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SUMMARY

Acute myeloid leukemia (AML) is a hematologic malignancy that leads to the
accumulation of immature blasts in the bone marrow (BM). The BM is a complex organ,
consisting of several cell types, including immune cells as well as non-hematopoietic
stromal cells. In AML, chemotherapy may lead to long-term remission, although alloge-
neic stem cell transplantation (alloSCT) often remains the only therapeutic strategy.
However, not every patient responds to alloSCT and often suffer from relapse due to
chemo-resistant leukemic stem cells (LSCs).

One of the hypotheses associated with therapy failure is the incapability of donor
T cells to recognize and eliminate LSCs, thus escaping graft-versus-leukemia (GVL) ef-
fect. The first objective of this thesis was to investigate the role of T cell in alloSCT
therapy outcome. Using single-cell RNA-sequencing (scRNA-seq) on BM T lymphocytes
and CD34" hematopoietic stem and progenitor cells (HSPCs) of six AML patients 100
days after alloSCT, I identified T cell signatures associated with either relapse (REL) or
complete remission (CR). Among these signatures, a higher frequency of cytotoxic CD8*
effector and gamma delta T cells was observed in CR versus REL samples. Further
analyses revealed that in CR, CD8" T cells were more mature and characterized by
higher cytotoxicity, while in REL CD8" T cells were characterized by inflammatory
TNF /NF-kB signaling as well as an immunosuppressive signature. In addition, this anal-
ysis identified ADGRG1/GPR56 as a surface marker enriched in CR CD8" T cells. Ad-
ditional flow cytometry analyses in independent patient cohorts suggested GPR56 as a
marker of cytotoxicity as well as a marker of antigen encounter post alloSCT. Together,
these data provide a single-cell reference map of BM-derived T cells post alloSCT and
propose GPR56 expression dynamics as a surrogate for monitoring alloSCT.

One of the key drivers of AML progression is its interaction with the BM stromal
microenvironment. In addition, AML is hypothesized to remodel the BM, creating a
protective environment for LSCs. Thus, the second objective of this thesis was to study
the impact of AML on the microenvironment and the specific contribution of LSCs in
this process. For that, I combined scRNA-seq of AML xenograft models and in vitro co-
cultures of patient-derived BM mesenchymal stromal cells (MSCs) with AML. These
data indicated that AML presence impacts the BM composition, leading to the expansion
of Cxcll12-abundant-reticular adipocyte progenitors (Adipo-CAR), decline of osteoblasts
as well as disruption of the vasculature. When comparing high LSC-frequency (LSCrig)
with low LSC-frequency (LSCiw) AML, changes in the abundance of several stromal

subsets were detected, suggesting the importance of these populations in LSC expansion.



Specifically, LSCyesn AML was associated with a decrease in the osteo-lineage and an
expansion of multiple fibroblast subsets marked by altered extracellular matrix signa-
tures. Furthermore, in vitro co-cultures uncovered similar patterns: upon LSChi co-
culture, human MSCs suppress the expression of osteoblast lineage genes, while over-
expressing fibrosis-related genes.

Collectively, the findings outlined in this thesis provide novel insights into the
interaction of AML with the BM microenvironment, which has implications in disease
progression and therapy outcome. These insights offer new opportunities for identifying

intervention targets which may improve AML patient outcome.
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ZUSAMMENFASSUNG

Die akute myeloische Leukdmie (AML) ist eine hdmatologische Malignitét, die zu
einer Anhdufung von unreifen Blasten im Knochenmark (KM) fihrt. Das KM ist ein
komplexes Organ, das aus verschiedenen Zelltypen besteht, darunter Immunzellen und
nicht-hdmatopoetische Stromazellen. Bei der AML kann eine Chemotherapie zu einer
langfristigen Remission fithren, obwohl die allogene Stammzelltransplantation (alloSCT)
oft die einzige kurative Therapiestrategie bleibt. Allerdings sprechen nicht alle Patienten
auf eine alloSCT an und erleiden héufig einen Riickfall aufgrund von chemoresistenten
leukdmischen Stammzellen (LSC).

Eine der Hypothesen, die mit dem Scheitern der Therapie in Verbindung gebracht
werden, ist die Unfahigkeit der Spender-T-Zellen, LSCs zu erkennen und zu eliminieren
und so dem Graft-versus-Leukédmie-Effekt (GVL) zu entgehen. Das erste Ziel dieser
Arbeit war es, die Rolle der T-Zellen fiir den FErfolg der alloSCT-Therapie zu
untersuchen. Mithilfe der Einzelzell-RNA-Sequenzierung (scRNA-seq) von KM-T-Lym-
phozyten und CD34%-Zellen von sechs AML-Patienten 100 Tage nach alloSCT
identifizierte ich T-Zell-Signaturen, die entweder mit einem Riickfall (REL) oder einer
kompletten Remission (CR) assoziiert sind. Unter diesen Signaturen wurde eine hohere
Haufigkeit von zytotoxischen CDS8" Effektor- und Gamma-Delta-T-Zellen in CR-
gegeniiber REL-Proben beobachtet. Weitere Analysen ergaben, dass die CD8" T-Zellen
in CR reifer waren und sich durch eine hohere Zytotoxizitdt auszeichneten, wahrend die
CD8" T-Zellen in REL durch eine entziindliche TNF /NF-kB-Signalisierung sowie eine
immunsuppressive Signatur gekennzeichnet waren. Dariiber hinaus identifizierte diese
Analyse ADGRGI1/GPR56 als Oberflichenmarker, der in CR CD8" T-Zellen
angereichert ist. Zusétzliche durchflusszytometrische Analysen in unabhéngigen
Patientenkohorten legten nahe, dass GPR56 ein Marker fiir Zytotoxizitidt sowie ein
Marker fiir Antigenbegegnungen nach alloSCT ist. Zusammengenommen liefern diese
Daten eine Einzelzell-Referenzkarte der aus dem KM stammenden T-Zellen nach
alloSCT und schlagen die Dynamik der GPR56-Expression als Surrogat fiir die
Uberwachung der alloSCT vor.

Einer der Hauptfaktoren fiir das Fortschreiten der AML ist die Interaktion mit der
stromalen Mikroumgebung des KM. Dartiber hinaus wird angenommen, dass die AML
das stromale Mikromilieu umgestaltet und so ein schiitzendes Umfeld fir die LSCs
schafft. Daher bestand das zweite Ziel dieser Arbeit darin, die Auswirkungen der AML
auf das Mikromilieu und den spezifischen Beitrag der LSCs in diesem Prozess zu

untersuchen. Zu diesem Zweck kombinierte ich scRNA-seq von AML-
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Xenotransplantationsmodellen und In-vitro-Kokulturen von aus Patienten stammenden
mesenchymalen Stromazellen (MSCs) mit AML. Diese Daten zeigten, dass das
Vorhandensein von AML die KM-Zusammensetzung beeinflusst, was zu einer Expansion
von Cxcll2-tiberschiissigen retikuldren Adipozytenprogentiros (Adipo-CAR), einem
Riickgang der Osteoblasten sowie einer Storung des Geféfisystems fiihrt. Beim Vergleich
von AML mit hoher LSC-Héufigkeit (LSCurig) mit AML mit niedriger LSC-Haufigkeit
(LSCiow) wurden Veranderungen in der Haufigkeit verschiedener stromaler Untergruppen
festgestellt, was auf die Bedeutung dieser Populationen fiir die LSC-Expansion
hindeutet. Insbesondere war LSCyen AML mit einer Abnahme der Osteo-Linie und einer
Zunahme mehrerer Fibroblasten-Untergruppen verbunden, die durch verdnderte
extrazellulare Matrixsignaturen gekennzeichnet waren. Dariiber hinaus ergaben In-vitro-
Kokulturen &hnliche Muster: Bei LSChig-Kokulturen unterdriicken menschliche MSZ die
Expression von Genen der Osteoblasten-Linie, wéhrend sie Fibrose-bezogene Gene
iiberexprimieren.

Insgesamt bieten die in dieser Arbeit dargelegten Ergebnisse neue Einblicke in die
Interaktion von AML mit der Mikroumgebung des KM, was Auswirkungen auf den
Krankheitsverlauf und die Therapieergebnisse hat. Diese Erkenntnisse bieten neue
Moglichkeiten zur Identifizierung von Interventionszielen, die das Ergebnis bei AML-

Patienten verbessern konnen.
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PRELUDE

But the story of leukemia--the story of cancer--isn't
the story of doctors who struggle and survive,

moving from one institution to another. It is the
story of patients who struggle and survive, moving
from one embankment of illness to another.
Siddhartha Mukherjee, The Emperor of All Maladies

The human body consists of trillions of cells, organized in tissues, which give rise
to 78 organs. These organs occupy specified locations in the human body. Additionally,
blood circulates around the body, where its components interact with different cell types
from different environments. The process of the generation of the blood subsets is termed
hematopoiesis, which takes place in the bone marrow, producing billions of cells every
day.

During the extraordinary biological process of hematopoiesis, errors may occur in
the form of genetic mutations. Even though the majority of such errors are corrected
through the DNA repair machinery, some remain uncorrected, grow and prevail
undetected by the immune system. Such mutations can equip the cell with a proliferative
advantage that allows cells to divide uncontrollably and evade neighbouring tissues.
These cells are generally termed as “cancer cells”, while in the case of blood they are
specifically known as leukemia or lymphoma cells, depending on the type of blood can-
cert.

Thus, through a series of fortunate events for this abnormal cell, but unfortunate
for the individual, one cell can transform into a cancer cell. However, the survival of a
cancer cell is dependent on extrinsic factors as well, since encountering an unfavourable
environment could end up in its elimination.

In 1978 Raymond Schofield introduced the term “stem cell niche” as the microen-
vironment for hematopoietic stem cell maintenance in the bone marrow?. The niche is
defined by its cellular components, their properties as well as their interplay?. In the case
of malignancy, the neighboring cells which comprise the “niche” exhibit cancer associated
gene signatures like stress and interferon response. Though how this niche remodelling
is induced, whether it is cancer permissive or simply a consequence, remains to be

clarified.






Chapter 1: Introduction & Background

CHAPTER 1: INTRODUCTION & BACKGROUND

1.1 The Bone Marrow Niche in healthy hematopoiesis

Hematopoietic stem cells (HSCs) are capable of self-renewal and they are
responsible for the generation of blood and immune cells. HSCs reside in the bone marrow
(BM), often termed as the HSC niche. The BM is a large tissue which consists of >99%
of hematopoietic cells and <0.1% non-hematopoietic cells?.

The HSCs of an adult human BM produces 500 billion blood cells daily*, of either
myeloid or lymphoid lineage as well as a tiny fraction of hematopoietic stem and
progenitor cells (HSPCs, ~1%)3. The HSPCs give rise to all blood cell types broadly
classified into lymphoid lineage that gives rise the adaptive immune system, such as B
and T cells, and the myeloid lineage that gives rise to erythrocytes and the innate
immune system, such as macrophages and granulocytes (Figure 1).

Specifically, long-term-HSCs (LT-HSCs) differentiate to short-term-HSCs (ST-
HSCa) and subsequently multipotent progenitors (MPPs)®. MPPs do not self-renew and
give rise to two distinct branches of hematopoiesis, the myeloid and the lymphoid
branches thus being considered as the first divergence towards the 2 lineages®. Common
myeloid progenitors (CMP) generate granulocyte-macrophage progenitors (GMP) and
Megakaryocyte-erythrocyte progenitors (MEP) which further differentiate into distinct
cell types. Similarly, common lymphoid progenitors (CLP) produce the two different
lymphoid branches of the innate adaptive system (T and B cells) as well as natural killer
cells (NK). Notably, due to the advances in single cell technologies, the classical model
of hematopoiesis has been challenged. These studies support a rather continuous
differentiation model where individual HSCs gradually acquire lineage biases rather than
committing to strictly defined progenitor populations®.

Upon commitment to a certain lineage, progenitors migrate to distinct niches either
within the BM or in other tissues like the thymus®. While the majority of HSPCs are
located in close proximity to microvessels’, there have been reports of differential
distribution in the different BM compartments. These compartments are structurally
defined by non-hematopoietic cells, thus highlighting the role of the stroma in

hematopoiesis.
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Figure 1 Schematic explaining the classical model of hematopoiesis.

Hematopoietic stem cells (HSCs) reside in the bone marrow (BM) and comprise only a tiny
fraction of all the hematopoietic cells. Hematopoiesis follows the developmental sequence from
long-term-HSCs to short-term-HSCs and subsequently multipotent progenitors (MPPs). MPPs
do not self-renew and give rise to two distinct branches of hematopoiesis, the myeloid and the
lymphoid branches. Common myeloid progenitors (CMP) generate granulocyte-macrophage
progenitors (GMP) and Megakaryocyte-erythrocyte progenitors (MEP) which further
differentiate into distinct cell types. Similarly, common lymphoid progenitors (CLP) produce
the different lymphoid branches. Schematic created using Biorender.com.

1.1.2 Stromal cells: Key Regulators of the Bone marrow niche

Several BM resident cell types have been proposed to regulate hematopoiesis,
including non-hematopoietic subsets of mesenchymal and endothelial lineage, which are
estimated to make up for 0.1% of the BM?. These components define BM niches, a term
initially used to describe the regulatory unit which preserves and directs the renewal and

differentiation of HSPCs® The functionally and spatially distinct BM niches have been
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termed as endosteal, sinusoidal, and arteriolar depending on their location and
composition®®.

Multiple studies have proposed specific BM niches to serve as specialized ‘homes’
for distinct hematopoietic subpopulations. For example, quiescent HSCs are
preferentially found in endosteal BM and are associated with small arterioles’. Platelet
and myeloid biased HSCs enriched in megakaryocyte niches while the NG2* arteriolar
niche is associated with lymphoid biased HSCs!.

In the following paragraphs, a brief introduction to each non-hematopoietic cellular
component of the BM is given and an illustration of this environment can be seen in
Figure 2A.

Mesenchymal stromal cells (MSCs) are multipotent cells that can differentiate into
various cell types like osteoblasts, chondrocytes, adipocytes and fibroblasts!! (Figure
2B). BM derived MSCs are critical for the regulation of hematopoiesis and are considered
to be quite heterogeneous since colonies derived from a single MSC can behave differently
in terms of differentiation and proliferation'’. It has been shown that MSCs are essential
for proliferation, differentiation and quiescence of HSCs in vivo and in vitro™*'.

Moreover, the different MSC derived subsets modulate hematopoiesis. Osteoblasts
regulate the function' and homing of HSPCs after transplantation'® while they also
facilitate the maturation of HSPCs towards the B lymphocyte lineage’. On the other
hand, adipocytes reduce hematopoietic activity'” and inhibit lymphoid differentiation'®.
Fibroblasts are responsible for extracellular matrix (ECM) deposition as well as the
secretion of cytokines and growth factors, which regulate HSC self-renewal®.

