0.0010;
CD4+: 21.1 % vs. 7.8 %, p=0.0018; CD8+: 19.6 % vs. 9.8 %, p=0.0491) was increased in AML patients.
Moreover, the number of effector (CD62L-CD45R0-) CD4+ bmT cells was increased in AML patients
(23.6 % vs. 12.1 %, p=0.0444). The comparison of stem cell-like memory (CD62L+CD45R0-CD95+)

bmT cells, central memory (CD45RO+CD62L+) bmT cells and effector CD3+ bmT cells and effector
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CD8+ bmT cells showed no significant differences in terms of frequency between AML patients and
healthy donors.

Within the patient samples the only significant difference in frequency was a reduction in effector
memory (CD62L-CD45R0+) CD8+ bmT cells in relapsed samples (1% relapse) in comparison to initial

AML samples (11.4 % vs. 21.0 %, p=0.0247, not shown).
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Figure 25: General characteristics of bmT cells in AML patients compared to healthy BM donors. A) The
frequency of CD3+ bmT cells in AML patients was reduced compared to healthy bone marrow donors
(p<0.0001). B) The CD4/CDS8 ratio of CD3+ bmT cells in AML patients was not altered in comparison to healthy
controls. C) The frequency of y6 T cells was not altered compared to healthy bone marrow donors.
Healthy BMD: healthy bone marrow donors.
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Figure 26: Shift to a more mature phenotype of bmT cells in AML patients (N=29) compared to healthy BM
donors (N=9). Observations were based on CD62L, CD45R0 and CD95 expression levels on bmT cells. A)-C) The
frequency of naive (CD62L+CD45R0-CD95-) bmT cells (CD3+: p=0.0018; CD4+: p=0.0013; CD8+: p=0.0028) was
reduced in comparison to healthy controls, while the frequency of effector memory (CD62L-CD45RO+)
bmT cells (CD3+: p=0.0010; CD4+: p=0.0018; CD8+: p=0.0491) was increased in AML patients. Moreover, the
number of effector (CD62L-CD45R0-) CD4+ bmT cells was increased in AML patients (p=0.0444). The
comparison of stem cell-like memory (CD62L+CD45R0-CD95+) bmT cells, central memory (CD45RO+CD62L+)
bmT cells and effector CD3+ bmT cells and effector CD8+ bmT cells showed no significant differences in terms
of frequency between AML patients and healthy donors. Tn: naive bmT cells, Tsem: T stem cell-like memory
bmT cells, Tem: central memory bmT cells, Tem: effector memory bmT cells, Terr: effector bmT cells, healthy BM
donors: healthy bone marrow donors.

6.2.2 Decreased frequency of ThO cells and increased frequency of Thl and Th1Th17 cells
in AML patients compared to healthy bone marrow donors and increased frequency
of Th2 and Th17 cells in relapsed AML samples compared to initial AML samples

Among CD4+ bmT cells the frequency of ThO cells was reduced in AML patients compared to healthy
bone marrow donors (55.0 % vs. 69.0 %, p=0.0126), whereas the frequencies of Thl (12.6 % vs.
4.0 %, p=0.0044), CXCR3+ Th2 (2.5 % vs. 0.5 %, p=0.0006), CXCR3+ Th17 (0.6 % vs. 0.1 %, p=0.0030)
and Th1Th17 cells (2.3 % vs. 0.6 %, p=0.0126) were increased in AML patients compared to healthy
controls (Figure 27A).

Within AML patient samples Th2 (6.8 % vs. 4.0 %, p=0.0197), CXCR3+ Th2 (3.2 % vs. 2.1 %, p=0.0441),
Th17 (2.9 % vs. 1.3 %, p=0.0197), CXCR3+ Th17 (0.9 % vs. 0.4 %, p=0.0270) and CCR6+ only cells
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(2.1 % vs. 1.2 %, p=0.0249) showed higher frequencies in relapsed AML samples in comparison to
initial AML samples (Figure 27B).

In comparison between initial AML samples with and without future relapse there were no
differences reaching statistical significance (not shown).

These results supported the observation of a shift towards a more mature phenotype of bmT cells in

AML patients shown in Figure 26.

S 3
+ 1001 + 1001
3 3
Q 50:_ Q 50:_ ‘
g‘l 25+ *% g’ 257
% 20 [l healthy BM donors g 20 Initial diagnosis
g, 15- AML patients fg‘ 15- . M Relapse
g g
2 107 - - * 7]
g s sl &
g 0 T 'T'l *I T -Ll ‘I g
- ® & & & A QA -
NEENNEN RN PP &
] X a6
Q& A oq-

D
O Q&
& C

Figure 27: Distribution of T helper subsets Th0, Th1l, Th2, TH17 and TH1Th17 among CD4+ bmT cells in AML
patients. A) The frequency of ThO cells was reduced (p=0.0126) in AML patients (N=29) compared to healthy
BM donors (N=9), whereas the frequencies of Thl (p=0.0044), CXCR3+ Th2 (p=0.0006), CXCR3+ Th17
(p=0.0030) and Th1Th17 cells (p=0.0126) were increased in AML patients compared to healthy controls. B) The
frequencies of Th2 (p=0.0197), CXCR3+ Th2 (p=0.0441), Th17 (p=0.0197), CXCR3+ Th17 (p=0.0270) and CCR6+
only cells (p=0.0249) were increased in relapsed AML samples (N=12) in comparison to initial AML samples
(N=21). Healthy BM donors: healthy bone marrow donors.
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6.2.3 Increased frequency of bmTegs in relapsed AML samples compared to initial AML
samples

The frequency of CD127,0wCD25high cells (Tregs) among CD4+ bmT cells was significantly higher in
relapsed AML samples in comparison to initial AML samples (9.5 % vs. 7.0 %, p=0.0215, Figure 28B).
However, in all measured AML patient samples (N=29) the frequency of Trg did not influence
survival of AML patients (not shown).

In AML patients compared to healthy BM donors (Figure 28A), as well as in initial AML samples with
future relapse in comparison to initial AML samples without future relapse (not shown), the

frequency of Tregs Was not significantly altered.
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Figure 28: Increased frequency of bmTegs in relapsed AML samples compared to initial AML samples. A) The
frequency of Tregs (CD12710wCD25high) among CD4+ bmT cells in AML patients was not significantly different
compared to healthy BM donors. B) The frequency of Tregs (CD12710wCD25high) among CD4+ bmT cells was

increased in relapsed AML samples in comparison to initial AML samples (p=0.0215). Healthy BMD: healthy
bone marrow donors.
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6.2.4 Overexpression of co-inhibitory and co-stimulatory molecules on bmT cells in AML
patients compared to healthy bone marrow donors

As shown in Figure 29 (CD3+ bmT cells), Figure 32 (CD4+ bmT cells) and Figure 36 (CD8+ bmT cells)
several co-inhibitory and co-stimulatory molecules were significantly overexpressed on CD3+
bmT cells as a whole, as well as on CD4+ and CD8+ bmT cells in AML patients in comparison to

healthy BM donors.

Two co-inhibitory markers were found to be significantly overexpressed on all analyzed T cell subsets
in AML patients compared to healthy controls. Those markers included TIM-3 (CD3+: 7.1 % vs. 1.7 %,
p<0.0001; CD4+: 4.4 % vs. 1.0 %, p<0.0001; CD8+: 10.0 % vs. 2.4 %, p=0.0008) and PD-1 (CD3+: 34.8 %
vs. 21.3 %, p=0.0016; CD4+: 30.6 % vs. 17.8 %, p=0.0031; CD8+: 38.4 % vs. 24.9 %, p=0.0215).

Also, the expression of the co-inhibitory marker CD39 (CD3+: 7.7 % vs. 2.0 %, p=0.0103; CD4+: 8.4 %
vs. 2.6 %, p=0.0103; CD8+: 7.7 % vs. 1.8 %, p=0.0861) was increased on bmT cells in AML patients in
comparison to healthy controls, but significantly differently only on CD3+ bmT cells and CD4+
bmT cells. LAG-3 (CD3+: 8.0 % vs. 2.9 %, p=0.0176; CD4+: 3.6 % vs. 1.7 %, p=0.0534; CD8+: 11.6 % vs.
4.2 %, p=0.0441) and CTLA-4 (CD3+: 3.9 % vs. 1.6 %, p=0.0024; CD4+: 7.6 % vs. 4.0 %, p=0.0916;
CD8+: 1.0 % vs. 0.4 %, p=0.0240) were found to be statistically overexpressed only on CD8+ bmT cells
and CD3+ bmT cells compared to healthy BM donors, but showed increased expression also on CD4+
bmT cells in AML patients. Co-inhibitory molecules 2B4 (CD4+: 9.9 % vs. 0.6 %, p=0.0004) and TIGIT
(CD3+: 26.2 % vs. 17.3 %, p=0.0798; CD4+: 17.4 % vs. 10.8 %, p=0.0315; CD8+: 35.4 % vs. 24.1 %,
p=0.0929) reached significant overexpression only on CD4+ bmT cells in AML patients in comparison

to healthy controls.

Expression of co-stimulatory markers CD134 (CD3+: 8.7 % vs. 4.3 %, p=0.0058; CD4+: 17.3 % vs.
9.2 %, p=0.0159; CD8+: 1.0 % vs. 0.6 %, p=0.1933) and GITR (CD3+: 6.9 % vs. 3.5 %, p=0.0092; CD4+:
12.6 % vs. 6.0 %, p=0.0040) was significantly higher only on CD3+ bmT cells and CD4+ bmT cells in
AML patients compared to healthy BM donors, with CD8+ bmT cells also showing a trend of an
overexpression of CD134, but without reaching statistical significance. Furthermore, co-stimulatory
markers ICOS and CD226 also tended to be higher expressed on bmT cells, while CD28 expression

was rather reduced on bmT cells in AML patients compared to healthy controls (not significant).

Figure 30, Figure 31, Figure 33, Figure 34, Figure 37 and Figure 38 provide a more detailed
description of differences in expression of co-inhibitory and co-stimulatory molecules on CD3+
bmT cells (Figure 30: co-inhibitory markers, Figure 31: co-stimulatory markers), CD4+ (Figure 33:

co-inhibitory markers, Figure 34: co-stimulatory markers) and CD8+ bmT cells (Figure 37:
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co-inhibitory markers, Figure 38: co-stimulatory markers) in AML patients in comparison to healthy

controls.

Next, co-expression levels of co-inhibitory molecules on CD4+ (Figure 35) and CD8+ (Figure 39)
bmT cells were compared in an attempt to further describe the phenotype of exhausted T cells.
TIM-3/2B4 (CD4+: 0.7 % vs. 0.0 %, p<0.0001; CD8+: 6.6 % vs. 0.8 %, p<0.0001), TIM-3/PD-1 (CD4+:
3.9 % vs. 0.9 %, p=0.0004; CD8+: 7.8 % vs. 1.1 %, p=0.0010) and CTLA-4/CD39 (CD4+: 3.6 % vs. 1.1 %,
p=0.0283; CD8+: 0.6 % vs. 0.1 %, p=0.0180) were in co-expression consistently higher on CD4+
bmT cells, as well as on CD8+ bmT cells in AML patients in comparison to healthy BM donors.

In addition, co-expression levels of 2B4/PD-1 (5.7 % vs. 0.5 %, p=0.0026) and LAG-3/PD-1 (3.0 % vs.
0.9 %, p=0.0211) were significantly increased on CD4+ bmT cells in AML patients compared to
healthy BM donors.

However, due to a low frequency of co-inhibitory marker co-expressing T cells we reasoned that
those small populations could bear only limited biological function. Thus, co-expression levels of

co-inhibitory and co-stimulatory molecules were not investigated further.
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Figure 29: Overexpression of co-inhibitory and co-stimulatory molecules on CD3+ bmT cells in AML patients
(N=29) in comparison to healthy BM donors (N=9). A) For each co-inhibitory or co-stimulatory molecule on
CD3+ bmT cells the expression fold change AML/HD was defined as ratio of the mean expression on CD3+
bmT cells of all AML patients divided by the mean expression on CD3+ bmT cells of all healthy BM donors. B)
Absolute expression levels of molecules on CD3+ bmT cells were arranged according to A. CTLA-4 and PD-L1
were stained intracellularly. Co-inhibitory markers TIM-3 (p<0.0001), CD39 (p=0.0103), LAG-3 (p=0.0176),
CTLA-4 (p=0.0024) and PD-1 (p=0.0016) and co-stimulatory markers CD134 (p=0.0058) and GITR (p=0.0092)
were significantly upregulated on CD3+ bmT cells in AML patients compared to healthy BM donors. HD/healthy
BM donors: healthy bone marrow donors, FC: fold change.

60



Results

's _ 40- *kkk g 60_ « .
§ Efgj_ @ <401
(. 2 T =
83 S 220
(6] (]
Q — X O ole
e c ;: ~ 10 A
= O c hd eloo®
E ol 00 of..tvafere.. Mkl
%
S &
X
S >
N ]
» 0‘3\ @\/
¥ o v
C D
S 60 N S 15 .
» 2 40- . ey
n o - - L[]
2 ® 9. . 5 » 101
3] X D .
> © = o aee
L I I .
O o %ele ° )
° 0] TR et E 6 . s e
o o
©§ '0& Qéo .Q,\
X X
v* 2 ‘G\ >
W A W ]
i ¥ i v
AN v 'Y >
E F
.S —_ 80' *% 's _ 80' nS
& = 60- . » & 60- %
2 2 :z— 2 2 [ ]
g- 8 40- ° i‘:. — g 8 40+ :..
'_ o .u... l_ L]
- ] 40 = i e
P5m - 557 = w
o 0 - ° ®
T T 0 T T
o
S & N &
A2 o A% wo
Qﬁ 2> “\ >
& Q & Q
i v i N
o v '\ =