BM endothelial cells (ECs) form the network of vasculature which is instrumental
for HSPCs function, trafficking and homeostasis. ECs directly affect HSC proliferation
by expressing E-selectin adhesion molecule®, while the lack of EC-specific factors like
vascular endothelial growth factor (VEGF) results in BM failure?’. BM vessels can either
be sinusoidal or arteriolar. Stem cells antigen-1 positive (Sca-1") arterioles, which expand
along the bones, are less permeable and maintain HSCs at a low reactive oxygen species
state®. Sca-1- sinusoids, which span perpendicularly to the long axis and are more
permeable, promote activation of HSPCs and are the site of leukocyte exchange to and
from the BM*.

Blood vessels are surrounded by a variety of pericytes®. Pericytes can be smooth
muscle cells, contributing to vessel movement, or other cells of mesenchymal origin like
C-X-C Motif Chemokine Ligand 12 (CXCL12) abundant reticular (CAR) cells. Evidence
mainly from murine models support that CAR cells surround sinusoidal endothelial cells

and are critical for maintenance of the quiescent HSC pool through CXCL12-CXCR4
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(C-X-C chemokine receptor type 4) signalling®’. Individual CAR cells have been found
to express both osteogenic and adipogenic genes and have been hypothesized to be the
adipo-osteogenic progenitors of the BM niche®. A more recent study has also identified

different subsets of CAR cells, expressing either osteo- or adipo-lineage markers®.
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Figure 2 The non-hematopoietic components of the bone marrow niche.

(A) Schematic representation of the hematopoietic stem cell (HSC) niche in the bone marrow (BM) as
well as its resident cells. (B) BM mesenchymal stromal cells (MSCs) give rise to cells which form the bone.
MSCs give rise to osteoblasts that will subsequently be embedded in the bone matrix to give rise to
osteocytes. CXCL12 abundant reticular (CAR) cells, are hypothesized to give rise to either osteo-lineage
or adipo-lineage progenitor cells. Modified from schematic from template provided by Dr. Karin Prummel,

created using Biorender.com.

1.1.3 Bone marrow resident T cells

Another component of the BM niche are the immune cells. Mature immune cells
consist approximately ~20% of the mononuclear cells in the adult human BM, with a
ratio of 5:1 T cells/B cells’. The majority of the BM resident T cells are antigen-
experienced expressing CD44 and CD122, in comparison to the lymph node and the
spleen, where the T cells are mainly naive®.

The 3 main branches of lymphocytes are CD4" T, CD8" T and NK cells. While
CD4" T cells assist in the immune system coordination by stimulating other cell types
while CD8" T and NK cells are known for their cytotoxic effect® .

CD4" T cells (~1,5% of BM mononuclear cells) can differentiate into different
subsets after antigen recognition®”. This is the consequence of the interaction of T-cell
receptor (TCR) and CD4 (co-receptor) with antigen-MHC II complex, presented by
antigen presenting cells (APCs)®. A co-stimulatory signal from the CD28 co-receptor
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must be received in order to achieve activation®. This event accompanied with CD3
activation induces downstream signalling pathways which lead to differentiation into the
specific CD4" T cells subsets® #.

These subsets include T-helper 1 (Thl), T-helper 2 (Th2), IL-17" CD4* T-helper
17 (Th17), CD4" CD25" regulatory T (Treg) cells. The specification of the different
subsets depends on the cytokines present in the microenvironment® (Figure 4). For
example, IL-6, IL-21, IL-23, and TGF-f are the main cytokines inducing Th17
differentiation” (Figure 4).
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Figure 3 CD4" naive T cell differentiation into different functional subsets.
CD4* naive T cells differentiate towards different subsets, after antigen stimulation. This event involves

the interaction of CD4 receptor and T-cell receptor (TCR) with antigen-MHC II complex, as well as
costimulatory signals coming from CD28 surface protein. After activation, the differentiation to the
different T cell subsets occurs and it is driven by different combinations of polarising chemokines.

Template provided by Biorender.com.

Similar to the CD4" T cell differentiation, CD8" T cells (2-2,5% of BM
mononuclear cells) can differentiate from naive to effector cells after antigen
stimulation?”. CD8" cells are activated after the recognition and interaction of their TCR
with the antigen-MHC I complex, which is expressed on almost every cell of our body™.

To activate the cytotoxic machinery, the co-stimulation of the CD28 co-receptor is
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necessary®. CD8" cytotoxic cells recognize antigens derived from intracellular pathogens
or tumour-derived neoantigens, leading to cytotoxic killing of infected or cancer cells
through the secretion of toxic granzyme proteases like Granzyme B (GZMB) and the
pore forming protein Perforin 1 (PRF1))* (Figure 4).

CD8+ Cancer
effector cell
T cell (apoptosis)

Figure 4 Immune interaction between CD8" and cancer cells.
In anticancer immunity, CD8" effector cells main role is to induce cell death through the secretion of

molecules like granzyme B (GZMB) and pore forming protein perforin 1 (PRF1). Image created using

Biorender.com.

1.2 Acute Myeloid Leukemia (AML)

Acute myeloid leukemia (AML) is a hematologic malignant disorder, in which
HSCs grow and differentiate abnormally, leading to the accumulation of immature
myeloid precursors in the BM and the peripheral blood*’. While immature myeloid cells
expand, mature myeloid lineages like red blood cells, granulocytes and platelets decrease,
leading to peripheral cytopenia®.

Abnormal hematopoiesis can lead to the production of pre-leukemic HSCs and
subsequently leukemic stem cells (LSCs) and AML (Figure 5). HSCs can acquire pre-
leukemic mutations like DNA (cytosine-5)-methyltransferase 3A (DNM7T3A) and Tet
methylcytosine dioxygenase 2 (7FE72) which provides them with a proliferative
advantage and clonal outgrowth, resulting in a condition called clonal hematopoiesis of
indeterminate potential (CHIP) (Figure 5)*. Additional mutations (e.g., nucleophosmin
1, NPMTI; fms-like tyrosine kinase 3 gene with internal tandem duplication, FLT3-ITD)
in a pre-leukemic clone leads to the transformation of pre-leukemic HSCs to LSCs
(Figure 5)%. A subset of LSCs are therapy resistant thus resulting in cancer reappearance
(relapse)®. This malignant transformation is a gradual process, and in 30% of the cases
AML arises from myelodysplastic syndrome (MDS). MDS is a pre-malignant BM

disorder marked by cytopenia, BM dysplasia and abnormal hematopoiesis®.
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Leukemic stem cells (LSCs), often termed as leukemia initiating cells, are defined
by their ability to self-renew, engraft into recipient immunocompromised mice and
subsequently initiate leukemia®. Despite the extensive research in LSCs, their phenotype
remains not well understood, thus making it hard to achieve sufficient LSC elimination
in therapy. Pabst and colleagues identified G protein—coupled receptor 56 (GPR56) as a
novel LSC marker which is independent of the CD34" CD38 phenotype®. Moreover, the
discovery of the 17-gene LSC score (LSC17), which includes GPR56, allowed clinicians
to classify patients into different risk groups prior to therapy since a higher score
reflected higher LSC burden and thus resistance to standard therapy®. Even though
such classifications may be informative, AML heterogeneity defined by genetic subgroups
still needs to be addressed. For instance, in FLT3, DNMT3A, and NPMI triple-mutated
high-risk AML, hepatic leukemia factor (HLF) is a critical regulator of LSC fate™.

Genetic heterogeneity

—
Hematopoietic . Leukemic stem Therapy-
stem cell Pre-leukemic HSC cell resistant
(HSC) Mutations Mutations (Ls0) Therapy LSCs
. )4 luta L?! ‘,:y, J_

Epigenetic
heterogeneity
stemness vs
differentiation

Clonal hematopoiesis
(CHIP)

Normal hematopoiesis Leukemia

Figure 5 The transformation of healthy HSCs to LSCs.

In healthy situations, hematopoiesis occurs and leads to the generation of the different myeloid
and lymphoid branches. HSCs which acquire pre-leukemic mutations like DNMT3A and TET2
gain a proliferative advantage and clonal outgrowth, resulting in a condition called clonal
hematopoiesis of indeterminate potential (CHIP). Additional mutations (e.g., NPM1, FLT3-
ITD) in this clone transform the pre-leukemic HSC to leukemic stem cell (LSC). A subset of
LSCs is therapy resistant thus resulting in cancer reappearance (relapse). Heterogeneity of the
subclones contribute to LSC diversity and subsequently therapy resistance. Modified from
Trumpp and Haas, 2022% using Biorender.com.

1.2.1 AML Epidemiology

In adults, AML is the most common type of leukemia. Although, in comparison to
other cancer types its occurrence is less frequent. AML is slightly more frequently

diagnosed in males and is considered a disease of the elderly, with a median age of
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diagnosis of 70 years®. According to United Kingdom (UK) data, the incidence rate rises
gradually starting at 40 years of age and follows a steeper increase at 60 years (Figure
6)%.
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Figure 6 AML incidence trend by sex and age.
Figure from Khwaja et al. 2016** generated with data provided from Cancer Research UK.

While acute leukemias are the most common pediatric cancers, AML is less
frequent than ALL, as it only accounts for approximately 20% of childhood leukemias®.
There is no strong evidence regarding family predisposition for AML or MDS, however
recent studies report germline genetic predisposition candidate genes in familiar
AML/MDS, like DHX34 RNA helicase genetic variants**?. In addition, relatives of
patients with AML display an increased risk of hematological malignancies and solid
tumours, potentially linked to exposure to environmental factors or shared genetic
background which affects genes associated with malignancy®.

Even though environmental predisposing factors in AML have not been defined,
AML and MDS incidence rate is slightly higher in cases of subjection to DNA-damaging
agents, including ionisation radiation and cytotoxic chemotherapy, a case of leukemia

termed as therapy-related AMLY.

1.2.2 AML subtypes

AML diagnosis initially involves the accumulation of myeloblasts in the BM and
blood. To distinguish the different AML subtypes, molecular characterisation and
cytogenetics on the myeloblasts are used. In recent years, major advances in AML
classification have been made, including genomic diagnostics and molecular markers.
Due to that, the European LeukemiaNet (ELN) released an update of these criteria in
2022* (Table 1).

10
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Table 1: European LeukemiaNet (ELN) of acute myeloid leukemia subtypes.
AML: Acute myeloid leukemia, APL: Acute promyelocytic leukemia, MDS: Myelodysplastic
syndrome. Table provided from Dohner et al. 2022(Doéhner et al. 2022).

AML with recurrent genetic abnormalities (requiring =10% blasts in BM or PB)

o APL with t(15;17)(q24.1;q21.2)/ PML:: RARA

o AML with t(8;21)(q22;q22.1)/ RUNXI:: RUNXIT1

o AML with inv(16)(p13.1q22) or t(16;16)(p13.1;q22)/ CBFB::MYHI11

o AML with t(9;11)(p21.3;q23.3)/ MLLT3:: KMT2A4

« AML with t(6;9)(p22.3;q34.1)/ DEK:: NUP214

o AML with inv(3)(q21.3q26.2) or t(3;3)(q21.3;q26.2)/ GATA2, MECOM(EVII)
e AML with other rare recurring translocations

o AML with mutated NPMI

o AML with in-frame bZIP mutated CEBPA

o AML with t(9;22)(q34.1;q11.2)/ BCR::ABL1

Categories designated AML (if 220% blasts in BM or PB) or MDS/AML (if 10-19% blasts in BM or PB)

e AML with mutated 7P53

o AML with myelodysplasia-related gene mutations (mutations in ASXL1, BCOR, EZH2, RUNX1, SF3BI,
SRSF2, STAG2, U2AF1, and/or ZRSR2)

o AML with myelodysplasia-related cytogenetic abnormalities

o AML not otherwise specified (AML-NOS)

Myeloid sarcomas

Acute leukemia of ambiguous lineage

Myeloid proliferations related to Down syndrome

Blastic plasmacytoid dendritic cell neoplasm

1.3 Bone marrow remodeling in AML

AML has been found to interact with the BM in a dual manner. Alterations in the
BM niche can affect leukemogenesis but also leukemic cells can alter the BM
microenvironment, potentially leading to the accelerated expansion of leukemia®.

AML is marked by the reduction of the vascular niche, through the induced
degradation of the endosteal vasculature as well as the increased permeability of the
vascular niche'®*". AML disrupts the adipocytic lineage of the BM which further affects
the erythroid differentiation of HSPCs®™. Moreover, blasts secrete exosomes which
remodel the niche into a leukemia-permissive ecosystem while suppressing normal
hematopoiesis®.

Phenotypic changes to T cells, which facilitate anticancer immunity, are also
impacted by AML and contribute towards niche remodelling. AML-induced expansion
of Tregs and Th17 cells has been connected to immune suppression, thus supporting

immune evasion over cytotoxic anti-tumour activity of the immune system®!. In line,
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memory T cells of AML patients relapsing after alloSCT were shown to display increased

exhaustion markers®.

1.4 AML therapy strategies

Due to the heterogeneity of AML disorders, different types of treatment strategies
can be applied, including chemotherapy, targeted therapies, chimeric antigen receptor T
(CAR-T) cell treatment and stem cell transplantations (SCT). SCT can be further
subdivided into autologous or allogeneic stem cell transplantation (alloSCT), in which
the HSCs are derived from the patient or a human leukocyte antigen (HLA) matching
donor, respectively®.

In younger patients (60-65 years), the standard care of the initial intensive
chemotherapy (induction therapy) is called “3 + 7 regimen”*. Briefly, the patient is
administered intravenously three days of anthracyclines (daunorubicin, idarubicin) and
seven days of continuously infused cytarabine. Follow up consolidation therapy aims to
eliminate remnant cancer cells and can be multiple courses of chemotherapy with
cytarabine and anthracyclines. Ongoing research introduced additional induction-
consolidation AML agents, including epigenetic therapies using hypomethylating agents
(azacitidine, decitabine), venetoclax in older patients, targeted therapies such as FLT3
and IDH inhibitors and addition of CD33-targeted monoclonal antibodies™.

AlloSCT is an accepted standard therapy after first complete remission, and con-
tinues to be the main curative strategy. Following alloSCT, donor HSPCs repopulate
the BM to regenerate the hematopoietic system, while donor T cells already present in
the graft are capable of recognizing and eliminating the patients” healthy cells, often
leading to graft-versus-host disease (GVHD) as well as residual leukemic cells known as
graft-versus-leukemia (GVL) effect (Figure 7)%. These two phenomena are partially con-
nected, since mild chronic GVHD not requiring restart of immunosuppression is
associated with better outcome compared to absence of chronic GVHD °°.