Figure 30: Detailed visualization of selected overexpressed co-inhibitory markers on CD3+ bmT cells in AML
patients compared to healthy controls. A)-E) Co-inhibitory markers TIM-3 (p<0.0001, A), CD39 (p=0.0103, B),
LAG-3 (p=0.0176, C), CTLA-4 (p=0.0024, D) and PD-1 (p=0.0016, E) showed significant upregulation on CD3+
bmT cells in AML patients compared to healthy BM donors. F) For TIGIT expression there was also a trend
observable to be higher expressed on CD3+ bmT cells in AML patients in comparison to healthy BM donors, but
without reaching statistical significance (p=0.0798). Healthy BMD: healthy BM donors. Results were based on
same cohorts as in Figure 29.
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Figure 31: Detailed visualization of selected overexpressed co-stimulatory markers on CD3+ bmT cells in AML
patients compared to healthy controls. A)-D) Co-stimulatory markers CD134 (p=0.0058, A), GITR (p=0.0092, B),
ICOS (p=0.2479, C) and CD226 (p=0.0682, D) were overexpressed on CD3+ bmT cells in AML patients compared
to healthy BM donors, with only CD134 and GITR reaching statistical significance.
reduced on CD3+ bmT cells in AML patients compared to healthy controls, without reaching statistical
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significance. Healthy BMD: healthy BM donors. Results were based on same cohorts as in Figure 29.
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Figure 32: Overexpression of co-inhibitory and co-stimulatory molecules on CD4+ bmT cells in AML patients
(N=29) in comparison to healthy BM donors (N=9). A) For each co-inhibitory or co-stimulatory molecule on
CD4+ bmT cells the expression fold change AML/HD was defined as ratio of the mean expression on CD4+
bmT cells of all AML patients divided by the mean expression on CD4+ bmT cells of all healthy BM donors. B)
Absolute expression levels of molecules on CD4+ bmT cells were arranged according to A. CTLA-4 and PD-L1
were stained intracellularly. Co-inhibitory markers 2B4 (p=0.0004), TIM-3 (p<0.0001), CD39 (p=0.0103), PD-1
(p=0.0031) and TIGIT (p=0.0315) and co-stimulatory markers GITR (p=0.0040) and CD134 (p=0.0159) were
significantly upregulated on CD4+ bmT cells in AML patients compared to healthy BM donors. HD/healthy BM
donors: healthy bone marrow donors, FC: fold change.
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Figure 33: Detailed visualization of selected overexpressed co-inhibitory markers on CD4+ bmT cells in AML
patients compared to healthy controls. A)-F) Co-inhibitory markers 2B4 (p=0.0004, A), TIM-3 (p<0.0001, B),
CD39 (p=0.0103, C), CTLA-4 (p=0.0916, D), PD-1 (p=0.0031, E) and TIGIT (p=0.0315, F) were upregulated on
CD4+ bmT cells in AML patients compared to healthy BM donors, with CTLA-4 expression only showing a trend
to be higher on CD4+ bmT cells in AML patient samples without reaching statistical significance. Healthy
BMD: healthy BM donors. Results were based on same cohorts as in Figure 32.
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Figure 34: Detailed visualization of selected overexpressed co-stimulatory markers on CD4+ bmT cells in AML
patients compared to healthy controls. A)-D) Co-stimulatory markers GITR (p=0.0040, A), CD134 (p=0.0159, B),
ICOS (p=0.2479, C) and CD226 (p=0.1726, D) were overexpressed on CD4+ bmT cells in AML patients compared
to healthy BM donors, with only CD134 and GITR reaching statistical significance. Healthy BMD: healthy BM
donors. Results were based on same cohorts as in Figure 32.
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Figure 35: Co-expression of co-inhibitory molecules on CD4+ bmT cells in AML patients in comparison to
healthy BM donors. Expression levels of single markers were compared to co-expression levels on CD4+
bmT cells. As TIM-3 expression was analyzed in two independent panels (5.3.1, Figure 6), the results measured
with the brighter fluorochrome BB515 differ from the results measured with BV786. That is the reason why
TIM-3 expression is not significantly different on bmT cells of AML patients compared to healthy controls in all
the specimens above. Co-expression levels of TIM-3/2B4 (p<0.0001), TIM-3/PD-1 (p=0.0004), 2B4/PD-1
(p=0.0026), LAG-3/PD-1 (p=0.0211) and CTLA-4/CD39 (p=0.0283) were significantly higher on CD4+ bmT cells in

AML patients in comparison to healthy controls. Healthy BM donors: healthy bone marrow donors. Results
were based on same cohorts as in Figure 32.
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Figure 36: Overexpression of co-inhibitory molecules on CD8+ bmT cells in AML patients (N=29) in
comparison to healthy BM donors (N=9). A) For each co-inhibitory or co-stimulatory molecule on CD8+
bmT cells the expression fold change AML/HD was defined as ratio of the mean expression on CD8+ bmT cells
of all AML patients divided by the mean expression on CD8+ bmT cells of all healthy BM donors. B) Absolute
expression levels of molecules on CD8+ bmT cells were arranged according to A. CTLA-4 and PD-L1 were
stained intracellularly. Co-inhibitory markers TIM-3 (p=0.0008), CTLA-4 (p=0.0240), LAG-3 (p=0.0441) and PD-1
(p=0.0215) were significantly upregulated on CD8+ bmT cells in AML patients compared to healthy BM donors.
HD/healthy BM donors: healthy bone marrow donors, FC: fold change.
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Figure 37: Detailed visualization of selected overexpressed co-inhibitory markers on CD8+ bmT cells in AML
patients compared to healthy controls. A)-F) Co-inhibitory markers CD39 (p=0.0861, A), TIM-3 (p=0.0008, B),
CTLA-4 (p=0.0240, C), LAG-3 (p=0.0441, D), PD-1 (p=0.0215, E) and TIGIT (p=0.0929, F) were upregulated on
CD8+ bmT cells in AML patients compared to healthy BM donors, with CD39 and TIGIT expression only showing
a trend to be higher in AML patients without reaching statistical significance. Healthy BMD: healthy BM donors.
Results were based on same cohorts as in Figure 36.
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Figure 38: Detailed visualization of selected overexpressed co-stimulatory markers on CD8+ bmT cells in AML
patients compared to healthy controls. A)-C) Co-stimulatory markers ICOS (p=0.0630, A), CD134 (p=0.1933, B)
and CD226 (p=0.1075, C) showed a trend to be overexpressed on CD8+ bmT cells in AML patients compared to
healthy BM donors, but without reaching any statistical significance. Healthy BMD: healthy BM donors. Results
were based on same cohorts as in Figure 36.
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Figure 39: Co-expression of co-inhibitory molecules on CD8+ bmT cells in AML patients in comparison to
healthy BM donors. Expression levels of single markers were compared to co-expression rates on CD8+
bmT cells. As TIM-3 and PD-1 expression levels were analyzed in two independent panels (5.3.1, Figure 6), the
results measured with the brighter fluorochromes (BB515: TIM-3, BV421: PD-1) differ from the results
measured with BV786 (TIM-3) or BV650 (PD-1). That is the reason why TIM-3 and PD-1 expression levels are
not significantly different on bmT cells in AML patients compared to healthy controls in all the specimens
above. Co-expression levels of TIM-3/2B4 (p<0.0001), TIM-3/PD-1 (p=0.0010) and CTLA-4/CD39 (p=0.0180)
were significantly higher on CD8+ bmT cells in AML patients in comparison to healthy controls. Healthy BM

donors: healthy bone marrow donors. Results were based on same cohorts as in Figure 36.
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Multiple testing corrections were performed as described in 5.12.1. Corrected p values (g values)
were listed and compared to uncorrected p values in Figure 40. Apart from that all mentioned p

values are uncorrected in this chapter.

A Antigen | pvalue g value B Antigen | pvalue g value
TIM-3 0.0001 0.0017 TIM-3 0.0001 0.0017
CD160 0.9782 0.9782 CD160 0.4215 0.5512

2B4 0.1238 0.1913 2B4 0.0004 0.0034

PD-1 0.0016 0.0136 PD-1 0.0031 0.0170
TIGIT 0.0798 0.1357 TIGIT 0.0315 0.0765
CD39 0.0103 0.0292 CD39 0.0103 0.0350
LAG-3 0.0176 0.0427 LAG-3 0.0534 0.1135
CTLA-4 0.0024 0.0136 CTLA-4 0.0916 0.1730
PD-L1 0.7614 0.8685 PD-L1 0.9680 0.9680
CD27 0.8927 0.9485 CD27 0.8183 0.9274
CD134 0.0058 0.0247 CD134 0.0159 0.0451
CD28 0.7663 0.8685 CD28 0.7552 0.9170
ICOS 0.2479 0.3242 ICOS 0.2479 0.3512
GITR 0.0092 0.0292 GITR 0.0040 0.0170
CD226 0.0682 0.1288 CD226 0.1726 0.2934
CD57 0.1517 0.2149 CD57 0.2307 0.3512
CD73 0.0580 0.1233 CD73 0.9659 0.9680

Antigen | pvalue g value

C TIM-3 0.0008 0.0136
CD160 0.9194 0.9194
2B4 0.1839 0.2528
PD-1 0.0215 0.1360
TIGIT 0.0929 0.2031
CD39 0.0861 0.2031
LAG-3 0.0441 0.1874
CTLA-4 0.0240 0.1360
PD-L1 0.8611 0.9149
CD27 0.7873 0.8923
CD134 0.1933 0.2528
CD28 0.2801 0.3401
ICOS 0.0630 0.2031
GITR 0.1056 0.2031
CD226 0.1075 0.2031
CD57 0.1839 0.2528
CD73 0.1818 0.2528

Figure 40: Corrected (q values) and uncorrected p values for analysis of CD3+ (A), CD4+ (B) and CD8+
bmT cells (C) in AML patients compared to healthy BM donors. Multiple testing correction was performed by
using the Original FDR method of Benjamini and Hochberg (5.12.1). P and g values <0.05 are marked in green.
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6.2.5 Overexpression of CD134 and PD-L1 on bmT cells in relapsed AML samples
compared to initial AML samples

In contrast to the pronounced difference between AML patients and healthy BM donors, fewer
differences were observed between primary AML samples and relapsed AML samples. For the
expression of co-inhibitory and co-stimulatory molecules on bmT cells this is shown in Figure 41
(CD3+ bmT cells), Figure 42 (CD4+ bmT cells) and Figure 44 (CD8+ bmT cells).

The co-stimulatory marker CD134 was significantly overexpressed on CD3+ bmT cells (11.7 % vs.
6.9 %, p=0.0036) and CD4+ bmT cells (24.5 % vs. 14.1 %, p=0.0163) in relapsed AML samples
compared to initial AML samples.

On CD4+ bmT cells also the co-inhibitory marker PD-L1 showed higher expression levels in relapsed
AML samples in comparison to initial AML samples (4.0 % vs. 2.6 %, p=0.0092). Figure 43 illustrates

those observations in greater detail.
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Figure 41: Expression of co-stimulatory and co-inhibitory molecules on CD3+ bmT cells in AML patients at
initial diagnosis (N=21) and relapse (N211). A) For each co-inhibitory or co-stimulatory molecule on CD3+
bmT cells the expression fold change R/ID was defined as ratio of the mean expression on CD3+ bmT cells of all
relapsed AML samples divided by the mean expression on CD3+ bmT cells of all initial AML samples. B)
Absolute expression levels of molecules on CD3+ bmT cells were arranged according to A. CTLA-4 and PD-L1
were stained intracellularly. Co-stimulatory marker CD134 was significantly upregulated (p=0.0036) on CD3+
bmT cells in relapsed AML samples compared to initial AML samples. R: Relapse, ID: Initial diagnosis, FC: fold
change.
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Figure 42: Expression of co-stimulatory and co-inhibitory molecules on CD4+ bmT cells in AML patients at
initial diagnosis (N=21) and relapse (N211). A) For each co-inhibitory or co-stimulatory molecule on CD4+
bmT cells the expression fold change R/ID was defined as ratio of the mean expression on CD4+ bmT cells of all
relapsed AML samples divided by the mean expression on CD4+ bmT cells of all initial AML samples. B)
Absolute expression levels of molecules on CD4+ bmT cells were arranged according to A. CTLA-4 and PD-L1
were stained intracellularly. Co-stimulatory marker CD134 (p=0.0163) and co-inhibitory marker PD-L1
(p=0.0092) were significantly upregulated on CD4+ bmT cells in relapsed AML samples compared to initial AML
samples. R: Relapse, ID: Initial diagnosis, FC: fold change.
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Figure 43: Overexpression of CD134 and PD-L1 on bmT cells in relapsed AML samples compared to initial
AML samples. A) CD134 expression was significantly upregulated on CD3+ bmT cells in relapsed AML samples
compared to initial AML samples (p=0.0036). B), C) CD134 (p=0.0163) and PD-L1 (p=0.0092) were significantly
overexpressed on CD4+ bmT cells in relapsed AML samples compared to initial AML samples. Results were
based on same cohorts as in Figure 41 and Figure 42.
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Figure 44: Expression of co-stimulatory and co-inhibitory molecules on CD8+ bmT cells in AML patients at
initial diagnosis (N=21) and relapse (N211). A) For each co-inhibitory or co-stimulatory molecule on CD8+
bmT cells the expression fold change R/ID was defined as ratio of the mean expression on CD8+ bmT cells of all
relapsed AML samples divided by the mean expression on CD8+ bmT cells of all initial AML samples. B)
Absolute expression levels of molecules on CD8+ bmT cells were arranged according to A. CTLA-4 and PD-L1
were stained intracellularly. R: Relapse, ID: Initial diagnosis, FC: fold change.

Multiple testing corrections were performed as described in 5.12.1. Corrected p values (g values)
were listed and compared to uncorrected p values in Figure 45. Apart from that all mentioned p

values are uncorrected in this chapter.
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Antigen | pvalue g value Antigen | pvalue g value
A TIM-3 0.3646 0.6586 B TIM-3 0.6447 0.8385
CD1e0 0.8683 0.8974 CD160 0.4105 0.6116
2B4 0.5424 0.6586 2B4 0.9266 0.9266
PD-1 0.4267 0.6586 PD-1 0.2276 0.4511
TIGIT 0.3847 0.6586 TIGIT 0.2741 0.4660
CD39 0.2381 0.6586 CD39 0.1045 0.4295
LAG-3 0.3265 0.6586 LAG-3 0.7322 0.8385
CTLA-4 0.4335 0.6586 CTLA-4 0.2381 0.4511
PD-L1 0.0508 0.3196 PD-L1 0.0092 0.1386
CD27 0.8974 0.8974 CD27 0.2388 0.4511
CD134 0.0036 0.0612 CD134 0.0163 0.1386
CD28 0.7261 0.8229 CD28 0.7892 0.8385
ICOS 0.1126 0.3828 ICOS 0.0752 0.4261
GITR 0.0633 0.3196 GITR 0.1516 0.4295
CD226 0.0752 0.3196 CD226 0.1310 0.4295
CD57 0.5424 0.6586 CD57 0.4317 0.6116
CD73 0.5060 0.6586 CD73 0.7467 0.8385

Antigen | pvalue g value

C TIM-3 0.2242 0.7206
CD160 0.5672 0.7206
2B4 0.6714 0.7206

PD-1 0.5424 0.7206

TIGIT 0.4712 0.7206
CD39 0.3466 0.7206
LAG-3 0.5575 0.7206
CTLA-4 0.2932 0.7206
PD-L1 0.1065 0.7206
CD27 0.8974 0.8974
CD134 0.1126 0.7206
CD28 0.6714 0.7206
ICOS 0.3847 0.7206

GITR 0.6782 0.7206
CD226 0.2134 0.7206
CD57 0.6184 0.7206
CD73 0.4812 0.7206

Figure 45: Corrected (q values) and uncorrected p values for analysis of CD3+ (A), CD4+ (B) and CD8+
bmT cells (C) in AML patients at initial diagnosis compared to AML relapse samples. Multiple testing
correction was performed by using the Original FDR method of Benjamini and Hochberg (5.12.1). P and q
values <0.05 are marked in green.
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6.2.6 Checkpoint expression on bmT cells during the course of AML in one patient with

several relapses

Possible differences in antigen expression on bmT cells during the course of AML were investigated
further on the basis of four sequential relapse samples of one AML patient (A501: 2" relapse, A601:
3 relapse, A701: 4" relapse and A801: 5% relapse, 5.1).