The selection of a suitable donor for SCT is critical for the outcome of alloSCT.
Multiple factors are critical for the outcome of alloSCT, including donor-recipient
histocompatibility, stem cell source (peripheral blood, bone marrow), donor-recipient

cytomegalovirus (CMV) and blood type compatibility®.
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Figure 7 Hematopoietic stem cell transplantation approaches.
Allogeneic hematopoietic stem cell transplantation (alloSCT) is a therapeutic strategy in which an AML

patient undergoes after conditioning with cytotoxic and immunosuppressive therapy. Specifically, donor
stem cells and leukocytes either from peripheral blood or bone marrow are infused into the recipient. The
donor is an antigen matched sibling or unrelated adult donor. In autologous stem cell transplantation, the

patient's stem cells are harvested and frozen to be thawed and after high-dose cytotoxic therapy are

re-infused to the patient in order to enable hematopoietic recovery. Source: Khwaja et al. 2016 *%.

After SCT, the recovery of the different immune subsets varies, with the innate
immunity cells recovering early while T and B cells may take up to 2 years to fully
reconstitute (Figure 8)”. Even after complete reconstitution, T cells often have an
abnormal TCR repertoire, thus remaining dysfunctional®®. Additional post-
transplantation factors like administration of immunosuppressive therapies contribute
to this delayed recovery of the immune system®. This delay is directly linked to the

increased risk of relapse’.
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Figure 8 Overview of the T cell reconstitution after hematopoietic stem cell transplantation
(HSCT).

Following HSCT, innate immune cells follow early recovery, while T and B cells may take up to 2 years

to fully recover. Source: Verardi et al. 2021°7.

1.5 Model systems to study human hematopoiesis and AML

Despite the advances in methods for studying rare populations at a single cell
resolution, the study of human HSPCs and their malignant transformation still remains
challenging. This is a consequence of lack of appropriate in vivo and ex vivo models of
the BM microenvironment. As previously outlined in this thesis, the BM
microenvironment is characterized by increased complexity, and a vast variety of
hematopoietic and non-hematopoietic subsets.

Dick and colleagues pioneered the first humanized mouse models, which still allow
researchers the study of human HSPCs function in vive®. Humanized mice have
advanced our understanding of the mechanisms underlying human hematopoiesis. These
models, also known as xenograft models, carry mutations on genes which facilitate the
increased engraftment of human HSCs and AML cells through inhibiting the organism’s
immunity. They are often homozygous for the loss of function mutation in protein kinase
DNA-activated catalytic subunit (PRKDC) gene, referred to as severe combined
immunodeficiency (scid) or for targeted mutations at the recombination-activating gene
1 (Ragl) or Rag2, together with a targeted mutation at the interleukin-2 receptor y-
chain (//2rg) locus™.

A widely used strain for studying hematopoiesis is NSG mice of NOD genetic
background, which carries also a mutation of I12rg (NOD.Cg- Prkdc® 112rg™!""/SzJ)".
NSG mice lack mature lymphocytes and allow engraftment of human HSPCs®. While
NSG mice require prior irradiation in order to achieve sufficient engraftment, NSGW41
mice support engraftment of HSPCs without any prior conditioning. NSGW41 are NSG
mice with the additional A7tWW-41.J allele®™. Kit encodes for c-Kit, which is the stem cell

factor (SCF) receptor®. c-Kit is expressed on hematopoietic cells, and when it binds with
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SCF it causes signal transduction necessary for normal hematopoiesis®. Consequently,
this genetic background is beneficial for the engraftment of donor’s HSPCs over the host,
without the necessity for prior irradiation®.

Although xenograft models have significantly advanced our understanding towards
the concept of hematopoiesis, these models still impose the limitation of a non-human
microenvironment. T. M. Dexter initially developed stromal cocultures as a way of main-
taining HSPCs®. Since then, in vitro co-cultures of human derived cells, often provide
mechanistic insights into the multicellular interplay. Such studies, in which primary
AML cells were co-cultured with human BM derived stromal cells, revealed the
importance of the stromal microenvironment in promoting AML survival®.

While co-culture models are a well-defined setup to study HSPCs and the
interactions with the microenvironment, they still consist of a simplified snapshot of a
complex tissue like the BM. A recent study from the Psaila group established 3D human
BM organoids, generated from induced pluripotent stem cells (iPSCs) committed to
hematopoietic, mesenchymal and endothelial lineages®. These structures represent key
features of the bone marrow, like lumen-forming sinusoids, sufficient differentiation of

myeloid cells as well as BM stroma®’.

1.6 Single cell technologies and the study of rare cell types

Single-cell technologies, such as single-cell RNA sequencing, have revolutionized
the study of rare cell types in the BM and other tissues, since they allow measurement
of thousands of individual cells. These methods are being used to answer a range of
clinically relevant questions in the context of hematological malignancies, like the
identification of molecular pathways associated with therapy resistance in multiple
myeloma, a neoplastic plasma cell disorder®.

Well established technologies like flow cytometry and fluorescence activated cell
sorting (FACS) have been facilitating the precise isolation and analysis of selected single
cells, with the benefit of simultaneous profiling of surface proteins®. Recent advances in
profiling more cellular modalities have allowed scientists to discover novel cell types,
states as well as providing insights into the transitions from one cell to another, during
biological processes like development, differentiation and malignant transformation™. In
2009, the first single cell transcriptomics (single cell RNA sequencing, scRNA-seq) study
was published™. Since then, there has been a growing research interest for the
improvement of those methods and the incorporation of additional modalities (Figure

9). Such methods profile genome sequences™, chromatin accessibility™™ DNA
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methylation™, cell surface proteins™™ (Figure 9). In the case of cell surface proteins,
Peterson and colleagues simultaneously measured gene and protein expression (Cellular
Indexing of Transcriptomes and Epitopes by sequencing, CITE-seq)™. Another example
of simultaneous measurements of multiple modalities is single cell genotyping of
transcriptomes (GoT) which integrates genotyping alongside high-throughput scRNA-
seq™. This method is especially useful in the case of malignant cells, due to the absence

of surface markers to distinguish cancer clones and genotype is the only discriminant™.

Cell surface mRNA profiling
protein profiling scRNA-seq
(CITE-seq, FACS) (Smart-seq2, 10X Genomics)

Genome sequencing ‘

Chromatin accessibility
SCATAC-seq

DNA methylation
S (X -Genomics)

Histone modifications

Figure 9 Overview of the current readouts for multimodal analysis of single cells.

CITE-seq: Cellular Indexing of Transcriptomes and Epitopes by sequencing, FACS: Fluorescence-Acti-
vated Cell Sorting, mRNA: messenger RNA, scRNA-seq: Single-Cell RNA sequencing, scATAC-seq: Sin-
gle-Cell Assay for Transposase-Accessible Chromatin using sequencing. Created using Biorender.com.

Despite the developments in single cell methods, issues related to batch effects,
detection of cell multiplets as well as the reduction of experiment costs persist. These
challenges are often addressed by pooling multiple samples prior to data collection, that
their origin can be determined computationally. This can be accomplished by the use of
cell hashing barcoded antibodies™, or DNA oligonucleotide tagging of cellular proteins®.
In the case of human samples, natural genetic variation can be utilised in order to

distinguish cells from multiple individuals®®.
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1.7 Aims and scopes of this thesis

PhD thesis significance

The previous sections have highlighted the importance of studying the complex
interactions between malignant transformation of hematopoietic cells and their tumor
microenvironment in the development of acute myeloid leukemia (AML). AML affects
thousands of individuals yearly and is characterized by the abnormal growth of immature
myeloid cells in the bone marrow (BM).

The BM is a complex organ which consists of two main components, the immune
and the non-hematopoietic component. After initiation, one of the key drivers in AML
progression is its interaction with both of these components. In malignancy, the BM
microenvironment is highly remodelled. The question of whether the microenvironment
is remodeled towards a favorable environment for AML maintenance prior to or following
malignant transformation of cells remains a “causality dilemma” for cancer research.

The high abundance of malignant cells presents a challenge in profiling their mi-
croenvironment. However, recent advancements in single-cell technologies have facili-

tated the high-resolution mapping of rare cell populations.

PhD thesis aims

The overarching goal of my PhD thesis has been to address the long-standing question

of the role of the tumour microenvironment in AML, focusing on these two components

of the BM-the immune and stroma.

To reach this objective, I pursued two primary goals:

1. First, I sought to determine the role of the BM immune landscape in therapy

outcome post allogeneic stem cell transplantation (alloSCT).
After alloSCT, donor T cells target and eliminate AML blasts. Yet, 50 % of
patients still relapse®. Poor therapy outcome is hypothesised to be driven by
impaired anticancer immunity of the donor T cells.
To address this hypothesis, I first performed scRNA-seq analysis of patient
derived T cells after alloSCT. My analysis identified several T cell signatures
associated with favourable outcomes following alloSCT, including enrichment of
G protein—coupled receptor 56 (GPR56) expression in the CD8" T cells of patients
in remission. Then, in collaboration with the Schmitt group at
Universitdatsklinikum Heidelberg it was demonstrated that GPR56 becomes
specifically upregulated on T cells upon antigen encounter with AML cells. Lastly,
these findings were further expanded in an independent cohort of 139 AML
patients profiled using flow cytometry. The results of this first project indicated

17



18

Chapter 1: Introduction & Background

that surface expression of GPR56 may be used as an easily detectable biomarker

for alloreactivity and therapy response for patients receiving alloSCT.

In light of the effect of AML in the stromal microenvironment and the complex
interaction of various cell types in the BM, I then pursued to uncover the impact
of leukemic stem cells (LSCs) on the BM stromal microenvironment.

The motivation for this second project was that LSCs often escape classic therapy
strategies, resulting in relapse. Therefore, mapping their impact on their
microenvironment is instrumental for understanding the mechanisms behind
therapy evasion.

Initially, I investigated the impact of LSCyn and LSCy,y burden AML to the BM
stromal microenvironment using scRNA-seq of NSGW41 xenograft mouse models.
Since the BM ecosystem of these murine models was never extensively profiled,
my first goal was to do a comparative study comparing the BM niche of the
NSGW41 strain to other well-studied strains. After achieving this, I performed
differential expression, transcription factor activity, cell composition and cell-cell
interaction analyses of the stromal cells in LSCyien versus low burden xenograft
models. These multifaceted analyses revealed that LSC burden is associated with
an imbalance of the adipo-lineage over the osteo-lineage as well as fibrotic
signatures. Since the major caveat of the aforementioned setup had been to study
the impact of human AML on mouse stroma, I sought for further evidence, by
profiling in vitro co-cultures of human BM derived MSCs with LSCyien and LSCiey
burden AML.
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CHAPTER 2: RESULTS

2.1 Project 1: The remission status of AML patients post alloSCT is associ-

ated with a distinct single cell signature of bone marrow T cells

The results presented in Section 2.1 are part of a manuscript currently in
preparation with title “The remission status of AML patients post alloSCT is associated
with a distinct single-cell bone marrow T cell signature”.

List of authors: Anna Mathioudaki, Xizhe Wang, David Sedloev, Richard Huth,
Aryan Kamal, Michael Hundemer, Yi Liu, Spyridoula Vasileiou, Premal Lulla, Carsten
Miiller-Tidow, Peter Dreger, Thomas Luft, Tim Sauer, Michael Schmitt, Judith B.
Zaugg, Caroline Pabst

With the exceptions detailed below, the experiments and analysis presented in this
Chapter were designed and performed by me, in discussion and guidance from Dr. Judith
Zaugg and Dr. med. Caroline Pabst.

In detail, I contributed to the experimental design, conducted experiments (scRNA-
seq experiments, library preparations, flow cytometry), performed scRNA-seq data
analysis as well as clinical data analysis, interpreted the data and generated figures.

scRNA-seq experiments were performed jointly with Xizhe Wang. In addition,
Xizhe Wang performed flow cytometry experiments and assisted with cell type
annotation. David Sedloev, performed the CAR-T cell experiments. HL60 CD33 KO cell
lines and 3G.CD33.CAR construct was provided by Dr. Yi Liu. Richard Huth assisted
with the CAR-T cell experiments and the flow cytometry experiments. Clarissa

Holitsch, Rebeca Kruhmann and Sophie Leonhardt assisted with sample collection.

19



Chapter 2: Results

2.1.1 Summary

The focus of this Chapter is to investigate the role of the bone marrow (BM) T
cell landscape in the therapy outcome of acute myeloid leukemia patients (AML) after
allogeneic stem cell transplantation (alloSCT). AlloSCT is the most established
immunotherapy in AML, where donor T cells present in the graft can recognise and
target residual leukemic cells. A holistic view of the bone marrow T cell repertoire is
presented to distinguish T cells from relapse patients (REL) in whom early graft versus
leukemia (GvL) failed, versus T cells in patients with long-term complete remission
(CR). This Chapter pinpoints several T cell signatures associated with favourable
outcomes, including enrichment of specific CD8" T cell subsets and increased T cell
cytotoxicity. On the other hand, relapse patients were associated with certain CD4" T
cell subsets, such as regulatory T cells as well as TNF/NF-kB signalling. Amongst these
signatures, the adhesion G-protein coupled receptor 56 (GPR56) is proposed as a
dynamic biomarker in T cell reactivity after transplantation and validated using a chi-
meric antigen receptor T (CAR-T)/HL-60 coculture system and multi-colour flow

cytometry on a cohort of more than 100 alloSCT bone marrow samples. A summary of

'

these findings is illustrated in Figure 10.

SN
AlloSCT
Complete Relapse
remission
MEP, MLP, pDC CD4+/CD8+ naive
yoT Treg
CD8+ eff.
Inflammation (TNF/NFkB)
Cytotoxicity
TCR-LSC encounter CD8+ T
Py T ~@! 4
o -
’M GPR56
CD8+T

®cp27 @GPRs6 YTCR

Figure 10 Graphical summary of the findings presented in this Section.

MEP: megakaryocyte-erythroid progenitors; MLP: myeloid/lymphoid progenitors; pDC:
plasmatocytoid dendritic cells; Treg: Regulatory T cells; TCR: T cell receptor; ; LSC: Leukemic
stem cell.
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2.1.2 Experimental overview and quality control of scRNA-seq data

Primary BM samples of 3 Complete Remission (CR) and 3 Relapsed (REL)
patients were thawed (sample characteristics in Table 4), stained with CD3 and CD34
(common T cell and hematopoietic stem/progenitor cells (HSPCs) markers,
respectively). Then, T cells and HSPCs were sorted, and processed with the 10X platform
to produce single cell RNA-sequencing (scRNA-seq) libraries. Overview of the gating
scheme is presented in Figure 52 (Section 4.2). Per group, all 3 patient cells were mixed

and pooled together into one 10X reaction (Figure 11).

Bone marrow

aspiration
II-bl @
. alloSCT Fl:'elapc;\gn |
Wl e ‘.
Initial e °
diagnosis  CR
(n=3) | > :
l v ® e
L | Jf | | | | J| | | CD34+ CD3*
T0 T100 T+ HSPCs T cells
" Intensive Post-alloSCT !
chemotherapy phase

Figure 11 Overview of the experimental design to characterize the bone marrow (BM) T cell
and hematopoietic stem and progenitor cells (HSPCs) landscape of AML patients after allogenic
stem cell transplantation (alloSCT). CR: Complete Remission; REL: Relapse.

Following quality control (QC; cells with more than 200 genes detected and less
than 15% mitochondrial genes) 4,038 from 3 CR & 4,461 cells from 3 REL patients were
retained for downstream analysis (average number of cells per patient = 1,414; Figure
12). Using souporcell®’| I assigned each single cell to individual samples (see Methods,
Section 4.13.4). Briefly, souporcell is a method for clustering single cells of mixed-
genotypes, based on common variants from the 1000 genomes project, filtered for

variants of minor allele frequency greater than 5x10%.

21



Chapter 2: Results

A Number of cells prior QC: 13.523 «  doublets B Number of cells post QC: 8.499
8000 = . 4 singlets 8000 1
® sf\»‘ % of mito ® X
2 6000 . reads 2 6000
S Qc S
'S 4000 75 S 4000
aE3 Singlets (f 1) g
50 ing ets (from souporce!
2 2000 % of mito reads < 15% 2 2000
25 Number of genes > 200
=———— - ofm===c========°==
0 25000 50000 75000 0 0 25000 50000 75000
Count depth Count depth
Rel_31 - e
%_ Rel_14 - —[I]—— ——[I]—— Y oo I
@
& CR_31 - i
cn 2| ] ] (T}
CR71- _ -ﬂ]————— -——m—_ ..—m——
0 500 10001500 O 2000 4000 6000 8000 10 12 14 16 0 : 15

Numer of cells

Numer of genes per cell

Figure 12 Quality control of scRNA-seq data.
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Scatter plot that each dot indicates a single cell, count depth (x-axis) plotted against the

number of genes. The colour indicates the fraction of mitochondrial reads prior to quality
control (QC) filtering (A) and post QC (B). (C) Number of cells per sample. (D) Number of

genes per cell per sample. (E) Number of unique molecular identifiers (UMIs) in a log2 scale.

(F) Percentage of mitochondrial reads per single cell. CR: Complete remission, REL: Relapse.

Since no prior genotypic information per sample was acquired, further assignment

of samples to individual patients was performed using sex chromosome genes, X/97 as

an X-linked gene and RPS4Y1 as a Y linked gene. This analysis revealed that souporcell

clusters/samples REL_ 2 and CR_3 were female while the rest are male (Figure 13).
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CR 11

0 3
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Figure 13 Normalised expression of X-linked gene XIST and Y-linked gene RPS4Y1. CR:

Complete remission, REL: Relapse.
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2.1.3 The bone marrow landscape of post-transplant AML patients

After Louvain clustering, the single cells were grouped into separate clusters and
annotated based on known marker genes into nine HSPCs, eight CD8", five CD4* and
two unconventional T cell clusters. Cluster annotation was performed by incorporating
both gene expression as well as TF activity levels, which was calculated using SCENIC*.

HSPCs annotation

Among the HSPCs, I identified nine clusters including myeloid/lymphoid
progenitors (MLP) expressing SPINK2and SELL; precursors of B cells (preB) expressing
VPREB1/3, DNTT, JCHAIN, CD79A and CD24 as well as precursors of T cells
(pro/preT) expressing CD3G, CD3D as well as CD4 and CDS8A/B simultaneously.
Moreover, neutrophil progenitors (NP) expressing higher level of ELANE, AZUI,
PRTN3, CTSG and RNASE2 and megakaryocyte-erythroid progenitors (MEP)
expressing AHSP, HBB, CAl, KLF1, ITGA2B, GATA2, CNRIPI and MYC expressing
were detected. Lastly, monocyte-dendritic progenitors (MDP) expressing SC7, IRFS,
IRF7 and TCF4 as well as plasmacytoid and conventional dendritic cells (pDCs/cDCs)
(IRF7, CLEC4C) and monocytic precursors/monocytes (MP/mono) expressing CDI14r
were detected (Figure 14, 15). Notably, MDP, MP/mono, DC depicted low or no
expression of C'D34 at the level of RNA /gene expression. The discrepancy between RNA
and protein levels for CD34 has been previously observed, for the same HSPCs
populations, in recent CITE-seq (Cellular Indexing of Transcriptomes and Epitopes by
sequencing) studies, potentially associated with post-transcriptional RNA regulation 47,
The annotation of the aforementioned subsets was performed according to the findings

from Velten et al. 2017 (Figure 14).

T cells annotation

The dataset presented here spans across all known T cell populations, several of
which are understudied in the context of AML and therapy outcome (Figure 15).

In particular, CD8" T cells were sub categorised into 13 clusters including naive
(CD8" NV) expressing CCR7 and an IFN response (CD8" IFN) cluster with shared
features with corresponding CD4" clusters, which will be further described below. In
addition, I identified a memory-like cluster termed CDS8" hobit, characterised by high
expression of Hobit (ZNF683), which is associated with long-lived effector memory cells®.

The remaining CD8" populations comprised various effector clusters expressing
cytotoxicity genes GZMB, FGFBP2, GZMH, CX3CR1, PRFI and GNLY as well as
exhaustion genes TIGIT1, CD160 and CTLA-4 at different levels”; memory related cells
expressing GZMK and different levels of exhaustion genes, though with low expression
of cytotoxicity genes. In particular, I identified 2 effector subsets termed CDS8" effector
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1 and 2 (CD8" eff. 1: CD160", CD8+ eff. 2: CD160; expressing NKG7 and GZMB),
CD8" memory 1, 2, and 3, characterised by expression of GZMK and lower levels of
cytotoxic genes (Figure 14, 15).

Additionally, I identified unconventional T cells including Gamma-delta (y8) T
cells with high expression of TRDC, TRGC1 and KLRCT* as well as mucosal associated
invariant T cells (MAIT) cells expressing ALRBI, SLC4A10, NCR3. The latter are
hypothesised to temporarily reside in the BM due to circulation. Recent evidence
highlights the role of MAIT cells in PD1 therapy outcome in AML, however these
conclusions were derived from a limited number of patients®™.

The CD47" cells were further segregated into 5 clusters, including CD4" T cells
(CD4 T NV) expressing CCR7, regulatory T cells (Treg) expressing FOXP3, CD4" IFN
expressing high levels of IFN response genes, Th17 expressing LMNA and CCRI10* and
a cluster of CD4" T memory (CD4 T mem) cells. Notably, the identification of CD4*
effector subsets was challenging and since they did not correspond to any known subsets.
This could potentially be explained by the slower CD4* T cells reconstitution after
alloSCT?"", since the donor T cells analysed in this study were acquired only 100 days
after alloSCT (Figure 14, 15).

In order to further corroborate accurate cluster annotation, TF activity inferred
with SCENIC® was used as an additional level of information. MP/mono showed co-
activity of SPI1, EGR1, and IRF8% naive CD4 and CD8 T cells had highest co-activity
of LEF1 and TCF7%, while Tregs showed the typical FOXP3 activity”" (Figure 14).
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Figure 14 Marker genes and transcription factors (TFs) of BM resident T cells and HSPCs.
Heatmap depicting scaled expression of marker genes (green) and scaled TF activity of marker

TFs (pink; calculated using SCENIC#®) across all 24 unsupervised clusters. Values are averaged
across all cells in the cluster. The genes and TFs represented contributed to the annotation of

the cell types.

Overall, this dataset covers a variety of HSPCs and T cell subsets (Figure 15).
Here, clusters were annotated based on RNA features. T cells are traditionally studied
and defined by surface molecules at a protein level, often using FACS. With the rise of
CITE-seq, which allows simultaneous profiling of RNA and protein, scRNA-seq studies
began to accommodate similar terminology®. This point will be addressed in Section
2.1.5, where I computationally aligned my dataset with previously published CITE-seq

datasets.
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Figure 15 The landscape of BM resident T cells and HSPCs after alloSCT.

Uniform manifold approximation and projection (UMAP) of 8,492 post-QC cells representing
BM HSPCs and T cells from 6 AML patients. Cells are coloured according to the four major
populations (A) or the twenty-four detailed cell types/states (B).

2.1.4 Bone marrow composition and therapy outcome

Since the main objective of this project was to investigate whether changes in the
T cell landscape could impact the therapy outcome after alloSCT, and considering that
the T cell reconstitution plays a crucial role in anticancer immunity, I initially
investigated whether there was a association between the BM composition and the allo-
SCT outcome.

While all cell types were present in all patients, their abundances differed between
the two groups (Figure 16A). Relapse specimens showed depletion of the most immature,
multipotent MLPs and of MEPs (Figure 16B; Fisher’s test, log20R < 0, p.adj < 0.05
after Bonferroni correction). Depletion of normal erythroblasts in AML is a known
feature, due to the accumulation of myeloid blasts stalling normal production of myeloid
progenitors and mature cells. Importantly, even though the samples included in this
study were collected prior to relapse (<5% blasts in the BM, sample characteristics in
Table 4), the presence of a few AML blasts cannot be entirely ruled out. In addition, in
REL samples proT/preT and pre-B cells were enriched indicating a normal
hematopoietic maturation towards lymphoid lineages (Figure 16B; Fisher’s test, log20R
< 0, p.adj < 0.05 after Bonferroni correction). CR samples were significantly enriched
for pDCs, known to stimulate immune responses against AML (Figure 16B; Fisher’s
test, log20R > 0, p.adj < 0.05 after Bonferroni correction) .

Within the T cell compartment, all clusters were present in both conditions (Figure
16C). However, CD4" NV, Tregs, CD8" NV and CD8" hobit, and the two interferon
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clusters (CD4" IFN, CD8" IFN) were enriched in REL patients (Figure 16D; Fisher’s
test, log20R < 0, p.adj < 0.05 after Bonferroni correction) while CD8" effector cells
(CD8* eff. 1 and 2), and mature CD8" mem. 2 and 3 as well as y8T cells (Figure 16D;
Fisher’s test, log20R > 0, p.adj < 0.05 after Bonferroni correction).

Overall, this analysis indicates a T cell maturation stall in REL, associated with
the enrichment of naive T cells (CD4" and CD8" NV cells) as well as early memory
populations (CD8" hobit, CD8" mem. 1). This cannot be associated with HSPCs’
deficiency to differentiate towards the lymphoid lineages, since pro/preT cells were
enriched in REL. Moreover, REL samples exhibited a depletion of highly cytotoxic CD8"
effector clusters, indicating that decreased killing capacity of T cells may be associated
with AML re-appearance after alloSCT. The Treg enrichment in REL is in line with
previous studies, linking Treg with poor outcome in AML, due to their

immunosuppressive capacity®.
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Figure 16 Bone marrow (BM) compositional changes in therapy outcome.
(A) UMAP highlighting complete remission (CR) and relapse (REL) cells (green: REL, blue:

CR). (B) Differential abundance analysis per cell type within the hematopoietic stem and pro-
genitor cells (HSPCs) using Fisher's exact test. The bars represent the log2 odds ratios
calculated using Fisher’s test (Fisher test; p-values were adjusted for multiple comparisons
using the Bonferroni correction method), n.s.: not significant, *P < 0.05, **P < 0.001, ***P <
0.0001) (C) Absolute numbers of cells across CD3" T cell types. The different colors indicate
REL (green) and CR (blue) samples. (D) Differential abundance per cell type, within the CD3*
population using Fisher's exact test. The bars represent the log2 odds ratios (Fisher test, p-
values were adjusted for multiple comparisons using the Bonferroni correction method, n.s.:
not significant, *P < 0.05, **P < 0.001, ***P < 0.0001).
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I then sought to further corroborate the findings related to CD8" compositional
alterations in AML and therapy outcome using an alternative approach, independent of
clusters of cells. To do so, I performed pseudotime analysis using Monocle3™ (See
Methods, Section 4.13.7). Briefly, Monocle3 is a computational approach which orders a
given set of cells based on similarity, which may reflect a biological process. In the case
of T cells, this process is T cell maturation. The first step is the definition of a starting
population, which in this analysis was CD8" NV. Unconventional T cells were excluded
from the analysis.

The reconstructed pseudotime within the CD8" T cells followed the expected
sequence. Expression of genes associated with naive T cells (IL7R, CCR7 LEF1) was
high in the beginning of the reconstructed trajectory (Figure 17 B). Next, the expression
of early memory genes (ZNF683/HOBIT and GZMK) increased, followed up by CD8"
effector genes (NKG7, KLRG1, GZMH, GZMB) known to have a cytotoxic role (Figure
17 B). The expression of effector genes then declined when known exhaustion genes like
TIGIT and PDCDI began to be expressed (Figure 17 B).

Consistent with the results from the Fisher’s test, REL cells were significantly less
advanced in pseudotime (Figure 17 A, C). The fraction of CD8" REL cells increases
again at the latest part of the trajectory, which is characterised by high expression of
exhaustion markers. These observations suggest abnormal CD8* T cell development in

REL samples relative to CR, as well as rapid T cell exhaustion.
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Figure 17 Pseudotime analysis of CD8" EM cells.
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(A) Boxplot (top) and density plot (bottom) depicting the pseudotime of CD8" effector memory
(EM) cells in CR (blue) and REL (green). Comparison was performed using Student’s t-test.
(B) Heatmap depicting the scaled expression across pseudotime of selected effector, memory
and exhaustion genes in CD8" cells. (C) Diffusion maps for the CD8" cells coloured according
to the inferred pseudotime using Monocle3 split per condition (top) and based on the clusters
(bottom).

2.1.5 Comparison with publicly available CITE-seq datasets

T cell subsets are classically defined by the presence of surface markers at protein
level, while from scRNA-seq data we can derive information regarding gene expression
profiles. In brief, T cells can be subdivided in four groups using the expression levels of
two surface proteins; CCR7 and CD45-RA at a protein level'™. These 2 proteins are
sufficient to define the four subsets of T cells which mature from naive (CCR7*
CD45RA™) to central memory (TCM, CCR7" CD45RA"), then to effector memory
(TEM, CCR7 CD45RA"), and lastly CD45RA™" effector memory cells (TEMRA, CCRT
CD45RA ™)™, The latter are characterised by elevated expression of effector molecules,
which in the case of CD8" cells, are related to cytotoxicity!.

In this section, I further characterized the T cell subsets. For that, I integrated the
dataset with a recent CITE-seq dataset of peripheral blood mononuclear cells (PBMCs)

12 and then performed LabelTransfer analysis'®. In this study, T cell subsets were

defined by both RNA and surface protein expression'®.

My analysis allowed the mapping of CD8" hobit and CD8" mem. 1 clusters, which
were enriched in REL to CD45RA- CCR7t* TCM and CD45RA- CCR7 TEM,
respectively (Figure 18). On the other hand, CD8" clusters depleted in REL (CD8" eff.
1 and 2, and CD8" mem. 2 and 3), corresponded to different subsets of CD45RA* CCRT
effector memory cells (TEMRA), which differed in their expression levels for CD45RA
and the cytotoxic molecules GZMB, GZMK, and GNLY (Figure 18). This analysis
reinforces the hypothesis of impaired CD8" T cell maturity and cytotoxicity to be linked

with alloSCT outcome.
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Figure 18 Correspondence of in house scRNA-seq CD8" T cells clusters with CITE-seq publicly
available PBMCs clusters.
Left: Scaled expression (z-score) of publicly available CITE-seq data. Features (x-axis) with

AB suffix indicate that the measurement was performed on protein level. Right: Percentage of
cells per cluster (x-axis) that map to public reference clusters (y-axis). Bold cluster names
indicate CD8" TEMRA subsets (CD45RA* CCRT effector memory).