As in Figure 46 exemplarily shown, expression values of co-inhibitory markers TIM-3, PD-1 and CD39
and co-stimulatory marker CD226 on CD3+ bmT cells, as well as the frequency of Tregs among CD4+
bmT cells were in principle more increasing, whereas the expression level of co-stimulatory marker

CD27 on bmT cells was more decreasing during the course of AML.
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Figure 46: Differences in bmT cell phenotype during the course of multiple AML relapse samples from one
patient. Samples marked in red are sequential relapse samples from one AML patient. These data points
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represent exemplarily a possible development in antigen expression during the course of AML.
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6.2.7 Overexpression of ICOS on CD4+ bmT cells and downregulation of CD134 on CD8+
bmT cells in initial AML samples without future relapse compared to initial AML
samples with future relapse

To investigate relevant prognostic factors in AML, initial AML samples with and without future
relapse were compared concerning their expression levels of co-inhibitory and co-stimulatory

molecules, as shown in Figure 47 (CD3+ bmT cells), 48 (CD4+ bmT cells) and 49 (CD8+ bmT cells).
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Figure 47: Expression of co-stimulatory and co-inhibitory molecules on CD3+ bmT cells in AML patients at the
time of initial diagnosis with (N=7) and without (N=14) future relapse. A) For each co-inhibitory or
co-stimulatory molecule on CD3+ bmT cells the expression fold change FR/NFR was defined as ratio of the
mean expression on CD3+ bmT cells of all initial AML samples with future relapse divided by the mean
expression on CD3+ bmT cells of all initial AML samples without future relapse. B) Absolute expression levels of
molecules on CD3+ bmT cells were arranged according to A. CTLA-4 and PD-L1 were stained intracellularly.
NFR: no future relapse, FR: future relapse, FC: fold change.
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Figure 48: Expression of co-stimulatory and co-inhibitory molecules on CD4+ bmT cells in AML patients at the
time of initial diagnosis with (N=7) and without (N=14) future relapse. A) For each co-inhibitory or
co-stimulatory molecule on CD4+ bmT cells the expression fold change FR/NFR was defined as ratio of the
mean expression on CD4+ bmT cells of all initial AML samples with future relapse divided by the mean
expression on CD4+ bmT cells of all initial AML samples without future relapse. B) Absolute expression levels of
molecules on CD4+ bmT cells were arranged according to A. CTLA-4 and PD-L1 were stained intracellularly.
Expression of co-stimulatory marker ICOS was significantly upregulated in AML samples from initial diagnosis
without future relapse compared to AML samples from initial diagnosis with future relapse (p=0.0309). NFR: no
future relapse, FR: future relapse, FC: fold change.
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Figure 49: Expression of co-stimulatory and co-inhibitory molecules on CD8+ bmT cells in AML patients at the
time of initial diagnosis with (N=7) and without (N=14) future relapse. A) For each co-inhibitory or
co-stimulatory molecule on CD8+ bmT cells the expression fold change FR/NFR was defined as ratio of the
mean expression on CD8+ bmT cells of all initial AML samples with future relapse divided by the mean
expression on CD8+ bmT cells of all initial AML without future relapse. B) Absolute expression levels of
molecules on CD8+ bmT cells were arranged according to A. CTLA-4 and PD-L1 were stained intracellularly.
Co-stimulatory marker CD134 was significantly downregulated (p=0.0309) in AML samples from initial diagnosis
without future relapse compared to AML samples from initial diagnosis with future relapse. NFR: no future
relapse, FR: future relapse, FC: fold change.

The overexpression of ICOS on CD4+ bmT cells (9.1 % vs. 4.8 %, p=0.0309) and the downregulation of
CD134 on CD8+ bmT cells (0.6 % vs. 1.7 %, p=0.0309) were the only differences reaching statistical
significance in initial AML samples without future relapse compared to initial AML samples with

future relapse. Figure 50 provides a more detailed insight into these observations.
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Figure 50: Overexpression of ICOS on CD4+ bmT cells and downregulation of CD134 on CD8+ bmT cells in
initial AML samples without future relapse compared to initial AML samples with future relapse. A) The ICOS
expression on CD4+ bmT cells was increased in initial AML samples without future relapse in comparison to
initial AML samples with future relapse (p=0.0309). B) On CD8+ bmT cells CD134 was significantly
downregulated in initial AML samples without future relapse compared to initial AML samples with future
relapse (p=0.0309). Results were based on same cohorts as in Figure 48 and Figure 49.

Multiple testing corrections were performed as described in 5.12.1. Corrected p values (g values)
were listed and compared to uncorrected p values in Figure 51. Apart from that, all mentioned p

values are uncorrected in this chapter.
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Antigen | pvalue g value Antigen | pvalue g value
A TIM-3 0.6888 0.8489 B TIM-3 0.7433 0.9026
CD160 0.2872 0.7652 CD16e0 0.0538 0.4573
2B4 0.3223 0.7652 2B4 0.4880 0.8296
PD-1 0.2545 0.7652 PD-1 0.1969 0.7135
TIGIT 0.4880 0.8273 TIGIT 0.2545 0.7135
CD39 0.3601 0.7652 CD39 0.1969 0.7135
LAG-3 0.2865 0.7652 LAG-3 0.4003 0.8296
CTLA-4 0.7433 0.8489 CTLA-4 0.4430 0.8296
PD-L1 0.7990 0.8489 PD-L1 0.7433 0.9026
CcD27 0.9710 0.9710 CD27 0.9999 0.9999
CD134 0.1490 0.7652 CD134 0.9131 0.9702
CD28 0.3601 0.7652 CD28 0.6354 0.9026
ICOS 0.0793 0.7652 ICOS 0.0309 0.4573
GITR 0.5353 0.8273 GITR 0.7990 0.9055
CD226 0.7990 0.8489 CD226 0.2545 0.7135
CD57 0.7433 0.8489 CD57 0.6492 0.9026
CD73 0.4430 0.8273 CD73 0.2938 0.7135

Antigen | pvalue g value

c TIM-3 0.9999 0.9999
CD160 0.2545 0.9007
2B4 0.3223 0.9007
PD-1 0.6359 0.9007
TIGIT 0.6359 0.9007
CD39 0.5846 0.9007
LAG-3 0.4880 0.9007
CTLA-4 0.4430 0.9007
PD-L1 0.7433 0.9026
CcD27 0.6888 0.9007
CD134 0.0309 0.5253
CcD28 0.4003 0.9007
ICOS 0.4880 0.9007
GITR 0.2872 0.9007
CD226 0.9999 0.9999
CD57 0.5846 0.9007
CD73 0.9710 0.9999

Figure 51: Corrected (q values) and uncorrected p values for analysis of CD3+ (A), CD4+ (B) and CD8+
bmT cells (C) in initial AML samples without future relapse compared to initial AML samples with future
relapse. Multiple testing correction was performed by using the Original FDR method of Benjamini and
Hochberg (5.12.1). P and q values <0.05 are marked in green.
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6.2.8 High ICOS expression on CD4+ bmT cells as positive prognostic marker and high
CD134 expression on CD8+ bmT cells as negative prognostic marker at initial
diagnosis in terms of AML relapse

In comparison of initial AML samples with and without future relapse, ICOS on CD4+ bmT cells and
CD134 on CD8+ bmT cells were the only markers differentially expressed (uncorrected p values,

6.2.7).

In that context, initial AML samples (initial AML samples with future relapse: N=7, initial AML samples
without future relapse: N=14) were categorized into two groups using the mean value of ICOS and
CD134 expression of all AML patients (N=29), respectively as cut-off value.

Subsequently, relapse-free survival rates were compared using Kaplan-Meier estimates, as shown in
Figure 52.

During a median follow-up period of 7.0 years (0.8 — 14.4) a high ICOS expression on CD4+ bmT cells
(>9.0 %) at initial diagnosis was significantly correlated with favorable prognosis concerning AML
relapse (100.0 % vs. 50.0 %, relapse-free survival in %, p=0.0265).

In contrast, a high CD134 expression (> 1.0 %) on CD8+ bmT cells at initial diagnosis was significantly
correlated with an increased relapse risk (20.0 % vs. 81.3 %, p=0.0070).

P values of all Kaplan-Meier estimates calculated for single antigens (CD3+: TIM-3, ICOS, CD134, GITR;
CD4+: TIM-3, ICOS, CD134, GITR; CD8+: TIM-3, ICOS, CD134, GITR, PD-1, LAG-3) were corrected as
described in 5.12.1. After correction, a high CD134 expression on CD8+ bmT cells at initial diagnosis
was still significantly correlated with increased relapse risk (q=0.0420), whereas ICOS expression was

not correlated with favorable prognosis with regard to AML relapse, anymore (q=0.1060).
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Figure 52: Relapse-free survival of AML patients in dependence of ICOS and CD134 expression on bmT cells at
primary diagnosis. Initial AML samples were categorized into two groups using the mean value on CD4+ or
CD8+ bmT cells of all AML patients (N=29) as cut-off value (left hand side, cut-off value in red). Relapse-free
survival rates were analyzed using Kaplan-Meier estimates (right hand side). P values of all Kaplan-Meier
estimates calculated for single antigens (CD4+: TIM-3, ICOS, CD134, GITR; CD8+: TIM-3, ICOS, CD134, GITR, PD-
1, LAG-3) were corrected as described in 5.12.1. A) ICOS expression on CD4+ bmT cells at initial diagnosis was
significantly correlated with favorable prognosis in terms of AML relapse. 7 out of 14 patients with an ICOS
expression lower than 9.0 % had a relapse (RFS=50.0 %), while in the patient group with an ICOS expression
higher than 9.0% 0 out of 7 patients had a relapse (median follow-up period: 7.0 years (0.8 — 14.4),
RFS=100.0 %, p=0.0265, corrected p value: g=0.1060). B) CD134 expression on CD8+ bmT cells at initial
diagnosis was significantly correlated with an increased relapse risk. 3 out of 16 patients with a CD134
expression lower than 1.0 % had a relapse (RFS=81.3 %), whereas in the patient group with a CD134 expression
higher than 1.0% 4 out of 5 patients had a relapse (median follow-up period: 7.0 years (0.8 — 14.4),
RFS=20.0 %, p=0.0070, corrected p value: g=0.0420). RFS: relapse-free survival.

In order to better describe the functional difference between CD134 and ICOS as co-stimulatory
markers on bmT cells at initial diagnosis in context of relapse-free survival we developed so called
stimulation indices. Those indices describe the relation of different co-stimulatory marker expression

levels and were evaluated for prognostic use concerning “future relapse”.
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For each patient sample indices were calculated by dividing the expression rate of one co-stimulatory
marker (e.g. CD134) by the expression rate of another co-stimulatory marker (e.g. ICOS). Before,
expression rates had been normalized by dividing them by the mean expression rate of all healthy
BM donors.

As shown in Figure 53 GITR/ICOS indices of CD3+ bmT cells (2.1 vs. 1.1, p=0.0097), CD4+ (2.3 vs. 1.5,
p=0.0250) and CD8+ bmT cells (1.6 vs. 0.9, p=0.0097) were significantly higher in initial AML samples
with future relapse compared to initial AML samples without future relapse.

Furthermore, CD134/ICOS (2.0 vs. 0.8, p=0.0016) index of CD8+ bmT cells was increased in initial

AML samples with future relapse compared to initial samples without future relapse.

no future relapse
B future relapse

/\ +~ CD8+

Index

Figure 53: Stimulation indices of bmT cells in initial AML samples with (N=7) and without (N=14) future
relapse. For each patient sample indices were calculated by dividing the expression rate of one co-stimulatory
marker (e.g. CD134) by the expression rate of another co-stimulatory marker (e.g. ICOS). Before, expression
rates had been normalized by dividing them by the mean expression rate of all healthy BM donors. In initial
AML samples with future relapse the GITR/ICOS indices of CD3+ bmT cells (p=0.0097), CD4+ (p=0.0250) and
CD8+ bmT cells (p=0.0097) were significantly increased in comparison to initial AML samples without future
relapse (red boxes). Furthermore, the CD134/ICOS index (p=0.0016) of CD8+ bmT cells was increased in initial
AML samples with future relapse compared to initial samples without future relapse (red box). A similar effect
was observable for CD3+ bmT cells and CD4+ bmT cells, but without reaching statistical significance.

Again, initial AML samples were categorized into two groups according to the mean value of
stimulation index of all AML patients and compared with respect to relapse-free survival, as
described above.

As shown in Figure 54, a high GITR/ICOS index of CD3+ bmT cells (> 1.4) was significantly correlated
with increased relapse risk (median follow-up period of 7.0 years (0.8 — 14.4), 42.9 % vs. 78.6 %,
p=0.0457, corrected p value: q=0.0686). The same could be observed for CD4+ and CD8+ bmT cells

(not shown).

87



Results

Furthermore, a high CD134/ICOS index (> 1.2) of CD8+ bmT cells at initial diagnosis was significantly
correlated with decreased relapse-free survival (37.5 % vs. 84.6 %, p=0.0213, corrected p value:
g=0.0639, Figure 55).

Multiple testing corrections for indices were performed as described in 5.12.1 and 6.2.9.
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Figure 54: Relapse-free survival of AML patients in dependence of GITR and ICOS expression on CD3+
bmT cells at primary diagnosis. Initial AML samples were categorized into two groups using the mean value on
CD3+ bmT cells of all AML patients (N=29) as cut-off value (left hand side, cut-off value in red). Relapse-free
survival rates were analyzed using Kaplan-Meier estimates (right hand side). P values of all Kaplan-Meier
estimates calculated for indices (CD3+: CD134/GITR, GITR/ICOS, ICOS/TIM-3) were corrected as described in
5.12.1. 4 out of 7 patients with a GITR/ICOS index higher than 1.4 had a recurrence (RFS=42.9 %), while in the
patient group with a GITR/ICOS index lower than 1.4 only 3 out of 14 patients had a relapse during the entire
follow up period (median follow-up period: 7.0 years (0.8 — 14.4), RFS=78.6 %, p=0.0457, corrected p value:
g=0.0686). RFS: relapse-free survival.
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Figure 55: Relapse-free survival of AML patients in dependence of ICOS and CD134 expression on CD8+
bmT cells at primary diagnosis. Initial AML samples were categorized into two groups using the mean value on
CD8+ bmT cells of all AML patients (N=29) as cut-off value (left hand side, cut-off value in red). Relapse-free
survival rates were analyzed using Kaplan-Meier estimates (right hand side). P values of all Kaplan-Meier
estimates calculated for indices (CD8+: CD134/ICOS, CD134/GITR, GITR/ICOS, CD134/TIM-3, CD134/PD-1,
CD134/LAG-3) were corrected as described in 5.12.1. 5 out of 8 patients with a CD134/ICOS index higher than
1.2 had a recurrence (RFS=37.5 %), while in the patient group with a CD134/ICOS index lower than 1.2 only 2
out of 13 patients had a relapse (median follow-up period: 7.0 years (0.8 — 14.4), RFS=84.6 %, p=0.0213,
corrected p value: g=0.0639). RFS: relapse-free survival.
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In order to assess expression patterns of CD134 and ICOS on CD8+ bmT cells in even greater detail,
co-expression levels were subsequently evaluated (Figure 56).

Within all AML patients the maximal co-expression level of CD134 and ICOS on CD8+ bmT cells was
1.7 % (mean: 0.2 %). No obvious relation could be shown between CD134 and ICOS single-expression,
as well as between single-expression and co-expression rates in general on CD8+ bmT cells in the

bone marrow.
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Figure 56: Co-expression levels of CD134 and ICOS on CD8+ bmT cells of AML patients in comparison to
single-expression values. A) Co-expression levels of CD134 and ICOS were evaluated on CD8+ bmT cells. The
maximal co-expression level within all AML patients was 1.7 % (mean: 0.2 %). The three patients’ samples with
the highest ICOS expression and the patient sample with the highest CD134 expression are color-coded to
illustrate the relation between the CD134/ICOS single positive cell populations and the CD134+ICOS+ double
positive cell populations in the bone marrow for these patient samples. B) Dot-plots showing the relation
between CD134/ICOS single positive, as well as CD134+ICOS+ double positive CD8+ bmT cells of AML patients
A009 and A308.

6.2.9 High ICOS/TIM-3 index of CD3+ bmT cells as positive prognostic marker and high
CD134/PD-1 index of CD8+ bmT cells as negative prognostic marker at initial
diagnosis in terms of AML relapse

The AML patient showing the highest expression of exhaustion marker TIM-3 on CD3+ bmT cells
(48.8 %, mean: 7.1 %) also had the highest expression of co-stimulatory marker ICOS on CD3+
bmT cells (17.7 %, mean: 6.3 %) within all analyzed 29 AML patients (Figure 57). As this patient did
not have a relapse nor a refractory AML, we reasoned that in this case the high TIM-3 expression on

bmT cells was due to T cell activation rather than T cell exhaustion. In this context, a well-balanced
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co-inhibitory/co-stimulatory marker expression on bmT cells could be of importance with regard to
relapse-free survival.