2.1.6 Identification of TFs associated with alloSCT outcome

In the previous section (Section 2.1.4), I identified BM T cells compositional
changes to be associated with therapy outcome. T cells differentiate from naive to the
different effector populations after activation and additional extrinsic signals, like
chemokine polarisation. These signals trigger signalling cascades that subsequently
induce expression of gene modules after activation of specific transcription factors (TFs).
Following up on this, I then investigated whether these compositional changes may be
reflected by distinct TFs.

To address this, I performed differential TF activity analysis using an adaptation
of the SCENIC workflow®. SCENIC* is a computational tool which uses co-expression
networks and motif discovery analysis in order to infer gene regulatory networks (GRN;
see Methods, Section 4.13.5). In total, this GRN consisted of 280 TFs and 8,206 target
genes (average: 100 target genes per TF). To identify differentially active TFs, I first
detected the differentially expressed (DE) genes between the two conditions using
MAST'™ (Figure 19 A). I found 422, 539, and 644 differentially expressed genes (DEG)
for CD4", CD8", and HPSCs, respectively (log2FC > 1, p.adj < 0.05 after Bonferroni
correction). Per TF and population, I then calculated the enrichment for these genes

over the rest of its target genes using Fisher’s exact test (Figure 19 C, D, E).
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These results identified 12 TFs more active in REL HSPCs and CD8" T cells, and

10 TFs in CD4" REL T cells (Figure 19 B; p.adj < 0.05, after Bonferroni correction).
In CR cells, 4 TFs were more active in HSPCs and only 1 in CD8", while in CD4" T

cells no significant enrichment was detected (Figure 19 B; p.adj < 0.05, after Bonferroni

correction).
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(TFs) between two conditions. (B) Upset plot indicating the overlap of the differentially active

Figure 19 Transcription factor activity analysis using SCENIC.
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TFs between the 3 major populations and the two conditions. (C) Bar graphs depicting the
log20R calculated using Fisher’s test. Green colour indicates p.adj < 0.05 after Bonferroni

correction.

This analysis revealed in total 23 TFs with regulons enriched among the DEGs
(Fisher test; p.adj < 0.05 after Bonferroni correction; Figure 20 A). In the HSPCs,
GATAI and KLF1 were among the TFs enriched in CR, which are known key regulators
of erythroid lineage. This observation is in line with the observed MEP decline in REL
versus CR samples (Figure 16). In REL samples, most of the TFs enriched were shared
amongst CD4", CD8" and HSPCs populations. These TFs included £FOS and JUN, the
NF-kB family member REL, as well as CREM and NFE2L2/NRF2, which have been
linked to an immunosuppressive tumour microenvironment and CDS8 exhaustion,
respectively'®1%, Notably, the target genes of the same TFs differed between CD4" and
CD8" cells, highlighting the importance of studying gene regulation and common TFs
at a cell-type specific context'’” (Figure 20 C).

In CD8" T cells, the only TF more active in CR was TBX21. Its regulon mainly
comprised of cytotoxic genes like granzymes (GZMB, GZMH) as well as killer-like
receptor genes (KLRG1, KLRDI), was enriched among the genes upregulated in CR
CD8 cells (Figure 20 B).
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Figure 20 Identification of transcriptional networks associated with therapy outcome post al-
1loSCT.
(A) Differential TF activity analysis using SCENIC. Heatmap indicating log2 odds ratios

calculated using Fisher’s test (left). Characterization of target genes based on known gene sets
(right). Assignment of target genes to known functions was performed using publicly available
gene sets (see Suppl. methods). The coloured bars represent the fraction of target genes per TF
which belong to the different gene sets (IFN: interferon response, Activation: Immune cell
activation, TNF: TNF signalling). (B) CD8" T gene regulatory network (GRN) of exemplary
differentially active TFs (TBX21, REL, FOS) and their target DEGs (C) Overlap of target
genes per TF between CD4" and CD8* T cells.

2.1.7 Relapse patient CD8 EM T cells have lower cytotoxic potential

The results of the previous section suggest that a key difference between CR and
REL in CD8" cells is related to T cell activation and cytotoxicity. Thus, the core of the
rest of the analysis was the CD8" effector and memory subsets (Figure 21 C).

Differential expression analysis in the CD8" EM cells revealed 144 genes
upregulated in CR while 91 genes in REL (Figure 21 A; MAST'™; log2FC > 0.5, p.adj
< 0.05 after Bonferroni correction) (Figure 21 A). The genes overexpressed in CR CD8*
EM mainly included genes involved in cell killing processes (KLRG1, KLRDI1, GZMB,

33



Chapter 2: Results

GZMH) as well as ADGRG1 which encodes for adhesion G-protein-coupled receptor
(GPCR) 56 (GPR56). Among the genes overexpressed in REL CD8" EM cells, I
identified CXCR4 previously associated with homing of naive T cells to the BM'®,
GZMK;, as well as JUNB, NFKB, inflammatory genes like /F76 and CDZ27, a member of
TNF receptor superfamily, a known regulator of cell activation'” (Figure 21 A). In line,
gene ontology (GO) and hallmark enrichment analysis revealed significant enrichment
of terms related to T cell activation and cytotoxicity in CR, including the RAS signalling
pathway which is essential for the regulation of T cell activation after TCR stimulation
(Figure 21 B)"". On the other hand, terms upregulated in REL comprised NF-kB
dependent TNF-alpha signalling, IFNy response as well as IL-2 production (Figure 21
B).
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Figure 21 CD8" EM T cells of relapse samples are characterized by lower cytotoxicity.
(A) Heatmap depicting scaled expression (z-score) across all 3 samples of 235 differentially

expressed genes (DEGs; CR: 144 genes, REL 91 genes) in CD8" effector memory (EM) clusters.
Analysis was performed using the MAST algorithm (log2FC > 0.5, p.adj < 0.05 after Bonferroni
correction). (B) Gene ontology and hallmark enrichment analysis on the DEGs from A. (C)
UMAP highlighting the T cell clusters which belong to the CD8" effector memory (EM) cells

and were used for the DE analysis.
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2.1.8 GPR56 & CD27 may serve as potential markers for alloSCT outcome

Following up on this analysis, I investigated whether any of the DE genes
associated with therapy outcome post alloSCT could serve as a therapy biomarker, with
the ultimate goal of being used as a means of monitoring T cell reconstitution after
alloSCT and subsequently therapy outcome.

Among the DE genes, I identified two surface molecules which would allow easy
detection using flow cytometry without prior extensive processing of the samples; GPR56
was detected to be enriched in CR CD8" EM cells while CD27 in REL. Notably,
GPR56/ADGRGI was detected to be a target gene of TBX21, the only TF more active
in CR CD8" T cells (Figure 20 B). GPR56 has previously been reported to be expressed
on CD8" TEMRA and NK cells, and seems to play an inhibitory role on the latter!"!,
While its functional role in T cells is not well defined yet, Pabst and colleagues previously
identified a complex and essential role for GPR56 in driving self-renewal in AML*. On
the other hand, CDZ27, also known as TNFRSF7, is a TNF receptor instrumental in early
activation of T cells'™. Therefore, I further investigated the dynamics of GPR56 and
CD27 initially in the scRNA-seq data and in the next sections mechanistically as well as
in larger independent cohorts.

First, I found a significant increase in the fraction of GPR56 positive cells among
the CR samples, while the fraction of CD27 positive cells decreased (Figure 22 B, D).
When assessing their expression across pseudotime, which is associated with T cell
maturation (Figure 22 A, C), a steady increase of GPR56 and a steady decrease in
CDZ27 in both CR and REL samples was observed. Of note, the baseline levels differed
between the 2 conditions, with GPR56 expression being constantly higher at all
maturation stages in CR, while CD27 levels were lower (Figure 22 A, C).

The aforementioned findings regarding GPR56 from the pseudotime analysis
suggested its increases during maturation. I further validated this finding on the same
samples using flow cytometry. CCR7 and CD45RA were used to define the different
maturation stages of CD8" T cells and GPR56 levels were compared between the 2
groups (Figure 22 E). In line with the RNA levels Figure 13 A, GPR56 was higher in
the two effector subsets (TEM, TEMRA) in both conditions, while CR CD8" cells always
showed higher levels of GPR56 on a protein level.
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Figure 22 GPR56 and CD27 dynamics across T cells maturation.

(A) GPR56 and CD27 (C) expression across pseudotime of CD8" cells, split per condition. (B)
Density plot indicating the distribution of the normalised expression of ADGRG1/GPR56 and
CD27 (D) within the CD8%" EM cells. Vertical red line indicates the threshold (0.5) used for
defining a cell as GPR56" and CD27" cells. Bottom: Bar plots indicating the percentages of
GPR56" and CD27* cells in REL and CR samples when considering all CD8" clusters. (E) Left:
Gating strategy used to identify naive, central memory (TCM), effector memory (TEM), and
TEMRA cells using CCR7 and CD45RA. Right: Percentage of GPR56 positive cells in the
indicated fractions.

2.1.9 GPR56: A potential marker of T cell alloreactivity

GPR56 is co-expressed with cytotoxic molecules

To best associate GPR56 with known T cell phenotypes like T cell activation and
allorecognition, I performed DE analysis between GPR56" and GPR56- CR CD8" EM
cells. To account for the differences due to the therapy outcome this analysis was
performed exclusively in the CR samples, since as presented in Section 2.1.7, the two
groups are marked by transcriptional changes. In total, the analysis revealed 24 genes
differentially expressed between GPR56" and GPR56- CD8" EM cells (MAST'™; log2FC
> 0.5, p.adj < 0.05 after Bonferroni correction).

At the level of RNA, GPR56" cells expressed higher levels of NKG7, GZMB,
GZMH, KLRDI1, GNLY and PRF1, suggesting that GPR56 marks functional, cytotoxic
cells. When comparing the GPR56" fractions between CR and REL (Figure 23 B) I

identified similar signatures as presented in Figure 21, including higher cytotoxic
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signatures (ALRGI) in CR and increased inflammation (/F76) and CXCR4 in REL.
Moreover, CR GPR56" EM cells were marked with higher expression of /Z32. In a murine
melanoma model, IL32 treatment increased the recruitment of activated tumour-specific
CD8* T cells, resulting in systemic induction of anti-tumour immunity!.

Taken together, CR derived CD8" EM cells are characterised by a higher fraction
of GPR567 cells, which based on RNA levels are highly cytotoxic (Figure 23 A) relative

to GRP56 cells, exerting higher antitumor activity relative to REL (Figure 23 B).
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Figure 23 GPR56 co-expression with cytotoxicity molecules at the RNA level.
Volcano plots illustrating the differentially expressed genes between GPR56" (purple) and

GPR56™ (orange) CD8" effector memory (EM) cells of CR patients (A) and CR versus REL of
GRP56" CD8" EM cells (B). Y axis represents p-value after Bonferroni correction (p.adj) and
points were coloured according to absolute log2FC > 0.5 and p.adj < 0.05.

These findings were further corroborated using flow cytometry analysis on
PBMCs from an independent cohort of 10 AML patients in CR. In detail, the levels of
PRF1 and GZMB, central cytotoxic response molecules, were estimated in GPR56"
CD8" cells and GPR56° CD8" (Figure 53; see Methods Section 4.3). This analysis
illustrated that GPR56" cells exhibited higher levels of PRF1 and GZMB in comparison
with the GPR56™ counterparts (Figure 24; paired Student’s t-test, p-value < 0.001).
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Figure 24 GPR56 co-expression with cytotoxicity molecules at the protein level.
(A) Representative gating scheme for FACS strategy used to separate GPR56" (purple) from

GPR56™ (orange) CD8* T cells (middle). The 2 fractions were further analysed for PRF1 and
GZMB intracellular protein expression. Analysis was performed on peripheral blood mononu-
clear cells (PBMCs) from a cohort of 10 AML patients in remission. (B) Boxplots illustrate the
comparison of the percentage of GZMB* T cells between the GPR56" and GPR56™ fractions.
Connected points indicate fractions originating from the same sample. P-value was calculated
using paired Student’s t-test, n = 10. (C) Boxplots illustrate the comparison of the percentage
of PRF1* T cells between the GPR56" and GPR56™ fractions. Connected points indicate
fractions originating from the same sample. P-value was calculated using paired Student’s t-
test, n = 10.

The findings presented so far suggest that GPR56 may serve as a molecule for
monitoring alloreactivity and cytotoxicity in the alloSCT setting, since it was found to
be co-expressed with effector/cytotoxic molecules. To further substantiate this
observation, the next goal was to investigate its association with T cell activation
markers like PD-1 and CD107a using flow cytometry. This analysis showed that GPR56"
cells were characterised by higher levels of CD107a activation molecule, with a median
percentage of CD107a" cells to be 0.993 over 0.441 on the GPR56 fraction, however
CD107a is a very lowly abundant molecule (Figure 25 A, B; paired Student’s t-test, p-
value = 0.0022). No significant association was detected between GPR56 and PD-1
expression (Figure 25 C, D; paired Student’s t-test, p-value = 0.35).
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Figure 25 GPR56 is not directly associated with T cell activation molecules.
Representative gating FACS strategy used to separate the different fractions, according to

GPR56 and CD107a (A) or PD1 (C) expression. (B) Boxplots illustrating the comparison of
the percentage of CD107a™ T cells (B) and PD1* T cells (D) between the CD8" GPR56" and
CD8" GPR56™ fractions. Connected points indicate fractions originating from the same sample.
P-value was calculated using paired Student’s t-test. Analysis was performed on peripheral

blood mononuclear cells (PBMCs) from a cohort of 10 AML patients in remission.

GPR56 is upregulated upon target recognition

Increased GPR56 expression on mature CD8" T cells suggested that GPR56
expression might be associated with more antigen encounters and therefore a higher GvL
potential.

To test this, in collaboration with the Schmidt group at Universitatsklinikum
Heidelberg my colleagues and I used Chimeric antigen receptor T (CAR-T) cells as an
effector-target cell model. CAR-T cells mimic GvL, as their T cell receptors (TCRs) are
genetically engineered to specifically recognise a defined (leukemic) target and eliminate
cells expressing this target. CD33-directed CAR-T cells engineered from activated T cells
(ATCs) of four healthy donors were co-cultured together with the AML cell line HL-60,
in which CD33 was knocked-out'* (HL60 KO) versus HL-60 with preserved CD33
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expression (scrambled CRISPR control, HL60 WT). Non-transduced ATCs were used
as negative controls (outlined in Figure 26 A).