So, in order to better describe the functionality of a bmT cell population we developed the so-called
exhaustion indices. Those indices describe the relation of the co-inhibitory and co-stimulatory
marker expression on bmT cells and were evaluated for prognostic use concerning “future relapse”.
For each patient sample indices were calculated by dividing the expression rate of a co-stimulatory
marker (e.g. ICOS) by the expression rate of a co-inhibitory marker (e.g. TIM-3). Before, expression

rates had been normalized by dividing them by the mean expression rate of all healthy BM donors.

48.8% 17.7%

SSC-A
SSC-A

TIM-3 ICOS

Figure 57: Dot plots showing the TIM-3 and ICOS expression on CD3+ bmT cells of patient A013. A)-B) Within
all analyzed AML patient samples (N=29) patient A013 showed the highest TIM-3 expression (A: 48.8 %, mean:
7.1 %), as well as the highest ICOS expression (B: 17.7 %, mean: 6.3 %).

As shown in Figure 58 ICOS/TIM-3 index of CD3+ bmT cells (0.3 vs. 0.6, p=0.0200) and CD4+ bmT cells
(0.3 vs. 0.5, p=0.0461) were significantly reduced in initial AML samples with future relapse
compared to initial AML samples without future relapse.

Furthermore, CD134/TIM-3 (0.9 vs. 0.5, p=0.0309), CD134/PD-1 (1.9 vs. 0.8, p=0.0379) and
CD134/LAG-3 (2.6 vs. 0.7, p=0.0074) indices of CD8+ bmT cells were increased in initial AML samples

with future relapse compared to initial samples without future relapse.
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Figure 58: Exhaustion indices of bmT cells in initial AML samples with (N=7) and without (N=14) future
relapse. For each patient sample indices were calculated by dividing the expression rate of a co-stimulatory

marker (e.g. CD134) by the expression rate of a co-inhibitory marker (e.g.

TIM-3). Before, expression rates had

been normalized by dividing them by the mean expression rate of all healthy BM donors. In initial AML samples
with future relapse the ICOS/TIM-3 indices of CD3+ bmT cells (p=0.0200) and CD4+ bmT cells (p=0.0461) were

significantly decreased in comparison to initial AML samples without future relapse (red boxes).

The

CD134/TIM-3 (p=0.0309), CD134/PD-1 (p=0.0379) and CD134/LAG-3 (p=0.0074) indices of CD8+ bmT cells were
increased in initial AML samples with future relapse compared to initial samples without future relapse (red

boxes).
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Subsequently, initial AML samples (initial AML samples with future relapse: N=7, initial AML samples
without future relapse: N=14) were categorized into two groups using the mean value of the
different indices of all AML patients (N=29) as cut-off value. Relapse-free survival rates were
compared using Kaplan-Meier estimates.

As shown in Figure 59, a high ICOS/TIM-3 index of CD3+ bmT cells (> 0.6) at initial diagnosis of AML
patients was significantly correlated with reduced relapse risk (median follow-up period: 7.0 years
(0.8-14.4), 88.9 % vs. 50.0 %, p=0.0397).

Worthy of special mention is that the patient with the lowest ICOS/TIM-3 index of CD3+ bmT cells at
initial diagnosis in our patient cohort (0.06, mean: 0.6) was the first patient to relapse (central

nervous system relapse after 88 days).
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Figure 59: Relapse-free survival of AML patients in dependence of ICOS and TIM-3 expression on CD3+
bmT cells at primary diagnosis. Initial AML samples were categorized into two groups using the mean value on
CD3+ bmT cells of all AML patients (N=29) as cut-off value (left hand side, cut-off value in red). Relapse-free
survival rates were analyzed using Kaplan-Meier estimates (right hand side). P values of all Kaplan-Meier
estimates calculated for indices (CD3+: CD134/GITR, GITR/ICOS, ICOS/TIM-3) were corrected as described in
5.12.1. Only 1 out of 9 patients with an ICOS/TIM-3 index higher than 0.6 had a recurrence (RFS=88.9 %), while
in the patient group with an ICOS/TIM-3 index lower than 0.6 6 out of 12 patients had a relapse (median
follow-up period: 7.0 years (0.8 — 14.4), RFS=50.0 %, p=0.0397, corrected p value: q=0.0686). RFS: relapse-free
survival.

For CD8+ bmT cells a high CD134/PD-1 index at initial diagnosis proved to be correlated with AML
relapse. During a median follow up period of 7.0 years (0.8 — 14.4) 4 out of 6 patients with a
CD134/PD-1 index higher than 1.2 had a recurrence, while in the patient group with a CD134/PD-1
index lower than 1.2 only 3 out of 15 patients had a relapse (33.3 % vs. 80.0 %, p=0.0500, Figure 60).
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Figure 60: Relapse-free survival of AML patients in dependence of CD134 and PD-1 expression on CD8+
bmT cells at primary diagnosis. Initial AML samples were categorized into two groups using the mean value on
CD8+ bmT cells of all AML patients (N=29) as cut-off value (left hand side, cut-off value in red). Relapse-free
survival rates were analyzed using Kaplan-Meier estimates (right hand side). P values of all Kaplan-Meier
estimates calculated for indices (CD8+: CD134/ICOS, CD134/GITR, GITR/ICOS, CD134/TIM-3, CD134/PD-1,
CD134/LAG-3) were corrected as described in 5.12.1. 4 out of 6 patients with a CD134/PD-1 index higher than
1.2 had a recurrence (RFS=33.3 %), while in the patient group with a CD134/PD-1 index lower than 1.2 only 3
out of 15 patients had a relapse (median follow-up period: 7.0 years (0.8 — 14.4), RFS=80.0 %, p=0.0500,
corrected p value: g=0.0908). RFS: relapse-free survival.

P values of all Kaplan-Meier estimates calculated for indices (CD3+: CD134/GITR, GITR/ICOS,
ICOS/TIM-3; CD4+: CD134/GITR, GITR/ICOS, ICOS/TIM-3; CD8+: CD134/I1COS, CD134/GITR, GITR/ICOS,
CD134/TIM 3, CD134/PD-1, CD134/LAG-3) were corrected as described in 5.12.1. After correction
neither a low ICOS/TIM-3 index of CD3+ bmT cells (q=0.0686), nor a high CD134/PD-1 index of CD8+

bmT cells (q=0.0908) was still significantly correlated with increased relapse risk.

6.3 Flow cytometric phenotype analysis of AML blasts

In order to identify putative interaction nodes between T cells and malignant AML blasts, the latter
population was phenotyped for ligands of those co-stimulatory and co-inhibitory surface molecules,
that were measured on bmT cells. The results obtained from the analysis of AML samples were
compared to CD454im cells in the bone marrow of healthy BM donors to identify aberrant surface
expression patterns of AML.

Additionally, expression levels of different AML target antigens were analyzed in order to identify
possible target antigen combinations for synthetic immunotherapy such as combinatorial chimeric

antigen receptor T cells (e.g. Tandem-CARs, synNotch-gated CARs).

All initial AML samples were therapy naive, but within the AML samples from 1° relapse (N=10) four
relapses happened during chemotherapy treatment of initial diagnosis, whereas four relapses

happened upon completion of the chemotherapy of initial diagnosis. These sample groups were
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compared concerning their expression levels of different markers (Figure 61, Figure 83). There were

no significant differences determined, so all samples from 1% relapse were treated equally in analysis.

2.0
el
e 2
ﬁ o 1.5
»w o
-~
o <
5 1.0
c = | m—
° %
(S i
e ;o.s
0.0 T T T T L]
x x x x %
»\’\ o‘b*’ ofb"" NV ."J
o o o N S

Figure 61: Comparison of relapsed AML samples (1% relapse) during ongoing chemotherapy and after
completion of chemotherapy of initial diagnosis. Between relapsed AML samples within chemotherapy
treatment of initial diagnosis (N=4) and relapsed AML samples upon completion of chemotherapy treatment of
initial diagnosis (N=4) expression rates of CLL1, CD86, CD33, CD112 and TIM-3 on AML blasts were not
significantly different. For other objects of comparison see Figure 83. Treated: relapsed AML samples within
chemotherapy treatment of initial diagnosis, untreated: relapsed AML samples upon completion of
chemotherapy treatment of initial diagnosis, FC: fold change.

6.3.1 Clonal CD34/CD38 phenotype of AML blasts

As shown in Figure 62A and B CD34/CD38 distribution within CD454m cells in healthy BM donors was
quite uniform: CD454im cells were mostly CD34-CD38+ or CD34+CD38+ (p<0.0001).

In contrast to that AML patients showed a clonal distribution of CD34/CD38 phenotypes of blasts
with a wide range within AML patients.

The significance of difference was determined using the Friedman test.
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Figure 62: Clonal CD34/CD38 phenotype of AML blasts. A) CD454im cells in healthy BM donors showed a
uniform distribution of CD34/CD38 phenotypes: CD454im cells were mostly CD34-CD38+ or CD34+CD38+ cells.
The significance of difference was determined using the Friedman test (p<0.0001). B) Representative dot plot
shows usual distribution of CD34/CD38 phenotypes within CD454im cells in healthy BM donors. C) AML patients
showed a clonal distribution of CD34/CD38 phenotypes of blasts. The significance of difference was determined
using the Friedman test. D) Exemplary dot plot shows clonal CD38+CD34- blast phenotype of an AML patient.
There was a wide range of CD34/CD38 phenotypes of AML blasts within our patient cohort.

6.3.2 Overexpression of CD86, TIM-3, CD112 and CD39 on AML blasts

Figure 63 shows antigen expression levels on AML blasts compared to CD454im cells in healthy BM
donors. Expression of CD86 (13.3 % vs. 0.1 %, mean values, p<0.0001), TIM-3 (37.5 % vs. 1.5 %,
p=0.0002), CD112 (55.4 % vs. 6.6 %, p=0.0002) and co-inhibitory marker CD39 (32.5 % vs. 6.0 %,
p=0.0064) was significantly higher on AML blasts in comparison to healthy controls.

Expression levels of CD47 (97.3 % vs. 99.7 %, p=0.0384), PD-1 (0.3 % vs. 0.7 %, p=0.0023) and
co-inhibitory markers PD-L1 (1.9 % vs. 3.1 %, p=0.0173) and CD73 (1.3 % vs. 3.6 %, p=0.0003), as well
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as expression of co-stimulatory marker 1ICOS-L (1.6 % vs. 2.3 %, p=0.0145) were downregulated on

AML blasts compared to CD454im cells in healthy BM donors.
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Figure 63: Overexpression of CD86, TIM-3, CD112 and CD39 on blasts in AML patients (N=29) compared to
CD454im cells in healthy BM donors (N=9). A) For each co-inhibitory or co-stimulatory molecule the expression
fold change AML/HD was defined as ratio of the mean expression on blasts of all AML patients divided by the
mean expression on CD454im cells of all healthy BM donors. Markers not marked in grey could be either
co-inhibitory and co-stimulatory or their function has not been clarified so far regarding blast-T cell interaction
in AML. B) Absolute expression levels of molecules on blasts/CD454im cells were arranged according to A. PD-L1
was stained intracellularly. CD86 (p<0.0001), TIM-3 (p=0.0002), CD112 (p=0.0002) and co-inhibitory marker
CD39 (p=0.0064) were significantly overexpressed on AML blasts in comparison to CD454im cells in healthy BM
donors. Expression levels of CD47 (p=0.0384), PD-1 (p=0.0023) and co-inhibitory markers PD-L1 (p=0.0173) and
CD73 (p=0.0003), as well as expression of co-stimulatory marker ICOS-L (p=0.0145) were significantly
downregulated on AML blasts compared to CD454im cells in healthy BM donors. HD/healthy BM donors: healthy
bone marrow donors, FC: fold change.
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Analysis of initial AML samples with (N=7) and without future relapse (N=14) showed that CD155 was
significantly differently expressed (overexpression of CD155 on blasts of initial AML samples without
future relapse compared to initial AML samples with future relapse, 2.8 % vs. 0.8 %, p=0.0461, Figure
64). Nevertheless, differences are rather small.

During the course of AML (initial AML samples vs. relapsed AML samples) there were no differences

in antigen expression observed (not shown).
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Figure 64: Overexpression of CD155 on blasts in initial AML samples without future relapse (N=14) compared
to initial AML samples with future relapse (N=7). A) For each co-inhibitory or co-stimulatory molecule the
expression fold change FR/NFR was defined as ratio of the mean expression on blasts in all initial AML samples
with future relapse divided by the mean expression on blasts in all initial AML samples without future relapse.
Markers not marked in grey could be either co-inhibitory and co-stimulatory or their function has not been
clarified so far with reference to blast-T cell interaction in AML. B) Absolute expression levels of molecules on
AML blasts were arranged according to A. PD-L1 was stained intracellularly. CD155 expression was borderline
significantly higher on blasts in initial AML samples without future relapse compared to initial AML samples
with future relapse (p=0.0461). FR: future relapse, NFR: no future relapse, FC: fold change.
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6.3.3 Identification of CD135, EMR2, CLL1, CD123, CD33 and TIM-3 as possible
combinatorial CAR targets on AML blasts

In parts, the following results have already been published in an adapted form by our working group
in Willier et al., 2021.

To identify possible target antigen combinations out of AML associated antigens for combinatorial
CAR T-cell therapy, expression values of single markers were analyzed on AML blasts and compared
to CD454im cells in healthy BM donors. CD135 (38.0 % vs. 7.2 %, p=0.0128), CD123 (38.0 % vs. 7.6 %,
p<0.0001), CLL1 (71.7 % vs. 10.6 %, p=0.0004), CD33 (82.6 % vs. 6.2 %, p<0.0001) and TIM-3 (37.5 %
vs. 1.5 %, p=0.0002) showed significant overexpression on AML blasts compared to CD454m cells in
healthy BM donors. For CCR1, CD85d and EMR2 expression, no healthy BM donors were analyzed as
control. Nevertheless, EMR2 was highly expressed on AML blasts (mean expression: 41.6 %), while
CCR1 and CD85d were expressed on less than 20% of AML blasts (mean expression values,
CCR1: 2.0 %, CD85d: 10.7 %).

CD96 was initially analyzed as potential immunotherapy target in AML. However, due to a high CD96
expression on bmT cells it was finally excluded from the panel. In case of the antigens listed in Figure
65 expression on bmT cells was evaluated for 4 AML patients. Here, all antigens except TIM-3 were

not expressed on bmT cells.

*kkk *edkek

g 1 =
£ .

u;:s 100 . ex
o 80 *edkdek —l
(&)
c 601
o
c 40_
o
§ 20+ AML patients
é— O-i. i. : i. i. = : : M healthy BM donors
o x x x x x x x x

> N v > 2] > o3 N

o v & Vv > ’ ) 2o

00 O Q/é 00\ (,0\ '\\Q 00% 00

Figure 65: Antigen expression on blasts in AML patients (N221) compared to CD454im cells in healthy BM
donors (N=9). CD135 (p=0.0128), CD123 (p<0.0001), CLL1 (p=0.0004), CD33 (p<0.0001) and TIM-3 (p=0.0002)
were significantly overexpressed on AML blasts compared to CD454im cells in healthy BM donors. For CCR1,
CD85d and EMR2 expression no healthy BM donors were analyzed as control. Healthy BM donors: healthy
bone marrow donors.
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During the course of AML (initial AML samples vs. relapsed AML samples), CD33 showed a trend to
be higher expressed on AML blasts in relapsed AML samples compared to initial AML samples, but
without reaching statistical significance (90.2 % vs. 79.5 %, p=0.0736, Figure 66).
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Figure 66: Antigen expression on AML blasts in initial AML samples (N213) compared to relapsed AML
samples (N=12). There were no significant differences observed, with CD33 showing only a trend to be higher
expressed on AML blasts in relapsed AML samples compared to initial AML samples without reaching statistical
significance (p=0.0736).

Analysis of initial AML samples with and without future relapse did not show any significant

differences concerning antigen expression on AML blasts (not shown).

6.3.3.1 Identification of CD33-CLL1 as best target antigen combination for a Tandem-CAR

In parts, the following results have already been published in an adapted form by our working group
in Willier et al., 2021.

On basis of the single marker expression levels, different antigen combinations were chosen for
combinatorial AML targeting. In context of a Tandem-CAR (2.3) target cells need to express both
target antigens at the same time. Therefore, the percentages of double positive AML blasts were
determined for each target antigen combination. Cut-off was arbitrarily set at 50 % double positive
blasts.

Here, CD33/CLL1 turned out to be the combination, for which the most AML patients of our cohort
(21/29 patients, 72 %) had at least 50 % double positive blasts (Figure 67A).

Of the remaining 8 AML patients, which could not be covered using CD33/CLL1, another 2 patients
had at least 50 % double positive blasts for the combination out of CD33 and TIM-3 and 1 patient
each could be covered by the usage of CD33/CD135 and CLL1/CD135. So, in the context of a
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Tandem-CAR with the cut-off set at 50 % double positive blasts 86 % (25/29 patients) of our patient

cohort could be covered by using one of the mentioned target antigen combinations (Figure 67B).

A

-

o

o
1

N A OO ©
o O O o o
L 1 L L 1 1

expression on blasts [%]

CD33/CLLA1
CD33/TIM-3
s CD33/CD135

m CLL1/CD135
B not covered

N=29

Figure 67: Antigen co-expression on AML blasts. A) For each combination of antigens the percentage of double
positive AML blasts was determined. Cut-off was set at 50% double positive blasts. For CD33-CLL1 the most
AML patients of our cohort (21/29, 72 %) had at least 50 % double positive blasts in comparison to the other
tested antigen combinations. AML patients with less than 50 % CD33/CLL1 double positive blasts were color-
coded in order to evaluate those also in terms of expression of the other target antigen combinations. B)
Under the condition that at least 50 % of all AML blasts were double positive, 21 out of 29 patients could be
covered by using CD33/CLL1 (72 %). By the additional usage of CD33/TIM-3, CD33/CD135 and CLL1/CD135
25/29 patients (86 %) could be covered. 4 patients (14 %) would not be coverable with mentioned antigen
combinations.
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In the project, CD454im cells in AML patient samples were defined as AML blasts (5.6.1, Figure 11).
This gating is widely used for isolating blasts by flow cytometry, even though it was shown that other
cells contaminate this "blast gate” (Harrington et al., 2012). However, due to the lack of common
specific antigens of all AML subtypes, we decided to stay with this method in order to classify AML
blasts.

In this context, it was analyzed, whether the blast count documented at the time point of AML
diagnosis, was correlated with the percentage of CD33/CLL1 double positive blasts (not shown). In
case, that a low blast count would indicate a higher probability of contamination of the identified
“blast population”, a low percentage of CD33/CLL1 double positive blasts could be correlated with a

low blast count at AML diagnosis, but no significant correlation could be shown.

6.3.3.2 Identification of CD33-CLL1 as best combination for a synNotch-gated CAR

In parts, the following results have already been published in an adapted form by our working group
in Willier et al., 2021.

An alternative approach for dual targeting CAR T cells is the synNotch-gated CAR (2.3). As the
mechanism of action differs from the Tandem-CAR, the following criteria were taken into account: at
least 20 % blasts had to be positive for the antigen 1 (inductor antigen), whereas for the antigen 2
(target antigen) more than 80 % blasts had to be positive. Cut-off values were set arbitrarily, but with
respect to the mechanism of action of a synNotch-gated CAR.

Under these conditions, the most patients of our cohort (19/29, 66 %) could be covered by using
CLL1 as inductor (I) and CD33 as target (T) antigen (Figure 68A).

Of the remaining 10 patients 2 additional patients each could be covered by the usage of
CD135I/CLL1T, TIM-31/CD33T and TIM-3I/CLL1T. By using CD135 as inductor antigen and CD33 as
target antigen coverage of 1 more patient was possible. So, in the context of a synNotch-gated CAR
90 % (26/29 patients) of all analyzed patients could be covered by the usage of one of the mentioned

target antigen combinations under the set conditions (Figure 68B).
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Figure 68: Identification of CD33I/CLL1T as best combination for a synNotch-gated CAR. For a synNotch-gated
CAR the following criteria were taken into account: at least 20 % of all blasts had to be positive for the inductor
antigen, for the target antigen more than 80 % blasts had to be positive. For EMR2I/CD33T only 21 patients
were tested, whereas for all other combinations 29 patients were evaluated. A) Using CLL1 as inductor and
CD33 as target the most patients (19/29, 66 %) could be covered in comparison to other tested combinations.
B) By additional usage of CD135I/CLL1T, TIM-31/CD33T, TIM-3I/CLL1T and CD135I/CD33T 26/29 patients (90 %)
could be covered. 3 patients (10 %) would not be covered by using mentioned antigen combinations. I: inductor
antigen, T: target antigen.
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6.3.3.3 EOL-1 as appropriate human AML cell line for functionality measurement of a
CD33/CLL1 Tandem-CAR and a CLL11/CD33T synNotch-gated CAR

In context of possible functionality assays CAR target antigen expression levels were evaluated on the
human AML cell lines EOL-1, OCI-AML, THP-1 and MOLM-13 (N=1). Under the same conditions as in
6.3.3.1 and 6.3.3.2 EOL-1 would be an appropriate cell line to use in functionality measurement of a

CD33/CLL1 Tandem-CAR, as well as of a CLL11/CD33T synNotch-gated CAR (Figure 69).
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Figure 69: Antigen expression on human AML cell lines EOL-1, OCI-AML, THP-1 and MOLM-13 (N=1). A) For
each combination of antigens the percentage of double positive cells was determined. Cut-off was set at 50%
double positive blasts in context of a Tandem-CAR. Under this condition EOL-1 would be an appropriate cell
line to use in a functionality assay for a CD33/CLL1 Tandem-CAR. B) In context of a synNotch-gated CAR
expression levels of single antigens were evaluated on cell lines. With a CLL1 expression level higher than 20 %
and CD33 higher expressed than 80 %, EOL-1 could be used in functionality measurement of a CLL1I/CD33T
synNotch-gated CAR. I: inductor antigen, T: target antigen.
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6.3.3.4 Reduced Expression of CD33 and CLL1 and increased expression of TIM-3 on
leukemic stem cells compared to bulk AML cells

In parts, the following results have already been published in an adapted form by our working group
in Willier et al., 2021.

As shown in Figure 70 AML associated antigens CD33, TIM-3 and CLL1 were additionally analyzed for
expression on leukemic stem cells (LSCs). Comparing antigen expression levels on AML bulk cells and
LSCs using Wilcoxon matched-pairs signed rank test, mean expression (N=29) of CD33 (74.3 % vs.
82.6 %, p=0.0689) and CLL1 (58.9 % vs. 71.7 %, p=0.0005) was reduced on LSCs in comparison to AML
bulk cells, whereas TIM-3 was slightly higher expressed on LSCs (39.1 % vs. 37.5 %, p=0.2470). Only
the reduction of CLL1 on LSCs compared to AML bulk cells reached statistical significance. Other

possible CAR target antigens were not analyzed on LSCs.
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Figure 70: Antigen expression on LSCs and AML bulk cells. Summary of antigen expression levels (mean
expression rate within all analyzed patients in %, N=29): Mean expression of CD33 and CLL1 was reduced on
LSCs in comparison to AML bulk cells, whereas TIM-3 was slightly higher expressed on LSCs. Only the reduction
of CLL1 on LSCs compared to AML bulk cells was reaching statistical significance (p=0.0005). For comparison
Wilcoxon matched-pairs signed rank test was used. LSCs: Leukemic stem cells, Bulk: Bulk AML cells

6.4 Flow cytometric phenotype analysis of NK and NKT cells in the bone marrow of AML
patients

NK and NKT cells in the bone marrow were phenotypically analyzed for frequency, maturation stages

and expression of immune-modulatory surface molecules.
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6.4.1 Increased frequency of NK cells and increased frequency of late NK cell
differentiation stages in the bone marrow of AML patients

As shown in Figure 23, the frequency of NK cells among CD45;,;,CD3- cells was increased in AML

patients compared to healthy BM donors (25.1 % vs. 14.0 %, mean values, p=0.0320).

Furthermore, concerning their differentiation stages, within NK cells there was a shift towards a
more mature phenotype in AML patients compared to healthy controls (Figure 71A): The frequency
of NK cells with a high proliferation capacity and a rather low cytolytic activity (CD16-CD57-) was
significantly reduced in AML patients compared to healthy BM donors (14.7 % vs. 24.4 %, p=0.0159),
whereas the number of NK cells with an intermediate proliferation capacity and cytolytic activity
(CD16+CD57-) was increased in AML patients (66.8 % vs. 53.3 %, p=0.0233).

In relapsed AML samples the frequency of CD16-CD57- NK cells was increased (22.0 % vs. 12.6 %,
p=0.0330, Figure 71B) in comparison to initial AML samples, while the number of NK cells with a low
proliferation capacity and a high cytolytic activity (CD16+CD57+) was reduced in relapsed AML
samples (7.5 % vs. 22.1 %, p=0.0047, Figure 71B).

Between initial AML samples with and without future relapse there were no significant differences

determined concerning maturation stages of NK cells (not shown).

Regarding CD16/CD56 distribution (Figure 71C) within NK cells the frequency of CD16-CD56+ NK cells
was significantly higher (21.4 % vs. 9.3 %, p=0.0080) in relapsed AML samples in comparison to initial
AML samples. Between initial AML samples with and without future relapse there were no
differences detected (not shown). The difference of the CD16/CD56 distribution between AML

patients and healthy BM donors was not analyzed.

Concerning the expression of TIGIT, CD226 and CD57 on NK cells in the bone marrow (Figure 72), the
only difference detected was a decreasing CD57 expression in relapsed AML samples compared to
initial AML samples (7.2 % vs. 18.4 %, p=0.0345). The difference of CD57 single expression between

AML patients and healthy BM donors was not analyzed.
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Figure 71: Alteration of the NK cell phenotype in AML bone marrow compared to healthy controls. A)
The frequency of CD16-CD57- NK cells (high proliferation capacity, low cytolytic activity) was significantly
reduced (p=0.0159) in AML patients (N=29) compared to healthy BM donors (N=9), whereas the number of
CD16+CD57- NK cells (intermediate proliferation capacity, intermediate cytolytic activity) was increased in AML
patients (p=0.0233). B) In relapsed AML samples (N=12) the frequency of CD16-CD57- NK cells was increased
(p=0.0330) in comparison to initial AML samples (N=21), while the number of CD16+CD57+ NK cells (low
proliferation capacity, high cytolytic activity) was reduced in relapsed AML samples (p=0.0047). C) The
frequency of CD16-CD56+ NK cells was significantly higher (p=0.008) in relapsed AML samples (N=12) in
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Figure 72: Antigen expression on NK cells in AML patients. A)-C) CD57 expression was significantly reduced

(p=0.0345) in relapsed AML samples (N=12) compared to initial AML samples (N>13). Healthy BM
donors: healthy bone marrow donors.

6.4.2 NKT cells in the bone marrow of AML patients

The frequency of NKT cells among CD45highCD3+ cells in the bone marrow of AML patients was not

altered in comparison to healthy BM donors (Figure 23).

With regard to their CD56/CD16 distribution (Figure 73) the frequency of CD16+CD56+ NKT cells was
increased in initial AML samples without future relapse compared to initial AML samples with future
relapse (5.4 % vs. 1.7 %, p=0.0350). Between initial AML samples and relapsed AML samples there
were no differences detected (not shown). The difference between AML patients and healthy BM

donors concerning the CD56/CD16 distribution was not analyzed.
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Figure 73: General characteristics of NKT cells in AML patients. The frequency of CD16+CD56+ NKT cells was
higher (p=0.0350) in initial AML samples without future relapse (N=6) compared to initial AML samples with
future relapse (N=7).

Concerning the expression of TIGIT, CD226 and CD57 on NKT cells there were no differences reaching

statistical significance (Figure 74).
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Figure 74: Antigen expression on NKT cells in AML patients. A)-C) There were no significant differences
detected in terms of antigen expression. Healthy BM donors: healthy bone marrow donors.

6.5 Interaction of AML blasts with T cells, NK and NKT cells in patient bone marrow

Finally, we examined whether the observed changes in phenotype of physiologic immune cells
(T cells, NK and NKT cells) were linked to blast phenotype. Thus, to determine whether AML blasts do
induce e.g. T cell phenotype changes we analyzed two common axes of interaction between
antigen-presenting cells (APCs) and T cells in the context of AML. To that end, we correlated the
expression of CD86 and CD112/CD155 on AML blasts to the respective expression of CTLA-4/CD28 on
bmT cells and TIGIT/CD226 on bmT cells, NK and NKT cells (6.5.1 and 6.5.2).
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6.5.1 Missing correlation of increased CD86 expression on AML blasts with a change in
CD28/CTLA-4 expression on bmT cells

CD86 was significantly overexpressed on AML blasts compared to healthy controls (13.3 % vs. 0.1 %,
mean values, p<0.0001). Here, patients A007 (83.2 %), A302 (75.1 %) and A308 (46.6 %) showed the
highest CD86 expression in our patient cohort (Figure 75A). To determine, if there was any
connection between a high CD86 expression on AML blasts and the CTLA-4/CD28 expression on
bmT cells, CD28 expression rates were plotted against CTLA-4 expression rates. But as Figure 75B
shows, mentioned linkage was not detectable, nor could be shown that for example a reduced CD28

expression on bmT cells was connected with an increased CTLA-4 expression on bmT cells.
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Figure 75: Missing correlation of increased CD86 expression on AML blasts with a change in CD28/CTLA-4
expression on bmT cells. A) CD86 was significantly overexpressed on AML blasts compared to CD454im cells in
healthy BM donors (p<0.0001). Patients A007 (83.2 %), A302 (75.1 %) and A308 (46.6 %) showed the highest
CD86 expression (marked in red). B) CD28 expression rates on bmT cells were plotted against CTLA-4
expression rates on bmT cells. Mentioned patients A007, A302 and A308 are marked in red. Healthy
BMD/healthy BM donors: healthy bone marrow donors.

6.5.2 Correlation of a high CD112 expression on AML blasts with a low expression of
CD226 on bmT cells, NK and NKT cells

CD112 was significantly overexpressed on AML blasts compared to CD454m cells in healthy BM
donors (55.4 % vs. 6.6 %, p=0.0002), whereas CD155 showed only low expression levels on AML

blasts. As shown in Figure 76, within our patient cohort CD112 expression showed a trimodal
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distribution on AML blasts. In context to that AML patients were divided into three groups: AML
patients with low (CD112jy), intermediate (CD112i) and high CD112 expression (CD112hign) onN
blasts. Divided into these three groups AML patients were compared in relation to their TIGIT and
CD226 expression on bmT cells, NK and NKT cells (Figure 77):

Regarding TIGIT expression levels there were no significant differences determined within AML
patients, with the exception of a significant higher TIGIT expression on NK cells of AML patients with
CD112pigh blasts compared to AML patients with CD112;,; blasts (62.7 % vs. 49.0 %, p=0.0309).

CD226 was significantly downregulated on bmT cells of AML patients with CD112ng, blasts in
comparison to AML patients with CD112in: (20.1 % vs. 32.2 %, p=0.0379) and CD112jow (20.1 % vs.
38.2 %, p=0.0064) blasts.