After the first co-culture, GPR56 upregulation occurred exclusively on CD8"
CD33.CAR-T cells exposed to CD33" HL-60 WT cells (Figure 26 B, C). GPR56 levels
remained unchanged on both CAR-T cells exposed to HL-60 KO cells lacking CD33
expression and on non-transduced ATCs exposed to HL60 WT cells (Figure 26 B, C).
This observation indicated that GPR56 upregulation occurs after TCR-antigen

encounter.
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Figure 26 GPR56 upregulation on CAR-T cells after target recognition.
(A) Overview of the experimental setup. Peripheral blood mononucleated cells (PBMCs) from

four healthy donors were first activated (activated T cells; ATCs) and then transduced with a
retroviral vector comprising the construct of CD33.CAR. On day 15, CAR-T cells were co-
cultured with the AML cell line HL60 presenting CD33 on the surface, or with HL60 cells with
CD33 knocked-out (KO) using CRISPR/Cas9 (HL60 CD33 KO). (B) FACS plots showing CD27
and GPR56 expression on CAR-T cells after activation and transduction, without contact to
leukemia cells (pre-coculture), after a 5-day co-culture with CD33" HL60 (CD33.CAR & HL60
CD33 WT), after coculture with HL60 CD33 KO cells (CD33.CAR & HL60 CD33 KO), and on
non-transduced (n.t.) ATCs after co-culture with HL60 CD33* WT (n.t. ATC & HL60 CD33
KO). (C) Analysis of the fractions shown in panel B across all 4 samples. Wilcoxon test *** p
< 0.0005. Panels were generated by Dr. med. Caroline Pabst and experiments were conducted

by David Sedloev.

GPR56 dynamics after alloSCT: Insights from independent patient cohort

Given the increase of GPR56 along the pseudotime and its upregulation upon
antigen encounter, me and my colleagues hypothesised that GPR56 might serve as a
molecule to monitor the dynamics of donor T cell activity in AML patients following

alloSCT. The panels and gating schemes are displayed in Figure 54.
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This hypothesis was investigated together with Caroline Pabst and Xizhe Wang,
where we collected and analysed 338 BM aspirates from 139 AML patients. Since several
patients sampled at multiple time points and in order to avoid individual over-
representation, per patient only the latest available time point was used.

First, the impact of transplantation on GPR56 expression on T cells was
investigated. This question was addressed by comparing the BM of patients who never
underwent alloSCT, to those prior and post alloSCT. While the percentage of CD8"
TEM in BM did not significantly differ between the three groups, the median fraction
of GPR56" cells in the CD8" TEM compartment significantly increased after alloSCT
(Figure 27, median percentage of GPR56" on CD8" TEM 12% versus 34% before and
after alloSCT, respectively, p<0.005). Similarly, the overall fraction of TEMRA in BM
was only slightly higher after alloSCT, but the fraction of GPR56" cells within the
TEMRA compartment significantly increased after alloSCT (Figure 27, median GPR56*
fraction 61% vs. 35% in patients after vs. without alloSCT, p=0.004). Overall, the high
GPR56 positivity on CD8" T cell subsets, which was found to exceed the levels of non-
transplanted patients, supported that GPR56 may serve as a hallmark of the alloSCT

setting.
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Figure 27 GPR56 is upregulated after alloSCT.
(From left to right) Boxplots depicting medians and quartiles of the fractions of CD8" TEM,

GPR56" of CD8" TEM, CD8" TEMRA and GPR56" of CD8" TEMRA in the bone marrow
(BM) of patients without (noAllo), before (preAllo) and after (postAllo) allogeneic stem cell
transplantation (alloSCT). Numbers on the x axis indicate the median percentage. Numbers
between groups of patients indicate the adjusted p-values after unpaired Wilcoxon test. The
total fraction of CD8* TEM and TEMRA in BM does not significantly differ between the three

groups.

To further characterise the differences between transplanted and non-transplanted

T cells, combined characterisation of GPR56 and CD27 surface staining was performed.
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Whereas CD8" cells in healthy BM predominantly expressed CD27 but not GPR56
(Figure 28 A, upper), a broad variability in alloSCT samples ranging from predominant
CD27* GPR56™ and CD27* GPR56" patterns to samples, in which the GPR56" CD27-
fraction represented the largest population was observed (Figure 28 A, middle and
lower). Given that the samples in this cohort were harvested at variable time points
after transplantation, the available CR samples were grouped according to their
aspiration time point and were then compared for the expression of the two surface
markers in these groups. While the GPR56- CD27" fraction continuously decreased over
time, the GPR56" CD27" double positive (DP) fraction increased in the early months
and declined at later time points (Figure 28 B). The GPR56" CD27 fraction
continuously increased one year post alloSCT compared to 10% in non-transplanted
patients (Figure 28 B). CD3 CD56" NK cells did not display dynamic changes of the
GPR56" fractions over time after alloSCT (Figure 28 C).

These findings suggest a phenotype switch explicitly on the CD8" T cells upon
antigen encounter post alloSCT from a mostly CD27" GPR56" to a CD27 GPR56*
phenotype, with a temporary increase in the CD27* GPR56" fraction in between (Figure
28 D).

Multiple clinical parameters are critical for alloSCT outcome, including the
cytomegalovirus (CMV) status of both the donor and the recipient **. Thus, the next
step was to investigate the impact of CMV serostatus on the GPR56 expression on CD8"
effector T cells. Interestingly, the recipient's CMV serostatus (but not the donor’s) was
identified as a main contributor to high GPR56 expression even in non-transplanted
patients (Figure 28 E). The median percentage of GPR56" on CD8" TEMRA was 40%
vs. 18% in CMV IgG positive versus negative non-transplanted patients (Figure 28 E).
While GPR56 expression on TEMRA increased in both CMV IgG positive and negative
patients, this occurred on a higher baseline level in CMV positive patients (Figure 28
E, median GPR56* rising from 50% to 75% from month 1-3 to >24 months in CMV IgG
positive and from 27% to 57% in CMV IgG negative patients).
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Figure 28 Continuous GPR56 increase on donor T cells after alloSCT.

(A) Representative FACS plots depicting CD27 and GPR56 dynamics on CD3" CD8" cells of
healthy bone marrow (BM; top) and two AML patients, with either low GPR56 levels (middle)
or with a dominant GPR56" CD27 fraction (bottom). (B) Boxplots illustrating the medians
and quartiles of the percentages of GPR56- CD27", GPR56" CD27%, and GPR56" CD27 in the
CD8* compartment in CR patients post alloSCT over time. (C) Boxplots illustrating the
medians and quartiles of the percentages of GPR56' cells on CD3~ CD56% NK cells. (D)
Proposed model derived from (B) of CD8* T cell phenotype switch post alloSCT. (E) Percentage
of GPR56% on CD8" TEMRA in CMV IgG negative and positive recipients. Numbers next to
box plots indicate the median percentages. Box plots represent medians, quartiles, and outliers.

Panels were produced by Dr. med. Caroline Pabst.

2.1.10 Synopsis

All together, the observations presented in this Chapter provide a more compre-
hensive understanding of T cell biology in the context of alloSCT. This was achieved by
analyzing HSPCs and T cells from day +100 BM aspirates of patients who either re-
mained in complete remission or suffered relapse shortly after sampling, using scRNA-
seq. By mapping these cells, I was able to identify key differences in their transcriptional
patterns associated with therapy outcome, including TNF-a/NF-kB signaling as well as
T cell cytotoxicity. Ultimately, these findings suggest GPR56 expression on T cells to
be an indicator for a favorable alloSCT outcome. Advancing the understanding of the

factors which contribute to GPR56 upregulation, could potentially enhance graft versus
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leukemia effects, enabling more effective donor selection and immunomodulation after
alloSCT.
Further discussion of the findings presented in this Chapter will be explored in

Section 3.1.
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2.2 Project 2: Single cell profiling of xenograft mouse models unveil the

bone marrow microenvironment remodeling in Acute Myeloid Leukemia

With the following exceptions, the experiments and analysis presented in this
Chapter were designed and performed by me with discussion and guidance from Dr.
Judith Zaugg and Dr. Med. Caroline Pabst.

In detail, I contributed to the experimental design, conducted experiments (flow
cytometry, scRNA-seq experiments, library preparations, in vitro co-cultures), performed
scRNA-seq data analysis and data interpretation.

Dr. Swati Garg provided the CRISPR/Cas9 HLF KO AML lines and helped with
the in vitro co-culture experiments. Dr. Alicia He performed the mouse transplantations.
The xenotransplantation experiments were designed and performed jointly with Dr.
Karin Prummel. Mouse harvesting and FACS was performed together with Dr.
Shubakar Soob and the rest of Dr. Marieke Essers team. Rim Moussa assisted with

the computational analysis under my guidance.

2.2.1 Summary

The focus of this Chapter is to investigate impact of acute myeloid leukemia (AML)
and in particular leukemic stem cells (LSCs) to the bone marrow (BM) microenviron-
ment. To achieve this goal, a combinatorial approach was utilized, where scRNA-seq of
AML xenograft models as well as in vitro co-cultures of patient-derived bone marrow
mesenchymal stromal cells (MSCs) with AML cells were combined. While assessing the
impact of AML, the LSC burden was considered. The evidence presented here outline
the AML induced compositional as well as phenotypic switch of the non-hematopoietic

BM compartment.
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2.2.2 Experimental overview

In order to comprehensively study the impact of Acute myeloid leukemia (AML)
and leukemic stem cells (LSCs) on the bone marrow (BM) niche, my colleagues and I
used AML patient-derived-xenograft (PDX) mouse models. As a model of high LSC
burden AML (LSCusn AML) a patient derived tripleemutated (FLT3-
ITD/NPM1/DNMT3A) AML line was used, while for low LSC burden AML (LSCioy
AML) the same line with hepatic leukemia factor (HLF) knock out (KO) was used.
Pabst, Zaugg and colleagues previously identified HLF as a stemness regulator in AML*.
In particular, it was demonstrated that a CRISPR/Cas9-mediated HLF knockout in
AML cells leads to a significantly lower LSC frequency after injection in recipient mice®.
Thus, here HLF KO AML cells were used as a surrogate of LSCiw AML. As control
conditions, non-transplanted mice and mice transplanted with healthy cord blood-
derived (CB) CD34" cells were included. All conditions contained 3 biological replicates
(Figure 29 A, B). I verified the lower abundance of HLF in AML cells after
CRISPR/Cas9-mediated knockout by western blot (Figure 29 B).

A AML with NPM1, DNMT3A & B
FLT3-ITD co-mutation

/ \CRISPR/Casg 62kDa
‘ ‘ 38kDa

HLF,, AML  HLF_ AML

(s&FP) (sgHLF)

sgGFP
sgHLF

HLF

GAPDH

Figure 29 Strategy for acquiring LSCyiy and LSCiow AML.

(A) Schematic overview of the strategy of acquiring AML lines with high leukemic stem cell
(LSC) burden (LSCuign) and low LSC burden (LSCiey). Patient derived triple mutated AML
cells (NPM1/DNMT3A/FLT3-ITD) were subjected to CRISPR/Cas9 induced knock outs using
a single guide RNA (sgRNA) against hepatic leukemia factor (HLF, sgHLF), hereafter termed
as LSCiw AML cells or against GFP (sgGFP, LSCuigm AML). (B) Western Blot validating
reduced levels of HLF protein expression in HLF KO AML line. GAPDH was used as a control.

For the human cell xenotransplantation, KIT-deficient ~NOD/SCID
12rg—/) —Kit W41/ W41 (NSGW41) murine strain was used, which allows engraftment of
cells without prior irradiation® (Figure 30). Control mice, as well as mice transplanted
with human derived CB-CD34" control cells, LSCye and LSCiw AML cells were
sacrificed 7 weeks after transplantation (Figure 30, see Methods, Section 4.8). At this
point, 70-80% of engraftment was achieved (Figure 41 A).
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Figure 30 Overview of the experimental design to characterize the BM microenvironment in
AML using NSGW41 xenograft mouse model.

Recipient mice were transplanted with human derived AML cells and cord blood (CB) derived
CD34" hematopoietic stem and progenitor cells (HSPCs). After 7 weeks of engraftment, both
cells from the bone lining and the bone marrow (BM) compartments were isolated using the
optimised tissue digestion protocol outlined in Baccin et al., 2020%°. Non-hematopoietic mouse
niche cells were enriched as well as human and mouse HSPCs, and human AML cells using
fluorescent activated cell sorting (FACS). Since samples were barcoded using TotalSeqB
oligonucleotide tagged antibodies, they were pooled and subjected to droplet-based single cell
RNA-sequencing (scRNA-seq) using the 10x Genomics platform.

In order to capture both highly abundant and rare BM resident cell types, me and
my colleagues performed scRNA-seq using the 10x Genomics platform of cells from the
total non-digested bone marrow after the progressive depletion of highly abundant cell
types or after the enrichment of rare populations of enzymatically digested bones (Figure
31, see Methods Section 4.9). In particular, using fluorescent activated cell sorting
(FACS) mouse niche cells (mCd45 mTer119 mCD41- mCD71 huCD45 stromal cells and
mCD31" endothelial cells), human and mouse HSPCs (huCD45" huCD34" & mCD45*
mCD34"), and human AML cells (huCD45") were enriched (Figure 31). Furthermore,
these cells were labelled with sample-specific oligo-conjugated antibodies (TotalSeq-B;
see Methods Section 4.10) prior to loading on the 10X, allowing for sample deconvolution

during downstream analyses.
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Figure 31 Overview of the sorting strategy.

In short, bone lining cells obtained after bone crushing and digestion as well bone marrow (BM)
cells were subjected to mouse hematopoietic lineage depletion. (Left) From the bone, endothelial
cells (mCd45 mTer119" mCD41° mCd31"), stromal cells (mCd45 mTer119" mCD41" mCD45
mCD717) as well as human HSPCs/AML cells (mCd45 mTer119° mCD41- mCD71" huCD45")
were sorted. (Right) BM samples were used for the enrichment of mouse HSPCs (mLin", mKit*),
human HSPCs (mLin, huCD45" huCD34") and human AML (mLin, huCD45") cells. mLin:
mTer119/mCD11b/B220/mCD4/mGrl/mCD8a. Figure was generated using Biorender.com.
Flow cytometry panels were provided by Dr. Karin Prummel.

2.2.3 Computational overview of scRNA-seq analysis of xenotransplanted models

Cell loss during experiments

After FACS, cells were subjected to droplet based 10X Genomics scRNA-seq (see
Methods Section 4.5). Cells were first loaded on a microfluidics chip, though the number
of recovered cells sequenced may decrease due to technical reasons. Extensive efforts
have been made in the field of single cell genomics to better understand possible sources
of cell loss during such experimental procedures!”®. As illustrated in Table 2, the number
of cells loaded and finally sequenced in the control non-transplanted mice did not differ,
though in the rest of the samples an average loss of approximately 50% cells was

observed.
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Table 2: Number of cells subjected to scRNA-seq, as estimated upon loading on the chip (#
cells loaded) as well as after sequencing, as estimated with CellRanger, the computational
pipeline for processing these scRNA-seq data acquired with the 10x genomics platform.