On NK (11.4 % vs. 21.6 %, p=0.0421) and NKT cells (38.2 % vs. 59.4 %, p=0.0064) CD226 was
significantly lower expressed in AML patients with CD112ng, blasts compared to AML patients with
CD112yy blasts.

<
- *kk
5 100 ...' [ )
) oa o®
< ([ J
‘: °
[e) 60
° °
o ]
= 401 ....
(7]
o
o
x
(]
N
D ] ]
o Q @
f,\& ’;&o
>
& 5
’(\0 vé

Figure 76: CD112 expression on AML blasts compared to CD454im cells in healthy BM donors. CD112 was
significantly overexpressed on AML blasts compared to CD454im cells in healthy BM donors (p=0.0002). AML
patients showed a trimodal distribution of CD112 expression on AML blasts: CD112jow (in red), CD112in: (in
purple) and CD112high (in blue) AML blasts. Int: intermediate, healthy BMD: healthy bone marrow donors.
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Figure 77: Interaction of CD112 on AML blasts with TIGIT/CD226 on bmT cells, NK and NKT cells. AML patients
were divided into three groups according to their CD112 expression level on blasts and compared concerning
their TIGIT/CD226 expression rates on bmT cells, NK and NKT cells. A), C) and E) With regards to TIGIT
expression levels there were no significant differences determined within AML patients, with the exception of a
significant higher TIGIT expression on NK cells of AML patients with CD112nigh blasts compared to AML patients
with CD112int blasts (p=0.0309). B), D) and F) CD226 was significantly downregulated on bmT cells of AML
patients with CD112high blasts in comparison to AML patients with CD112int (p=0.0379) and CD112jow (p=0.0064)
blasts. On NK (p=0.0421) and NKT cells (p=0.0064) CD226 was significantly lower expressed in AML patients
with CD112high blasts compared to AML patients with CD112ow blasts. Healthy BMD: healthy bone marrow

donors, int: intermediate.
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6.6 Bridging the gap between phenotype and genotype of CD8+ bmT cells via RNA-seq

Flow cytometry analysis of CD8+ bmT cells showed some pronounced differences between AML
patient samples and healthy BM donors (6.2.4). Bridging the gap between phenotype and genotype
of CD8+ bmT cells, RNA-seq and gene expression analyses were performed. RNA-seq and filtering of
sequenced genes was performed by Dr. med. Semjon Willier. Analysis of filtered genes was
performed by me.

Filtering of sequenced genes was performed in two steps. Firstly, all genes with RPKM22 in both
groups were exported. Secondly, the 11022 exported genes were filtered under the following
conditions: (1) RPKM=>2 in AML patient samples, (2) RPKM22 in healthy BM donor samples, (3) FC=2,
(4) p<0.05. Filtering revealed 234 genes. Consequently, filtered genes were scanned manually with
regard to general and CD8+ T cell-specific functional relevance (Figure 78). PRF1 (Perforin 1,
p=0.0007, FC=3.04) and GZMB (Granzyme B, p=0.0025, FC=3.94) were higher expressed by CD8+
bmT cells in AML patient samples in comparison to healthy BM donors. CREM (reported enhancer of
IL21 expression, Ohl et al., 2016, p=0.0008, FC=0.22), IL21R (IL21 receptor, p=0.0005, FC=0.37), REL
(c-Rel, NF-kB subunit, p=0.0012, FC=0.34), IFRD1 (Interferon related developmental regulator 1,
shown to suppress NF-kB, Tummers et al., 2015, p=0.0024, FC=0.28), NFKBIA (NF-kB inhibitor alpha,
p=0.0341, FC=0.43), TRIM39 (Tripartite motif containing 39, reported to negatively regulate NF-kB-
mediated signaling pathway, Suzuki et al., 2016, p=0.0439, FC=0.46) and RARA (Retinoic acid receptor
alpha, shown to be required for CD8+ T cell survival and expression of effector molecules, Guo et al.,
2014, p=0.0039, FC=0.38) were less expressed by CD8+ bmT cells in AML patient samples.

In Figure 79, the only genes shown are coding for molecules from the flow cytometry analysis of
CD8+ bmT cells. In contrast to the differences detected there, in RNA-seq analysis CD27 (p=0.0167,
FC=2.47) and LAG3 (p=0.0494, FC=2.37) were the only genes significantly higher expressed in AML
patient samples in comparison to healthy BM donors. ENTPD1 and B3GAT1 coding for CD39 and

CD57 were not part of the filtered genes and were therefore added in this graph.

For gene expression analyses of initial AML samples without future relapse in comparison to initial
AML samples with future relapse, we proceeded in the same way as described above. Filtering of
11328 exported genes revealed 13 genes. Depending on their functional relevance, genes were
selected and color-coded (Figure 80): TNFRSF4 (CD134, p=0.0476, FC=3.80) was higher expressed in
initial AML samples with future relapse, whereas DYNLT1 (Dynein light chain Tctex-type 1, reported
to play a role in hypoxic cytoprotection, Fang et al., 2011, p=0.0386, FC=0.29) was less expressed in

comparison to initial AML samples without future relapse.
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As one can see in Figure 81, TNFRSF4 was also the single significantly differently expressed gene
within the other genes coding for molecules from the flow cytometry analysis of CD8+ bmT cells. This

is consistent with the flow cytometry results.
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Figure 78: Differential gene expression of CD8+ bmT cells in AML patients (N=20) in comparison to healthy
BM donors (N=14). Gene expression data from RNA sequencing. A) Volcano plot showing differential
expression of coding genes in CD8+ bmT cells in AML patient samples compared to healthy BM donors. Genes
were filtered under the following conditions: (1) RPKM>2 in AML patient samples, (2) RPKM>2 in healthy BM
donor samples, (3) FC=2, (4) p<0.05. Filtering revealed 234 genes. Depending on their functional relevance,
filtered genes were selected and color-coded. Red lines show fold change cut-off of 2 (p<0.05). For multiple
testing correction, Student’s t-test and Benjamini Hochberg were used. B) Volcano blot showing only the color-
coded genes. PRF1 (Perforin 1, p=0.0007, FC=3.04) and GZMB (Granzyme B, p=0.0025, FC=3.94) were higher
expressed by CD8+ bmT cells in AML patient samples in comparison to healthy BM donors. CREM (reported
enhancer of IL21 expression, Ohl et al., 2016, p=0.0008, FC=0.22), IL21R (IL21 receptor, p=0.0005, FC=0.37), REL
(c-Rel, NF-kB subunit, p=0.0012, FC=0.34), IFRD1 (Interferon related developmental regulator 1, shown to
suppress NF-kB, Tummers et al., 2015, p=0.0024, FC=0.28), NFKBIA (NF-kB inhibitor alpha, p=0.0341, FC=0.43),
TRIM39 (Tripartite motif containing 39, reported to negatively regulate NF-kB-mediated signaling pathway,
Suzuki et al., 2016, p=0.0439, FC=0.46) and RARA (Retinoic acid receptor alpha, shown to be required for CD8+
T cell survival and expression of effector molecules, Guo et al., 2014, p=0.0039, FC=0.38) were less expressed
by CD8+ bmT cells in AML patient samples. RPKM: reads per kilo base per million mapped reads, FC: fold
change, HD: healthy bone marrow donors.
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Figure 79: Differential gene expression of CD8+ bmT cells in AML patients (N=20) in comparison to healthy
BM donors (N=14). Gene expression data from RNA sequencing. The only genes shown are coding for
molecules from the flow cytometry analysis of CD8+ bmT cells. Red lines show fold change cut-off of 2 (p<0.05).
For multiple testing correction, Student’s t-test and Benjamini Hochberg were used. CD27 (p=0.0167, FC=2.47)
and LAG3 (p=0.0494, FC=2.37) coding for CD27 and LAG-3 were the only genes significantly higher expressed in
AML patient samples in comparison to healthy BM donor samples (marked in purple). Blue dots indicate
upregulated genes in AML patient samples, orange dots indicate downregulated genes (not statistically
significant). ENTPD1 and B3GAT1 coding for CD39 and CD57 were not part of the filtered genes and were
therefore added in this graph. FC: fold change, HD: healthy bone marrow donors.
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Figure 80: Differential gene expression of CD8+ bmT cells in initial AML samples with (N=4) and without
(N=10) future relapse. Gene expression data from RNA sequencing. Volcano plot showing differential
expression of coding genes in CD8+ bmT cells in initial AML samples with future relapse compared to initial
AML samples without future relapse. Genes were filtered under the following conditions: (1) RPKM=>2 in initial
AML samples without future relapse, (2) RPKM>2 in initial AML samples with future relapse, (3) FC>2, (4)
p<0.05. Filtering revealed 13 genes. Depending on their functional relevance, filtered genes were color-coded:
TNFRSF4 (p=0.0476, FC=3.80) coding for CD134 and DYNLT1 (p=0.0386, FC=0.29) coding for Dynein light chain
Tctex-type 1 (reported to play a role in hypoxic cytoprotection, Fang et al., 2011). Red lines show fold change
cut-off of 2 (p<0.05). For multiple testing correction, Student’s t-test and Benjamini Hochberg were used.
RPKM: reads per kilo base per million mapped reads, FC: fold change, FR: future relapse, NFR: no future
relapse.
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Figure 81: Differential gene expression of CD8+ bmT cells in initial AML samples with (N=4) and without
(N=10) future relapse. Gene expression data from RNA sequencing. The only genes shown are coding for

molecules from the flow cytometry analysis of CD8+ bmT cells.

Red lines show fold change cut-off of 2

(p<0.05). For multiple testing correction, Student’s t-test and Benjamini Hochberg were used. TNFRSF4
(p=0.0476, FC=3.80) coding for CD134 was the only gene significantly higher expressed in initial AML samples
with future relapse compared to initial AML samples without future relapse (marked in red). Blue dots indicate
upregulated genes in initial AML samples with future relapse, orange dots indicate downregulated genes (not
statistically significant). FC: fold change, FR: future relapse, NFR: no future relapse.

6.7  Additional (negative) findings

Fluorochrome| Antigen | Celltype Function Problem
BV785 LAG-3 T cells exhaustion marker weak fluorochrome
BV650 PD-1 T cells exhaustion marker weak fluorochrome

PerCP-Cy5.5 CD70 blasts | AML associated antigen lack of expression
APC CD80 blasts | AML associated antigen lack of expression
Tcells + | exhaustion marker +
BV785 TIM-3 blasts | AML associated antigen weak fluorochrome
Bv421 PD-L1ec blasts ligand for PD-1 lack of expression
APC MUC1 5E5 blasts CAR target lack of expression
PE MUC15E10 | blasts control for MUC1 5E5 lack of expression
BB515 CD9%6 blasts CAR target expression on T cells

Figure 82: Summary of additionally stained antigens. Listed antigens had been omitted from integrated
analysis due to mentioned issues. Ec: extracellularly stained.
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Antigens listed in Figure 82 had been stained additionally in the study for several reasons, but finally
had been omitted from integrated analysis due to mentioned issues.

Figure 83 shows all objects of comparison between relapsed AML samples (1% relapse) within
chemotherapy treatment (N=4) and upon completion of chemotherapy treatment of initial diagnosis
(N=4): As there were no significant differences for all objects of comparison detected, all samples

from 1%t relapse were treated equally.

Object of comparison Cell type Object of comparison | Cell type
TIM-3 expression T cells CLL1 expression blasts
2B4 expression T cells CD33 expression blasts
PD-1 expression T cells CD112 expression blasts
CD134 expression T cells CD86 expression blasts
ICOS expression T cells TIM-3 expression blasts
GITR expression T cells
TCRyS expression T cells
proportion of Tregs CD4+ T cells
proportion of ThO CD4+ T cells
proportion of Thl CD4+ T cells
proportion of Th2 CD4+ T cells
CD25 expression CD4+ T cells
proportion of CD16-CD57+ NK cells
proportion of CD16+CD57+ NK cells
proportion of CD16+CD57- NK cells
proportion of CD16-CD57- NK cells

Figure 83: Objects of comparison between relapsed AML samples (1% relapse) within chemotherapy
treatment (N=4) and upon completion of chemotherapy treatment of initial diagnosis (N=4). As there were
no significant differences for all objects of comparison detected, all samples from 1% relapse were treated
equally in analysis.
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7 Discussion

The impressive success of T-cell-mediated immunotherapy in the treatment of pediatric B-ALL
emphasizes the irrefutable benefit of anti-cancer immunotherapy in children (Majzner et al., 2017;
Maude et al.,, 2018). As indicated in pediatric ALL patients by Zamora et al. in 2019, pediatric
leukemia patients do generate functional neoantigen-specific antitumor T cell responses. However,
in pediatric AML, there are still many hurdles to overcome in order to accelerate progress in
immunotherapy, especially due to the unknown immunogenicity of AML (Perna et al., 2017) and
lacking usable AML-specific target antigens (Haubner et al., 2019; Mardiana and Gill, 2020). The low
number of pediatric AML patients further complicates the situation (Klein et al.,, 2018), as new
findings in immunotherapy of AML have been mainly obtained in adults (Koedijk et al., 2021).

As shown by Alexandrov et al. in 2013, AML was found to have one of the lowest mutational burden
within different malignant entities (average of 13 somatic gene mutations in de novo AML patients).
Based on the supposition that mutational burden directly correlates with immunogenicity, this
indicates a quite low immunogenicity of AML blasts (Austin et al., 2016).

However, tumor-specific antigens could also derive from allegedly noncoding regions and would be
missed by standard exome-based approaches, as used e.g. by Alexandrov et al. Here it is to be
expected that many further tumor-specific antigens could possibly be identified (Laumont et al.,
2018). Furthermore, the question arises whether the mutational quality rather than the overall
mutational burden may be more important (Austin et al., 2016; Strickler et al., 2021).

Up until now, not only the successful treatment of AML patients by allogeneic hematopoietic stem
cell transplantation (allo-HSCT; Barrett and Le Blanc, 2010; Bleakley and Riddell, 2004), but also rare
cases of spontaneous remission in AML patients associated with bacterial infections and resulting
triggered immune responses (Miiller et al., 2004; Mozafari et al., 2017), have shown the ability of the
immune system to eradicate AML blasts. Nevertheless, effective specific immunotherapies for

(pediatric) AML are still missing.

To investigate possible interactions between AML blasts and healthy immune cell populations in our
patient cohort, we analyzed defined populations within bone marrow samples of 29 pediatric AML
patients and 9 healthy bone marrow donors (healthy BM donors). In particular, we analyzed CD4+
T cells, CD8+ T cells, NK cells, NKT cells and leukemic blasts for protein expression by flow cytometry,

for RNA expression by RNA-sequencing and for chromatin accessibility by ATAC-sequencing.

In leukemia, the bone marrow serves as tumor microenvironment (TME) for leukemic development

with most leukemic cells finally residing in the BM.
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Bone marrow T cells have been recognized to comprise relevant populations such as memory CD8+
T cells and tissue-resident memory T cells. Bone marrow memory T cells are largely circulatory, using
BM niches as “stopping point”, where they receive survival signals, before re-entering the circulation
to contribute to systemic cellular memory immunity, while tissue-resident memory T cells participate
in immediate local protection as sessile non-migratory cells (Di Rosa and Gebhardt, 2016). Besides
regulating immunity, bmT cells also regulate hematopoietic and bone remodeling systems (Bonomo
et al., 2016).

By leukemia onset, those bmT cells are within the site of tumor development and will share
characteristics of tumor infiltrating lymphocytes (TILs), even if it is unclear whether additional T cell
populations immigrate to the BM due to leukemia or only preexisting populations are present in
leukemic BM.

In solid tumors, the presence of tumor-infiltrating lymphocytes has been associated with increased
survival (Sato et al., 2005; Oble et al., 2009; Hwang et al., 2012; Barnes and Amir, 2017). For AML
patients, a good lymphocyte recovery after chemotherapy is an indicator of good prognosis (Austin
et al.,, 2016). Consequently, we want to establish the relevance of bmT cells in pediatric AML by
asking three questions in this study: (7.1) are bmT cell populations changed by the presence of
leukemia - and if this is the case - (7.2) are those changes in bmT cells mirrored by expression profiles
of AML blasts as a sign of specific blast - T cell - interactions - rather than unspecific bystander effects
and finally - (7.3) does T cell phenotype correlate with clinical features such as future relapse.
Additionally, we want to examine which AML antigens described for synthetic immunotherapy in

adult patients might be of relevance for pediatric AML patients e.g. for CAR T cell approaches (7.4).

7.1  Alteration of bmT cells in AML patients compared to healthy BM donors

Firstly, we assessed whether bmT cell populations are changed in AML patients by comparing

bmT cells in AML patients with healthy controls.

7.1.1 Increased frequency of late bmT cell differentiation stages and overexpression of
co-inhibitory and co-stimulatory molecules on bmT cells in AML patients compared
to healthy bone marrow donors

In flow cytometry, an increased frequency of late bmT cell differentiation stages could be detected in
AML patients when comparing with healthy BM donors. Namely, the frequency of naive bmT cells
was reduced, while the frequency of effector memory bmT cells and effector CD4+ bmT cells was

increased in AML patients in comparison to healthy controls.
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In RNA-seq, CD8+ bmT cells of AML patients showed higher expression rates of the pore-forming
protein Perforin and the serine protease Granzyme B compared to healthy BM donors. These two are
key players in cytotoxic lymphocyte-mediated target cell lysis, including antitumor cytotoxicity and
are particularly highly expressed in effector T cells (Hlongwane et al., 2018; Voskoboinik et al., 2015).
Genes coding for the IL21 receptor and CREM, a reported enhancer of IL21 expression (Ohl et al.,
2016), were lower expressed in AML patient samples in comparison to healthy BM donors. IL21 is
closely related to IL2, but in the context of adaptive immunotherapy for example it was reported to
suppress the maturation of naive CD8+ T cells into Granzyme B expressing effector CD8+ T cells
(Hinrichs et al., 2008).

Therefore, this transcriptomic data aligns with flow cytometry data, where a shift towards a more
mature phenotype could be documented in AML patients when comparing with healthy BM donors.
However, IL21 was also shown to exert pleiotropic functions by facilitating the maturation and
enhancing the cytotoxicity of CD8+ T cells and NK cells, promoting the differentiation of memory
CD8+ T cells and suppressing the induction and function of T (Deng et al., 2020). Thus, the role of
IL21 pathway in bmT cells needs to be further investigated in the context of pediatric AML before

making any more detailed evaluation here.

As described by Xu and colleagues in 2018, the shift from less differentiated T cells to a higher ratio
of effector memory and effector T cells, both in peripheral blood and in the bone marrow, especially
in younger AML patients (< 60 years), may be due to the constant exposure of T cells to AML blasts
and the leukemia microenvironmental physiology.

In case of a leukemia-induced phenomenon via indirect or direct blast-T-cell-interaction, the
bmT cells could either present altered tissue-resident memory T cells (Di Rosa and Gebhardt, 2016)
or different immigrated populations. Moreover, leukemia leads to increased cell death in the bone
marrow and thus could cause an elevated extracellular potassium concentration, which was reported
to limit T cell function in context of other tumors (Eil et al., 2016; Ong et al., 2019). Therefore, a
rather adaptive response to the tumor microenvironment would be another possible reason for this
observation.

Nevertheless, mechanisms reported to be employed by the AML cells to impair anti-leukemic
immune responses and therefore to interact with the immune cells have been the high expression of
inhibitory ligands on AML blasts and the downregulation of activating ligands and receptors on T cells

(Austin et al., 2016; Taghiloo and Asgarian-Omran, 2021).

Consistent with that in our study, the two co-inhibitory markers TIM-3 and PD-1 were found to be

significantly overexpressed on all analyzed T cell subsets (CD3+, CD4+ and CD8+ bmT cells), as well as
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in co-expression on CD4+ and CD8+ bmT cells in our AML patient cohort compared to healthy
controls based on the flow cytometry analysis. In addition, co-inhibitory molecules LAG-3 and CTLA-4
showed higher expression rates in AML patients in comparison to healthy BM donors (statistically
significant only on CD3+ and CD8+ bmT cells). For LAG-3 on CD8+ bmT cells, this could also be shown
in RNA-seq.

In the literature, PD-1/PD-L1 (Okazaki et al., 2013) and TIM-3/GAL-9 (Austin et al., 2016; Wang et al.,
2021) axes are described as important co-inhibitory pathways suppressing T cell function.
Additionally, increased co-expression of TIM-3 and PD-1 on T cells is associated with an exhausted T
cell phenotype in AML (Zhou et al., 2011; Kong et al., 2015). CTLA-4 is another well described co-
inhibitory marker inhibiting T cell activation via binding to ligands CD80 and CD86 after out-
competing their co-stimulatory counterpart CD28 (Pardoll, 2012) and plays a role in immunoescape
of AML (Ok and Young, 2017). Showing a striking synergy with PD-1 (Woo et al., 2012), also LAG-3 has

been reported to suppress T cell activation and cytokine secretion (Andrews et al., 2017).

Putting it all together, late differentiation stages of bmT cells are enriched in the bone marrow of
pediatric AML patients and accordingly those cells might express high levels of exhaustion markers,

possibly representing the outcome of AML induced T cell exhaustion as immunoescape mechanism.

However, besides co-inhibitory molecules, also the expression of co-stimulatory molecules was
altered at protein level on bmT cells of AML patients in comparison to healthy controls: Expression
rates of CD134, GITR and ICOS were increased, whereas CD28 expression was reduced in AML

patients (statistically significant only CD134 and GITR expression on CD3+ and CD4+ bmT cells).

At RNA level, NF-kB transcription factor c-Rel was found to be lower expressed by CD8+ bmT cells in
AML patient samples compared to healthy BM donors. NF-kB pathway is an important signaling axis
in T cells shown to be required for tumor control in vivo (Barnes et al., 2015). Especially in CD8+
T cells, impaired NF-kB activation was reported to be correlated with anergic condition (Clavijo and
Frauwirth, 2012). c-Rel is a member of the NF-kB family predominantly found in cells of
hematopoietic origin. In T cells, c-Rel is an important regulator of certain genes essential for immune
function such as IL2 and Foxp3 (Visekruna et al., 2012). However, NF-kB inhibitor alpha and other
proteins like Tripartite motif containing 39 (TRIM 39, Suzuki et al., 2016) and Interferon related
developmental regulator 1 (IFRD1, Tummers et al., 2015) that were reported to rather inhibit NF-kB

activation were also downregulated at RNA level in CD8+ bmT cells of AML patients. Therefore, the
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role of NF-kB pathway in CD8+ bmT cells needs to be further investigated in the context of pediatric

AML before making any more detailed evaluation here.

7.1.2 Increased frequency of bmTegs in relapsed AML samples compared to initial AML
samples

In contrast to numerous other studies (Szczepanski et al., 2009; Bansal et al., 2020; Wang et al.,
2005), in which regulatory T cells (Trgs) have been shown to be overrepresented in AML patients
(peripheral blood, bone marrow), in our pediatric patient cohort, the frequency of T Was not
significantly altered compared to healthy controls in flow cytometry. Here it must be borne in mind
that those results can differ depending on phenotypic definition of populations and conclusions are
limited due to the small sample size in our study. However, there was an increased frequency of Tregs
in relapsed AML samples in comparison to initial AML samples, indicating the recruitment of Tregs as

mechanism of AML persistence, as described by Zhou et al. in 2009.

7.2 CD112 expression on AML blasts impacts CD226 expression on T cells, NK and
NKT cells

Until now, we could show that the bmT cell phenotype of AML patients is altered in comparison to
healthy controls. Despite some indications there is still the question, whether the differences in
expression on bmT cells of AML patients and healthy BM donors are caused by an indirect or direct
blast-T cell-interaction or whether they only represent the adaptive response of the bmT cells to the

tumor microenvironment.

To investigate that further, we examined whether the observed changes in phenotype of physiologic
immune cells (T cells, NK and NKT cells) were linked to blast phenotype. Thus, to determine whether
AML blasts do induce e.g. T cell phenotype changes we analyzed two common axes of interaction
between antigen presenting cells (APCs) and immune cells in the context of AML. To that end, we
correlated the expression of CD86 and CD112/CD155 on AML blasts to the respective expression of
CTLA-4/CD28 on bmT cells and TIGIT/CD226 on bmT cells, NK and NKT cells.

TIGIT and CD226, expressed by T cells, NK and NKT cells, are surface antigens with shared ligands
CD112 and CD155. While the engagement of CD226 has a positive effect on immune cell function,
TIGIT exerts immunosuppressive effects via outcompeting CD226 (Lozano et al., 2012; Yeo et al.,

2021).
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In our patient cohort, CD155 showed only low expression levels on AML blasts, whereas CD112 was
overexpressed, with a trimodal distribution on AML blasts. Therefore, AML patients were divided into
three groups: AML patients with low, intermediate and high CD112 expression on blasts. Divided into
these three groups AML patients were compared in relation to their TIGIT and CD226 expression on
bmT cells, NK and NKT cells. Indeed, CD112 expression on AML blasts was negatively correlated with
CD226 expression on bmT cells, NK and NKT cells.

As shown by Wang and colleagues in 2018, CD8+ T cells expressing both TIGIT and PD-1, but not
CD226, had significantly reduced capacity of producing IFN-y, TNF-a and IL-2 in AML patients
indicating that those cells may be dysfunctional.

Therefore, AML blasts in some patients might use this axis to impair immune cell function in sense of

an immunoescape strategy.

Additionally, RNA-seq analysis showed that expression of DYNLT1 of CD8+ bmT cells was
downregulated in initial AML samples with future relapse in comparison to initial AML samples
without future relapse. DYNLT1 coding for Dynein light chain Tctex-type 1 was reported to play a role
in hypoxic cytoprotection (Fang et al., 2011). This could be another mechanism used by AML blasts in

some patients to inhibit T cell function.

A correlation of an increased CD86 expression on AML blasts with a change in CD28/CTLA-4
expression on bmT cells was not observed. In summary, the axis of TIGIT/CD226 seems a more

suitable target for immune response amplifier therapy than the CTLA-4/CD28 axis.

7.3 Prognostic relevance of bmT cell phenotype

As a next step, this chapter elaborates the question whether bmT cell phenotype in AML correlates
with clinical features such as future relapse. All of the following correlations with the clinical course
of patients are based on a rather small patient cohort. Therefore, even from significant differences
conclusions are limited due to the lack of a larger validation cohort. In addition, the results are
limited by the lack of multivariate analyses. Nevertheless, the following results provide a unique set
of information for future mechanistic experiments on the interaction between AML blasts and the

immune system.
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7.3.1 High ICOS expression on CD4+ bmT cells as positive prognostic marker and high
CD134 expression on CD8+ bmT cells as negative prognostic marker at initial
diagnosis in terms of AML relapse

At protein level, ICOS on CD4+ bmT cells and CD134 on CD8+ bmT cells were the only markers
differentially expressed between initial AML samples with and without future relapse. For CD8+
bmT cells this could be also confirmed at RNA level.

In that context, AML patients were divided into two groups according to their ICOS or CD134
expression and compared with regards to their relapse-free survival using Kaplan-Meier estimates. In
our patient cohort, a high ICOS expression on CD4+ bmT cells was shown to be a positive prognostic
marker, whereas a high CD134 expression on CD8+ bmT cells was correlated with decreased relapse-
free survival (only CD134 on CD8+ bmT cells remained statistically significant after multiple testing
correction, see 6.2.8).

In order to better describe the functional difference between CD134 and ICOS as co-stimulatory
markers on bmT cells so called stimulation indices were developed (described in 6.2.8) and patient
groups were compared again using Kaplan-Meier estimates. Those indices describe the relation of
different co-stimulatory marker expression levels and were evaluated for prognostic use concerning
“future relapse”. A high CD134/ICOS index of CD8+ bmT cells at initial diagnosis was significantly
correlated with decreased relapse-free survival (not statistically significant after multiple testing
correction, see 6.2.8), supporting the potential negative correlation between CD134 expression on

CD8+ bmT cells at initial diagnosis and relapse-free survival.

For CD134 as a co-stimulatory molecule, which promotes expansion of CD8+ bmT cells, this seems
paradoxical. However, as shown in a mouse model by Shrimali et al. in 2017, the antitumor effects of
CD134 Agonist Antibody could be annulled by additional PD-1 blockade with consequently reduced
survival. This was caused by an increased IFNy expression leading to apoptosis of lymphocytes.

In our patient cohort, high CD134 expression could have led to apoptosis of the T cells via an
exceptionally strong T cell activation and therefore, might be correlated with reduced relapse-free

survival.

7.3.2 High ICOS/TIM-3 index of CD3+ bmT cells as positive prognostic marker and high
CD134/PD-1 index of CD8+ bmT cells as negative prognostic marker at initial
diagnosis regarding AML relapse

The so-called tide model, published by Zhu et al. in 2011, dealing with cell surface signaling

molecules, and how they are involved in the control of immune responses, states that each
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inflammatory response is tightly controlled with co-stimulatory and co-inhibitory molecules as
modulators, which decide the direction and magnitude of the immune response. It serves as an

addition to the traditional two-signal model.

The AML patient showing the highest expression of exhaustion marker TIM-3 on CD3+ bmT cells also
had the highest expression of co-stimulatory marker ICOS on CD3+ bmT cells within all analyzed 29

AML patients.

Considering that ICOS was reported to support T cell function (Pourakbari et al., 2021; Wikenheiser
and Stumhofer, 2016), this seems to contradict the hypothesis that AML drives bmT cells into
exhaustion. However, as described by Esendagli in 2013, AML blasts may express potent
co-stimulatory molecules (e.g. ICOSL) resulting in upregulation of T cell activation markers and T cell
expansion, but the provoked T cell response would then finally enable the AML blasts to acquire an
inhibitory phenotype. In contrast to that, it might be the case, that the overexpression of co-
inhibitory molecules on bmT cells is not induced de novo, but upregulated upon T cell activation in

the presence of co-stimulation, as part of a negative feedback response (Zhu et al., 2011).

As this patient did not have a relapse nor a refractory AML, we reasoned that in this case the high
expression of the co-inhibitory molecule was rather a sign of T cell activation than T cell exhaustion.
With regard to the tide model (Zhu et al., 2011), a well-balanced co-inhibitory/co-stimulatory marker

expression on bmT cells could be consequently of importance for relapse-free survival.

So, in order to better describe the functionality of a bmT cell population we developed the so-called
exhaustion indices (described in 6.2.9) and patient groups were compared using Kaplan-Meier
estimates. Those indices describe the relation of the co-inhibitory and co-stimulatory marker
expression on bmT cells and were evaluated for prognostic use concerning “future relapse”.

In our patient cohort, a high CD134/PD-1 index of CD8+ bmT cells was shown to be a negative
prognostic marker regarding AML relapse, whereas a high ICOS/TIM-3 index of CD3+ bmT cells was
correlated with increased relapse-free survival (not statistically significant after multiple testing
correction, see 6.2.9). Worthy of special mention is that the patient with the lowest ICOS/TIM-3

index of CD3+ bmT cells at initial diagnosis in our patient cohort was the first patient to relapse.