Sample # cells loaded # cells - CellRanger
Non-transplanted stroma 9,400 9,874
Non-transplanted HSPCs 11,300 9,846

Inj. CD34" stroma 10,000 4,305
Inj. CD34" HSPCs 15,400 7,260
Inj. LSChign stroma 8,200 3,930
Inj. LSChin HSPCs 13,200 6,212
Inj. LSCiow stroma 9,400 3,897
Inj. LSCiw HSPCs 12,900 5,557

Species and replicate assignment single cell data

In the dataset obtained both human and mouse derived single cells were
represented. 1 first performed the alignment of the data against single-organisms
reference genomes (human: GRCh38, mouse: mm10). This approach led to single cell
barcodes assigned to both mm10 and GRCh38 genomes. As an example, in the group
transplanted with CB-CD34" HSPCs, 2,245 barcodes were assigned in both genomes
(Table 3). This issue might have been a result of high genome similarity between the
two species. To further address this issue, I realigned the data on a prebuilt reference
genome which contains both human and mouse reads provided by 10x Genomics, termed
barnyard reference genome (see Methods, Section 4.13.1).

As demonstrated in Table 3, alignment against the barnyard reference genome
resulted in a smaller number of cells assigned to each species, especially in the case of
mm10 (1,069 cells, in comparison to 2,688 cells). Though, the number of cells calculated
after single species alignment is likely overestimated, since 2,245 cell barcodes were

assigned to both human and mouse species.

Table 3: Number of cell barcodes recovered after performing single species alignment (mm10,
GRCh38), as well as by performing alignment using the barnyard reference.

mm10, GRCh38 mm10, GRCh38 Barnyard reference
separate references *  separate references
mm10 2,246 2,688 1,069
GRCh38 2,578 2,952 2,379
Assigned to both mm10 & GRCh38 2,245

* Jow coverage sequencing

After concluding that the barnyard approach could recover a reliable number of

cells, the next step was to assign each single cell to a single species. To do so, the log
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transformed number of mm10 relative to GRCh38 reads was calculated (Figure 32 A).
That way, doublets containing cells of both human and mouse origin were detected
(Figure 32 A). Following doublets exclusion, in order to accurately assign single cells to
single organisms, I used the ratio of log transformed GRCh38 mapped UMIs divided by
the UMIs mapped to mm10. Cells with a ratio greater than zero were considered of
human origin (Figure 32 B). Cells of poor quality were excluded from further

downstream analysis (percentage of human and mouse mitochondrial reads > 10% and

total number of genes < 250).
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Figure 32 Computational approach for species assignment.

(A) Scatter plot depicting the log normalized GRCh38 (hg38) unique molecular identifiers
(UMIs) on the x axis and log normalized mm10 UMIs on the y axis per single cell. Cells
considered as doublets based on the number of UMIs are labelled. (B) Density plot of ratio
used for mm10 to GRCh38 single cell distinction.

In total, the dataset comprized 22,958 cells of murine origin as well as 14,316
xenotransplanted human derived cells. After extracting species specific barcodes, single
reference re-alignment was performed. This resulted in a differentially distributed
number of genes (Figure 33A, B; Barnyard reference: mean = 2,740.598 and median =
2,585; mm10 reference: mean = 2,479.262 and median = 1,897) and reads (Figure 33A,

B; Barnyard reference: mean = 12,736.28 and median = 8,477; mm10 reference: mean
= 1,138.75 and median = 6,755).
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Figure 33 Comparison between barnyard and single species alignment.
Read counts and number of genes distributions after Barnyard (A, C) and single species (B, D), mm10

reference alignment, respectively. Panels were generated by Rim Moussa.

As depicted in Figure 30, single cells from all replicates per group were pooled
together after labelling with oligo-conjugated antibodies targeting pan-cell surface
antigens (TotalSeq-B; See Methods Section 4.10) — an experimental procedure termed
cell hashing. Because each replicate per group was assigned a unique cell hashing
barcode, it was possible to computationally deconvolute the sample origin of individual
single cells. Of note, I was able to confidently map 18,626 out of 50,881 single cells to
individual samples (36.6%, Figure 34 A). The rest of the cells were either assigned as
doublets (i.e., associated with more than one sample oligonucleotide) or unassigned
(Figure 34 A). Interestingly, the majority of the cells not assigned to single
replicates/barcodes originated from the bone lining, such as murine, non-hematopoietic-
stromal cells (Figure 34 B). The target antigen of the cell hashing antibodies was MHC-
I, which is known to be ubiquitously expressed on all mammalian cells, including stroma,
this result was unexpected. Since the majority of single cell studies and optimisations
have been performed on hematopoietic cells, a possible explanation is that the properties

of these cells still need to be better clarified.
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Figure 34 Replicate assignment of scRNA-seq data using TotalSeq-B antibody oligonucleotides.
(A) Heatmap of scaled (z-scores) normalized antibody oligonucleotide values based on the

calculated assignments. Doublets express more than one, while unassigned/negative cells
express non. The data illustrated here are prior quality control. (B) Fractions of assigned cells,

depending on the region of origin.

2.2.4 Bone marrow landscape of PDX NSGW41 mouse model

After assigning single cells to species and samples, I performed cell type annotation
of the unsupervised yet distinct hematopoietic and non-hematopoietic clusters based on
known marker genes. Detailed marker genes used for the annotation can be found in
Figure 35. This analysis revealed the presence of rare non-hematopoietic populations
including smooth muscle cells/pericytes (Myhll, Mustnl, Tagin, Acta2 positive),
schwann cells (Mal, Mag positive) as well as a subset of Ng2* glial cells (Ng2/Cspg4,
Kcnal positive), myofibroblasts (Acta2, Myf5), and endothelial clusters. The endothelial
clusters (Cdhb, Cd31/Pecaml positive) were further subdivided to 2 sinusoidal (Emcn
positive) and 3 artelioral subsets (Zy6a positive). Furthermore, I identified Pdgfra®
mesenchymal populations. These included 2 osteoblast clusters (Bglap, Collal positive),
chondrocytes (Sox9, Acan positive), 6 fibroblasts-like populations, 2 of which were
CD34* (Fibroblasts I-IV, CD34" Fibroblasts I-II) as well as Cxcll12-abundant reticular
(CAR) cells (Cxcl12, Kitl, Lepr positive). The latter population could be subdivided to
2 Adipo-CAR (Adipog) clusters and CAR expressing a combination of adipo- and osteo-
lineage genes (Alpl, Mmp13). The presence of the aforementioned CAR subsets is in line
with previous studies in C57BL/6J mice, which have identified CAR cells characterising
by simultaneous expression of both lineages® or single lineages gene sets®. The analysis

also revealed the presence of skeletal muscle cells (Ckm, Ttn positive) as well as
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lymphatic vessels’ Lyvel™ ECs (ProxI, Lyvel positive), which were hypothesized to orig-

inate from the outer layer of the bone.
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Figure 35 Heatmap depicting scaled expression of marker genes across all 23 unsupervised non-
hematopoietic clusters.

Values are averaged across all cells within each cluster and then scaled (z-score) across all clusters.

Similarly, I performed the annotation of Lin cKit" cells which cover the NSGW41
HSPCs populations according to previously published studies®®®. This analysis showed
the existence of 12 mouse HSPCs clusters, spanning mainly across the myeloid blanches
of hematopoietic progenitors. Specifically, I identified a branch of megakaryocyte—
erythrocyte progenitors (Ery/Mk progenitors I & II, Erythroid progenitors,
Erythroblasts), a branch of neutrophil/monocyte progenitors and a separate cluster of
eosinophil /basophils progenitors (Eo/Baseo. progenitors). In addition, I identified a
cluster of lymphoid-primed multipotent progenitors (LMPPs; Ajt, Msi2, Piml) but no
further committed lymphoid branches. This observation is in line with the literature
since NSGW41 mice genetic background does not allow the maturation towards the
lymphoid lineage®. An overview of all the genes which contributed to the cluster

assignment is presented in Figure 36.
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Figure 36 Heatmap depicting scaled expression of marker genes across all 12 unsupervised
hematopoietic clusters of NSGW41 mice.
Values are averaged across all cells within each cluster and then scaled (z-score) across all clusters.

Overall, this dataset recapitulates all stromal and HSPCs populations which have
been previously described in other mouse models (i.e.: C57BL/6J mice mice) (Figure
37).
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Figure 37 The single cell landscape of the BM niche of NSGW41 mice.
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Uniform manifold approximation and projection (UMAP) of 22,981 post-QC single cells of the NSGW41

bone marrow mice. Cells are coloured according to cell type.

To ensure that this model is suitable for studying human hematopoiesis, I then
assessed the expression of genes known to support HSPCs in vivo, Kitl ''°, 117", Igfl
W COxell2', Csfl ' and Bmp4 '*'. As illustrated in Figure 38, CAR cells as well as

ECs express these molecules in various levels.
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Figure 38 BM stroma cells of NSGW41 mice express genes known to support hematopoiesis.
Uniform manifold approximation and projection (UMAP) plots representing the log-normal-

ized expression of selected genes.

2.2.5 BM stroma niche comparison with publicly available C57BL/6J mice datasets

In this study, humanized mouse models were generated by engrafting human AML
and HSPCs into NSGW41 recipients. These mice support stable and long-term
engraftment of human HSPCs without prior conditioning therapy®. In addition, they
manifest an increased engraftment of human myeloid cells in the BM and spleen and
efficient differentiation of human donor HSPCs into erythroblasts and megakaryocytes
in NSGW41 recipients compared to conventional irradiated NSG recipients®. NSGW41
mice lack T cell receptor (TCR) on the T cells and immunoglobulin expression in B cells,
preventing their efficient maturation. Moreover, the NOD genetic background contains
various alleles resulting in the absence of functional macrophages, dendritic cells, and
NK cells while myeloid cells are retained. Despite these apparent biological differences,
no one has ever evaluated the differences/similarities in the stromal cell composition of
NSGW41 mice compared to C57BL/6J mice, which have been previously profiled.

I then conducted a comparative analysis between the BM stromal cell compartment
of NSGW41 and C57BL/6J mouse strains, which may be influenced by the absence of
functional lymphocytes and other immune populations. To accomplish this, I performed

a LabelTransfer analysis using Seurat!'®®, comparing the dataset presented in this Section
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with publicly available scRNA-seq BM niche data generated from C57BL/6J mice 26122123
(see Methods, Section 4.13.3). A combinatorial analysis of these three datasets was
previously performed by Dolgalev and Tikhonova 2021'**. Briefly, this method integrates
two datasets after identifying integration anchors/points between the two'®. Skeletal
muscle cells and Lyvel™ ECs were excluded from the analysis since they originate from
the outer surface of the bone and were absent from the previously published C57BL/6J
of the datasets.

The different stromal cell types were found to be differentially distributed in the 3
datasets, which could be potentially explained by the different dissociation protocols
followed in the three studies (Figure 39 B, C). This analysis revealed that the
unsupervised and manually annotated clusters of NSGW41 mice match the clusters of
the same lineages in the C57BL/6J datasets, indicating that genetic background of the
strain does not drive large differences in cell state or identity (Figure 39 D). Though,
the question about abundance differences of the lineages between the two species cannot
be addressed using this analysis since dissociation protocols differ between the different
studies. Additionally, the age and sex of the mice used between the studies may vary,

introducing another possible source of variation.

B Baccin et al., n = 2.540 Baryawno et al., n = 20.581 Tikhonova et al., n = 9.622
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(A) Uniform manifold approximation and projection (UMAP) of 32,743 cells of C57BL/6J mice.
Cells are coloured according to cell type. (B) Split UMAPs per dataset. (C) Bar plots indicating
the fractions of each dataset in each cell type. (D) Heatmap illustrating the percentage of cells

per manually annotated cluster assigned to cluster annotations extracted from the previously
published C57BL/6J studies.

2.2.5 The single-cell landscape of engrafted human AML and HSPCs
Ultimately, I annotated the human engrafted CB-CD34" cells based on known

marker genes (Figure 40 B)®. I identified 9 distinct clusters of myeloid lineages
(Neutrophils, Monocytes, pDCs, MDPs), a cluster of LMPPs and several subsets of
lymphoid B cell progenitor subsets (pre/proB, small preB cells-sB, Immature B) (Figure
40 A). In Figure 37 it was illustrated that murine HSPCs did not differentiate towards
the lymphoid lineages due to the genetic background of the NSGW41 mice used in this
study. However, CB-CD34" HSPCs were able to differentiate towards both myeloid and
lymphoid lineages, though lymphoid lineage cells only consisted of B cells (Figure 40
A). CB derived HSPCs are able to differentiate towards both myeloid and lymphoid
lineages in the presence of appropriate cytokines in vitro'* but they exhibit a slight
differentiation bias towards the myeloid lineage, as reported in a previous study'?.
Within the lymphoid lineage, no maturation bias has previously been reported. It should
be noted that the differentiation capacity of CB-HSPCs may be influenced by their

source, which can pose a challenge to generalising these findings.
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Figure 40 Transcriptional profiling of human CB-CD34" engrafted into NSGW41 mice.
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(A) Uniform manifold approximation and projection (UMAP) of 14,316 post-QC
xenotransplanted to NSGW41 mice. Cells are coloured according to cell type. (B) Scaled
expression (z-score) of marker genes are shown for each cell type. Expression values were

averaged across all cells in the cluster. CB: Cord blood, QC: Quality control.

Altogether, this work enabled the characterization of the single-cell landscape of
human engrafted CB-derived HSPCs, as well as AML cells of variable LSC burden, using
scRNA-seq. This dataset represents the first of its kind on xenotransplanted cells and it
illustrates that this model can be used to sufficiently study differentiation of HSPCs in

vivo.

2.2.6 Engraftment analysis

To ensure that differences in the BM niche between treatment groups do not originate
from variable cell numbers, I initially compared the levels of engraftment between the 3
xenotransplanted groups using flow cytometry. This analysis did not reveal a significant
difference in the engraftment of human blood cells between different samples and condi-
tions (Figure 41 A, unpaired Student’s t-test, p-value > 0.05). Next, the fraction of
LSCs was assessed first using flow cytometry analysis of both CD34 and GPR56, two
established LSC markers® *" as well as comparing the 17-gene LSC score (LSC17) in the
scRNA-seq data®’. LSC17 is a highly prognostic gene set used for predicting initial
therapy resistance®. As expected, the percentage of CD34" GPR56" double positive cells
was higher in LSCuy AML (i.e. HLFyg AML) relative to LSCiw AML (Figure 41 B;
unpaired Student’s t-test, p-value < 0.05). This observation was further corroborated
using the LSC17 score, which illustrated that LSCugn AML showed higher LSC17 score
and subsequently higher LSC burden (Figure 41 C; unpaired Student’s t-test; p.adj <

2¢-16 after Bonferroni correction).
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Figure 41 Engraftment analysis of xenotransplanted mice.
(A) Percentage of CD45" human cells in NSGW41 mice (unpaired Student’s t-test, p-value > 0.05). (B)

Percentage of LSCs per condition using flow cytometry (GPR56" CD45% cells, Middle) and using LSC17
score on scRNA-seq data defined by Ng et al. 2016*". The LSC17 score was calculated using Seurat’s

AddModuleScore function'®. P-values were calculated using unpaired Student’s t-test and in panel (C) p-

values were adjusted for multiple testing using Bonferroni correction method.