To sum up, transferring the above-described tide model (Zhu et al., 2011) to our exhaustion indices,
this would mean that the resulting T cell response might depend on whether the co-inhibitory or the

co-stimulatory signal predominates (for exhaustion indices index of 1 as critical value). However,
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numerous other prognostic markers have not been taken into account in our analysis and will have to

be analyzed in prospective studies in larger patient cohorts.

7.4  Synthetic Immunotherapy for AML: Identification of CD33 and CLL1 as appropriate
CAR antigens in combinatorial CAR T-cell therapy

Partially, the following has already been published in an adapted form by our working group in

Willier et al., 2021.

To additionally identify possible target antigens in context of immunotherapy, AML blasts were
phenotyped for respective expression levels. The results obtained from the analysis of AML samples

were compared to CD454im cells in the bone marrow of healthy BM donors.

Considering AML as malignant entity with one of the lowest mutational burden, targeting of
AML-specific neo-antigens (ASNAs) arising directly from genetic alterations may not be that effective.
AML associated antigens (AAAs), which are self-antigens that are abnormally expressed by AML cells,
might represent more promising immune targets in context of CAR T-cell therapy for example (Austin

et al., 2016).

Therefore, expression values of described AAAs were analyzed on AML blasts in our patient cohort
and compared to CD454im cells in healthy BM donors. CD135, CD123, CLL1, CD33 and TIM-3 showed

significant overexpression in AML patients. Also, EMR2 was highly expressed on AML blasts.

However, as the majority of reported AAAs is also expressed in healthy bystander tissues,
especially on normal myeloid progenitors, single targeting approaches could lead to severe on-target
off-leukemia toxicity (Haubner et al., 2019; Mardiana and Gill, 2020). Here, combinatorial therapies
might enhance efficacy of this immunotherapeutic approach without increasing on-target off-

leukemia effects (Perna et al., 2017).
In this context, different antigen combinations were chosen on basis of the single marker expression
levels. In our patient cohort, we checked the respective requirements for two different approaches

of combinatorial CAR T-cell therapy.

In context of a Tandem-CAR target cells need to express both target antigens at the same time (Navai

and Ahmed, 2016).
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Therefore, the percentages of double positive AML blasts were determined for each target antigen
combination. Cut-off was arbitrarily set at 50 % double positive blasts. Here, CD33/CLL1 turned out
to be the combination, for which the most AML patients of our cohort (21/29 patients) had at least

50 % double positive blasts.

An alternative approach for dual targeting CAR T cells is the synNotch-gated CAR. Here, a synNotch
receptor for one antigen (inductor antigen) controls the inducible expression of a CAR for a second

antigen (target antigen, Roybal et al., 2016).

As the mechanism of action differs from the Tandem-CAR, the following criteria were considered: at
least 20 % blasts had to be positive for the inductor antigen, whereas for the target antigen more
than 80 % blasts had to be positive. Cut-off values were set arbitrarily, but with respect to the
mechanism of action of a synNotch-gated CAR. Under these conditions, the most patients of our

cohort (19/29) could be covered by using CLL1 as inductor and CD33 as target antigen.

The difference here to the Tandem-CAR is that synNotch-gated CAR T cells do not necessarily require
both target antigens to be co-expressed on the same target cell and were shown to induce tumor
regression without causing toxicity when the antigen-expressing normal cells and tumor cells were

segregated (Srivastava et al., 2019).

Another possibility for dual targeting CAR T cells is the compound CAR (cCAR), a construct bearing
two complete CAR constructs (ablation of leukemic cells expressing either or both CAR antigens,
Petrov et al., 2018). Here, CLL1-CD33 cCAR T cells have already been shown to lead to good response

in patients with refractory AML in a first-in-human phase 1 clinical trial (Liu et al., 2018).

In comparison to a compound CAR construct, Tandem- and synNotch-gated CAR-T cell therapies
might be more specific approaches associated with less on-target off-leukemia toxicity, while
probably showing reduced killing capacity. Nevertheless, all possibilities for combinatorial CAR T-cell

therapy of pediatric AML need to be further investigated.
Furthermore, leukemic stem cells (LSCs) play an important role in disease progression and relapse of

AML, implying that approaches to treatment have to eradicate LSCs for cure (van Gils et al., 2021;
Thomas and Majeti, 2017).
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Therefore, AML associated antigens CD33, TIM-3 and CLL1 were additionally analyzed for expression
on LSCs. The mean expression of CD33 and CLL1 was reduced on LSCs in comparison to AML bulk
cells, whereas TIM-3 was slightly higher expressed on LSCs (statistically significant only the reduction

of CLL1 on LSCs compared to AML bulk cells).

This is more or less consistent with the findings in adult AML published by Haubner et al. in 2019,

except that they found TIM-3 to be reduced on LSCs in comparison to AML bulk cells.

However, in our patient cohort, CD33 and CLL1 showed in general higher mean expression levels
both on AML bulk cells and LSCs compared to TIM-3, although there was a reduction on LSCs.
Consequently, CD33 and CLL1 were still considered to be the best suited CAR antigens in our patient

cohort.

7.5 Outlook

In summary, we observed several differences comparing bmT cells, NK and NKT cells of pediatric AML
patients and healthy BM donors. Some of these differences could be also of prognostic relevance.
This, together with the fact, that observed changes might also be linked to blast phenotype, shown in
our patient cohort for example via the TIGIT/CD226 axis, is indicative of a possible interaction
between bmT cells and AML blasts. Moreover, for such an interaction to take place, a TCR
engagement seems likely and consequently our data hint at a possible immunogenicity of pediatric
AML.

CD33 and CLL1 were identified as appropriate target antigens in context of combinatorial CAR T-cell
therapy. With regards to possible functionality assays, CAR target antigen expression levels were
evaluated on human AML cell lines. Under the same conditions as in 7.4 EOL-1 would be a suitable
cell line to use in functionality measurement of a CD33/CLL1 Tandem-CAR, as well as of a
CLL11/CD33T synNotch-gated CAR.

CD8+ bmT cells were shown to overexpress co-inhibitory molecule LAG-3, both at protein and RNA
level. Therefore, it could be investigated for example whether a LAG-3 knockout could improve the
cytotoxity of CAR T cells in pediatric AML, like it had been already studied for B cell acute
lymphoblastic leukemia (e.g. Zhang et al., 2017). In contrast to that, IL21 receptor was less expressed
by CD8+ bmT cells in AML patients at RNA level. As IL21 was reported to markedly enhance the
ability of cells to mediate tumor regression upon adoptive transfer (Hinrichs et al., 2008), the
engineering of an IL21 receptor could be another interesting approach which we are already trying to

implement in our working group.
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However, it remains to be assessed how to master the difficult balancing act between adequate
killing capacity of CAR T cells and lacking specificity with resulting on-target off-leukemia toxicity.

The usage of adjuvant immunotherapeutic approaches in addition to conventional chemotherapy of
AML might be a possible solution, for example, as standard chemotherapies were reported to induce

immunogenic cell death (Fabian et al., 2021; Vincent et al., 2010).

7.6 Limitations of the study

After all, some limitations of our study should be noted. First, AML is a rather heterogeneous disease
and can be differentiated into multiple subtypes (Goldman et al., 2019). Due to the small number of
available pediatric AML patient samples this could not be considered in patient selection and might
cause bias in our results. This issue is caused by the low frequency of pediatric AML with about 70
new cases per year in Germany. Moreover, patients diagnosed with MDS-related AML were excluded
from the study. Nevertheless, since the transition is fluent, it was sometimes difficult to identify
those samples. Thirdly, although results from AML samples were compared to age-matched and
gender-matched healthy BM donors, as good as possible, age and gender bias may be still an issue,
especially in comparison of different AML patient groups (no future relapse vs. future relapse, initial
diagnosis vs. relapse), in which no gender and age balancing could be performed due to low sample
size. Furthermore, expression levels were often very low in flow cytometry and the question arises

which expression rates may be considered as relevant and which are insignificant.
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8 Summary

While accounting for only approximately 15 % of pediatric leukemia, patients with acute myeloid
leukemia (AML) have still a worse prognosis than the average of pediatric cancers. Over the last
decades, immunotherapy has developed from a promising therapeutic option to a robust clinical
reality for treating cancer patients. AML has been excluded from this development. Here, the
possible interaction of pediatric AML with the immune system is investigated. Therefore, this work
analyzed bmT cells (T cells in the bone marrow), AML blasts, NK and NKT cells within bone marrow
samples of 29 pediatric AML patients and 9 healthy bone marrow (BM) donors for protein expression
by flow cytometry, for RNA expression by RNA-sequencing and for chromatin accessibility by
ATAC-sequencing. Firstly, bmT cell phenotype was altered in AML compared to healthy BM donors.
Concerning the T cell maturation stages, there was a shift towards a more mature phenotype in AML
patients detectable in contrast to healthy BM donors. This was shown at protein level in flow
cytometry, but also in RNA-seq within the scope of reduced IL21R and upregulated Perforin 1 and
Granzyme B expression by CD8+ bmT cells in AML patients. Moreover, bmT cells of AML patients
showed overexpression of several co-inhibitory and co-stimulatory molecules at protein level in
comparison to healthy BM donors. Here, TIM-3 and PD-1 are worthy of special mention being
consistently overexpressed on all T cell subsets (CD3+, CD4+ and CD8+ bmT cells). On CD8+ bmT cells
also LAG-3 expression was upregulated, both at protein and RNA level. Secondly, to investigate,
whether the observed alterations in phenotype of physiologic immune cells (T cells, NK and NKT
cells) were linked to blast phenotype, we analyzed two common axes of interaction between antigen
presenting cells and immune cells in the context of AML. Here, CD226 expression on bmT cells, NK
and NKT cells was shown to be negatively correlated with CD112 expression on AML blasts. This
might indicate that the described alterations are rather caused by a direct or indirect blast-T cell-
interaction also in sense of immunoescape strategies than the results of an adaptive response to the
tumor microenvironment. Thirdly, CD134 expression on CD8+ bmT cells at initial diagnosis was
shown to be of potential prognostic relevance in context of AML relapse, even after multiple testing
correction. In RNA-seq this could be reaffirmed. In order to better describe the functionality of a bmT
cell population we developed the so-called exhaustion indices. Those indices describe the relation of
the co-inhibitory and co-stimulatory marker expression on bmT cells and were evaluated for
prognostic relevance concerning “future relapse”. A high CD134/PD-1 index of CD8+ bmT cells was
shown to be a potential negative prognostic marker concerning AML relapse, whereas a high
ICOS/TIM-3 index of CD3+ bmT cells was correlated with increased relapse-free survival. Even with
the limitation in mind of a small sample size and lack of a validation cohort, the results are indicative

for an immune-interaction of pediatric AML blasts. Finally, targets for synthetic immunotherapy were
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investigated. Considering co- and single-expression values on AML blasts, as well as expression levels
on leukemic stem cells CD33 and CLL1 were shown to be the best suited target antigens in context of
combinatorial CAR-T cell therapies (synNotch-CAR, Tandem-CAR). However, prospective clinical trials

will have to confirm clinical relevance.
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9 Zusammenfassung

Die akute myeloische Leukdamie (AML) im Kindesalter ist mit ca. 15 % aller padiatrischen Leukdmien
ein zwar eher selteneres Ereignis, zahlt jedoch zu den vergleichsweise prognostisch unglinstigeren
malignen Erkrankungen in diesem Lebensabschnitt. In der Krebstherapie hat in den letzten
Jahrzehnten vor allem die Immuntherapie eine paradigmatische Entwicklung vollzogen. Heute sind
immuntherapeutische Verfahren bereits fest in den Behandlungsplan einiger Krebserkrankungen
integriert. Diese Arbeit beschaftigt sich mit der moglichen Interaktion des Immunsystems mit
padiatrischen AML Blasten. Es wurde eine Analyse von T-Zellen im Knochenmark von 29
padiatrischen AML-Patienten und 9 gesunden Knochenmarksspendern durchgefihrt. Mittels
Durchflusszytometrie, RNA-Sequenzierung und ATAC-Sequenzierung untersuchten wir neben den
T-Lymphozyten zudem AML-Blasten, NK- und NKT-Zellen. Erstens zeigten T-Zellen in AML-Patienten
dabei im Allgemeinen einen weiter fortgeschrittenen Reifezustand als in gesunden Spendern. Dies
zeigte sich auf Proteinebene mittels Durchflusszytometrie, aber konnte fiir CD8+ T-Zellen auch in der
RNA-Sequenzierung im Rahmen der reduzierten IL21R-Expression und der erhéhten Expression von
Perforin 1 und Granzym B bestatigt werden. T-Lymphozyten von AML-Patienten zeigten daneben in
der Durchflusszytometrie eine Uberexpression sowohl von kostimulatorischen, als auch von
koinhibitorischen Molekiilen im Vergleich zu Gesunden. Hier sind insbesondere die Molekiile TIM-3
und PD-1 zu erwahnen, die verglichen mit Knochenmarksspendern einheitlich auf allen drei
T-Zell-Subtypen (CD3+, CD4+ und CD8+ T-Zellen) von AML-Patienten hoher exprimiert waren. Auf
CD8+ T-Zellen war zudem LAG-3 auf Protein-, wie auch auf RNA-Ebene hochreguliert. Um zu
beurteilen, inwieweit die beobachteten Unterschiede des Phanotyps der physiologischen
Immunzellen (T-Zellen, NK- und NKT-Zellen) in Zusammenhang mit dem Phanotypen der AML-Blasten
stehen, wurden als néachster Schritt zwei geldufige Achsen der Interaktion zwischen
Antigenprasentierenden Zellen und Immunzellen im Kontext der AML analysiert. Hier zeigte sich eine
negative Korrelation von CD226-Expression auf T-Zellen, NK- und NKT-Zellen und CD112-Expression
auf AML-Blasten. Dies ist ein Hinweis, dass beschriebene Unterschiede eher durch eine direkte oder
indirekte Blasten-T-Zellen-Interaktion auch im Rahmen einer moglichen Immunevasionsstrategie
verursacht sind und nicht nur als eine bloRe Anpassungsreaktion der Immunzellen an das
Mikromilieu der AML zu verstehen sind. AuRerdem zeigte sich die CD134-Expression auf CD8+ T-
Zellen bei Erstdiagnose als potentiell prognostisch relevant im Kontext eines AML-Rezidivs, was sich
auch in der RNA-Sequenzierung bestatigen lieB. Um die Funktionalitat einer T-Zellpopulation im
Knochenmark noch besser beschreiben zu kénnen, entwickelten wir zudem die sogenannten
Exhaustion-Indizes (exhaustion indices). Diese Indizes beschreiben das Verhaltnis aus von T-Zellen

exprimierten koinhibitorischen und kostimulatorischen Markern und wurden hinsichtlich des
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Rezidivrisikos berechnet und bewertet. Ein hoher CD134/PD-1 Index von CD8+ T-Zellen stellte sich
dabei als potentiell prognostisch ungiinstig heraus, wahrend ein hoher ICOS/TIM-3 Index von CD3+ T-
Zellen mit einem eher niedrigen Rezidivrisiko korrelierte. Auch unter Berlcksichtigung der
begrenzten StichprobengrofRe, sowie bislang fehlender Validierungskohorte, ist diese Arbeit
hinweisend auf eine Interaktion von AML-Blasten mit dem Immunsystem. AbschlieBend wurden
auBerdem mogliche Zielproteine fiir synthetische Immuntherapie untersucht. Unter Berlicksichtigung
von Ko- und Einzelexpressionswerten auf AML-Blasten, sowie Expressionsraten auf leukdmischen
Stammzellen erwiesen sich CD33 und CLL1 als die am besten geeigneten Zielantigene im Rahmen
einer kombinatorischen CAR-T-zell-Therapie (synNotch-CAR, Tandem-CAR). Prospektive klinische

Studien werden die klinische Relevanz der Ergebnisse zu bestatigen haben.
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