2.2.7 AML impacts the stromal composition of the bone marrow niche

One way to understand the impact of perturbed cell states is to look into abundance
shifts as a response to a biological stimulus, in this case AML and LSC exposure. Build-
ing on this concept, I performed pairwise differential abundance analysis between
conditions using Fisher’s exact test (see Methods, Section 4.13.9).

Multiple studies have reported altered composition of the BM vasculature in
AML** However, such studies rarely looked into these changes in a global,
unsupervised manner. Here, I first examined the impact of transplanting human cells
(CB-CD34% cells) on the EC compartment. These findings showed that the
transplantation of human CB derived CD34" cells have no striking impact on the EC
compartment, except for a decrease in the EC arteriolar I cluster (Figure 42 A; Fisher’s
test, log20R < 0, p.adj < 0.05 after Bonferroni correction). This suggests that arteriolar
ECs are more prone to perturbation in presence of xenotransplanted cells. Secondly, I
explored the impact of AML and in line with previous reports, sinusoidal ECs were found
expanded, while the arteriolar subsets were depleted (Figure 42 B; Fisher’s test, p.adj
< 0.05 after Bonferroni correction)***". Additionally, LSC burden only impacted the EC
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arteriolar I cluster (Figure 42 C; Fisher’s test, log20R < 0, p.adj < 0.05 after Bonferroni
correction).

Gene set variation analysis (GSVA; see Methods Section 4.13.6) revealed distinct
molecular signatures associated with these differentially abundant subsets: ECs
sinusoidal I and EC arteriolar I cells enriched in AML, were associated with higher
VEGFA signalling, cholesterol transport cell adhesion (Figure 42 D). In addition, EC
arteriolar II cluster, which was found depleted in AML, showed an increase in several
signatures, including hypoxia (Figure 42 D). The role of these signatures in AML has
been frequently pinpointed. Hypoxia is known to regulate the proliferation of AML cells
in the BM'¥, while cholesterol modulation results in elimination of AML'?. Though, no
extensive associations between ECs and these signatures have been previously studied,

thus highlighting the significance of these findings.
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Figure 42 Human AML cells transplanted to NSGW41 mice disrupt the bone marrow vascula-
ture.
Differential abundance analysis of the endothelial cells (ECs) clusters between: non-

transplanted group (blue) and group transplanted with CB-CD34" (cyan) cells (A), group
transplanted with CB-CD34* cells (cyan) and groups transplanted with AML cells (orange) (B)
and group transplanted with LSCuign (pink) and LSCiow (yellow) AML (C). The analysis was

performed per cluster using Fisher exact test. Bar plots show the log2(odds ratio) plotted, as
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well as the adjusted p-value after Bonferroni correction (n.s.: not significant). (D) EC specific
gene sets enriched per cluster selected from the top 20 gene sets extracted from gene set
variation analysis (GSVA). Terms used for this analysis were extracted from Kalucka et al.
2020'*. LSC: Leukemic stem cell.

Fibroblasts are frequently speculated to be highly impacted by AML, as well as
support leukemia cell expansion'®. Thus, I inspected the impact of AML cells and LSCs
on the BM resident fibroblasts. AML mainly induced an imbalance between osteo- versus
adipo-lineage progenitors. In detail, this analysis revealed an expansion of the
AdipoCAR-II cluster and a depletion of the Osteoblasts I cluster to be associated with
AML presence (Figure 43 B; Fisher’s test, p.adj < 0.05 after Bonferroni correction).
LSChign AML resulted in further decline of the osteo-lineage since it led to decreased
abundance of osteoblasts I (Figure 43 B; Fisher’s test, p.adj < 0.05 after Bonferroni
correction). In addition, higher LSC burden induced the expansion of several Fibroblasts
subsets (Figure 43 C; CD34" Fibroblasts I and II, and Fibroblasts II & IV; Fisher’s test,
p.adj < 0.05 after Bonferroni correction). Of note, LSC burden also affected the
abundance of the CAR cluster, which expressed osteo-lineage progenitor genes like
Mmp13 (Figure 43 C; CD34" Fibroblasts I and II, and Fibroblasts II & IV; Fisher’s test,
p.adj < 0.05 after Bonferroni correction).

Further investigation of selected fibroblast-associated gene sets revealed the
enrichment of specific pathways in the stromal subsets enriched in AML and LSChim
AML. In detail, all the aforementioned clusters enriched in AML were characterized by
increased TGF-f3 signalling, ECM glycoproteins and IFNy response, thus suggesting that
LSCs remodel the BM resident fibroblasts by inducing changes related to the
extracellular matrix (Proteoglycans production, TGF-B) as well as inflammatory
responses (IFN response) (Figure 43 D, E). Such signatures are indicative of a malignant
state in several cancers, including AML". For example, TGF-1 produced by bone
marrow stromal cells regulate AML cell proliferation, and inhibiting 7GF-B1 enhances

the efficacy of cytarabine chemotherapy'*.
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Figure 43 Human AML cells transplanted to NSGW41 mice disrupt the bone marrow fibroblast
landscape.
Differential abundance analysis of mesenchymal clusters between: non-transplanted group

(blue) and group transplanted with CB-CD34* (cyan) cells (A), group transplanted with CB-
CD34*% cells (cyan) and groups transplanted with AML cells (orange) (B) and group
transplanted with LSCy (pink) and LSCiey (yellow) AML (C). The analysis was performed
per cluster using Fisher exact test. Bar plots show the log2(odds ratio) plotted, as well as the
adjusted p-value after Bonferroni correction (n.s.: not significant). (D) Illustration summarising
the comparisons from A, B and C. (E) Scaled scores of gene sets selected from multiple
databases. Information regarding the origin of each gene set is GO: Gene ontology, KEGG:
Kyoto Encyclopaedia of Genes and Genomes, NABA: Naba et al. 201233,

Since the primary focus of this study has been the non-hematopoietic
microenvironment, no extensive characterisation of the impact of AML on the murine
HSPCs was performed. Nevertheless, after comparing the fractions of each HSPC cluster
between conditions, it is apparent that all clusters are represented by all conditions

(Figure 44). However, a slight decrease of erythroid progenitors is observed in both AML
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subsets, which suggest the paracrine role of AML cells in the myeloid, and specifically

erythroid branch, previously reported in the context of AML™,
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Figure 44 Bar plot depicting the representation of each condition per cluster on the CD34*
HSPCs compartment.

In summary, these findings highlight the impact of AML, and specifically LSCs, on
endothelial cells comprising the vasculature, and various BM resident cell lineages such
as fibroblasts, osteoblasts as well as adipo-lineage progenitors. Furthermore, these dif-
ferentially abundant clusters were found to be linked with cancer-associated phenotypes,

suggesting their potential role in AML development.

2.2.8 Cell-to-cell communication analysis reveals potential regulators of lineage skew-

ing

The differential abundance analysis revealed an AML associated lineage skewing
of the mesenchymal and endothelial subsets (Figure 42, 43), suggesting that paracrine
factors secreted from AML cells influence the stromal composition. In line with this,
AML is considered to induce remodelling of the BM niche through the secretion of
chemokines like Cxc/12%°. In addition, tumour-associated changes in the BM
microenvironment in AML are hypothesized to benefit AML cells, since their interplay
with neighbouring cells affects their proliferation and survival'®.

However, studies comprehensively mapping which factors induce these changes,
especially those secreted by AML LSCs, are lacking. Therefore, I decided to
computationally infer the cell-cell interactions occurring between AML cells and the
mesenchymal cells of the BM niche. For that, I used NicheNet, a computational method

which predicts ligand-target genes relationships between interacting cells’ (see Methods,
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Section 4.13.8). In short, NicheNet initially integrates prior knowledge from multiple
sources on ligand-receptor interactions, signaling pathways and gene regulatory interac-
tions into weighted networks. Using network propagation, NicheNet calculates the reg-
ulatory potential between ligands and potential target genes'. Per ligand, the predic-
tion ability of target genes, termed ligand regulatory score, is measured as the Pearson
correlation coefficient between a ligand-target regulatory potential and the observed
transcriptional response. The ligand regulatory score is then used to prioritize inferred
the ligands.

Here, two separate cell-cell interaction analyses were conducted, comparing mice
transplanted with different groups of human cells. The first analysis compared mice
transplanted with AML cells (LSChign + LSCiow) to those injected with CB-HSPCs, while
the second compared mice transplanted with LSCyen AML cells to those transplanted
with LSCi,w AML cells. By examining the inter-cellular interactions between AML cells
and mesenchymal cells, several AML signals were identified. Among the top 20 ligands
identified to regulate genes in mesenchymal cells, 16 were identified in both comparisons,
which suggests a cumulative effect of LSC burden on mesenchymal cells (Figure 45). Of
note, only the subset of previously experimentally curated ligand-receptor pairs inferred
(termed as bonafide interactions, provided by NicheNet) was considered for further

analysis (Figure 45).
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Figure 45 Outcome of NicheNet’s ligand-receptor analysis, between the transplanted human
cells as sender population and murine mesenchymal cells as receiver.
(A) Ligand-receptor pairs from the comparison of injected AML cells against the mice injected with CB-

CD34" HSPCs. (B) Ligand-receptor pairs from the comparison of injected LSCuign AML cells against the
mice injected with LSCiow AML cells. The bonafide ligands are highlighted in black bold letters. The colour

represents Nichenet’s prior interaction potential (see Methods, Section 4.13.8).

Among the ligands identified to contribute to the interaction of AML cells with
the mesenchymal cells, TGF-B1, IL-1f and CCLS were detected and characterized by
high regulatory potential (Figure 45). The expression levels of these ligands were higher
in AML cells than CB-CD34" cells (Figure 46 A). Within AML cells, the expression of
TGF-B1 was further increased in cells with a high LSC burden compared to those with
a low LSC burden, suggesting a correlation between their expression and LSC burden
(Figure 46 A). These observations were further corroborated when looking into the
fractions of cells positive for these ligands (Figure 46 B). Notably, CCLJS is believed to
play a role in protecting AML cells from tyrosine-kinase-inhibitor (TKI)-mediated cell
death and contributes to treatment resistance®. Even though CCLS was considered a
promising candidate due to its ability to induce collagen degradation by activating ma-

trix metalloproteinases in fibroblasts'*

, it was not selected for further analysis since it
was not part of an experimentally verified interaction (bonafide, Figure 45).

As a follow-up step, the predicted impact of /L-1f and TGF-B1 secretion from
AML cells to mesenchymal cells was further investigated. To do so, NicheNet’s Pearson
correlation coefficient of predicting ability of target gene expression for every ligand was
utilized (Figure 46 C, D). This analysis suggested that /L-18 and TGF-f1 secretion from
AML cells regulates the expression of 7nfsfll, Junb, Tnfaip6 in mesenchymal cells,
suggesting their role in TNF-a/NF-xB signalling (Figure 46 C). When comparing LSChgn
versus LSCiw AML, TGF-1 was found to regulate 7agin, Serpinel, Cdh2 expression on
mesenchymal cells exposed to LSCrign AML, indicating a link between LSC mediated
TGF-B signalling and ECM remodelling (Figure 46 D). In addition, a link between 7GF-
p1 and Pdgfra/ Pdgfrb expression was identified, providing a potential link between
TGF-B signalling and the fibrotic phenotype reported in Section 2.2.7 (Figure 46 D).

In humans, /L-1f is responsible for initiating inflammatory processes, and the
therapeutic effect of blocking /L-1f activity has been explored in AML clinical trials .
IL-1B causes expansion of myeloblasts while inhibiting the growth of normal
progenitors'®. Moreover, elevated levels of /L-1f receptors were previously observed in
patients with AML'. Aberrant TGF-f signalling has been implicated in hematopoiesis

as well as leukemia development. The proliferation of hematopoietic cells is regulated by

65



Chapter 2: Results

the binding of 7GF-B1 to cell surface receptors through autocrine and paracrine
mechanisms'. These receptors have been identified to be abnormally expressed in
leukemia cells'. In AML, TGF-f1 is overproduced by megakaryocytes and inhibits
normal HSC proliferation'*!. While some studies have reported that 7GF-B1 expression
is reduced in AML patients compared to healthy individuals, the evidence still remains
inconclusive'®. Therefore, it is important to consider the specific context and findings
when discussing the expression levels of 7TGF-f1 in AML and its impact on the

microenvironment.
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Figure 46 /L-1f, TGF-f1 and CCLS5 may induce alterations on mesenchymal cells in the context
of AML.

(A) Log normalized expression of the three ligands identified from NicheNet analysis on human
engrafted cells. (B) Fractions of positive and negative cells for these ligands across the three
conditions tested. (C) (Left) Heatmap depicting the ligand-target gene regulatory potential
calculated from NicheNet. (Right) Log2 fold change (FC) of target genes on mesenchymal cells
from the comparison performed between mice transplanted with AML as well as mice trans-
planted with HSPCs. (D) (Right) Heatmap depicting the ligand-target gene regulatory potential
calculated from NicheNet. (Left) Log2FC of target genes on mesenchymal cells from the
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comparison performed between mice transplanted with LSCyi;n AML and mice transplanted
with LSCiow AML.

Collectively, these results reveal the complex landscape of cellular interactions
between AML and the stromal microenvironment, potentially contributing to the altered

microenvironment reported in AML patients.

2.2.9 Transcriptional changes of bone versus marrow resident AML cells

I then explored whether the localisation of AML cells in the bone lining versus the
marrow might impact the phenotype of AML cells. Therefore, I performed differential
expression analysis using MAST algorithm!'™ between AML cells residing in the bone
lining versus the BM. This assignment was done based on the information from the
hashing antibodies. As illustrated in Section 2.2.3, cells harvested from the bone were
incubated and tagged with different antibodies than those from the BM, thus allowing
the effective identification of sample of origin (Figure 30, 34; see Methods, Section 4.10).
I identified 19 and 15 genes in LSCyen and LSCiw AML groups, respectively, that were
differentially expressed depending if the cells were localized to the bone lining or marrow
(absolute log2FC > 0.5, p.adj < 0.05 after Bonferroni correction) (Figure 47 A, B).
Interestingly, the log2FC of these analyses showed high correlation (Figure 47 C;
Pearson correlation, 0.81), suggesting that these signatures are independent of the LSC
burden.

Based on this analysis, several genes previously associated with AML tumorigenesis
and poor disease prognosis were differentially expressed, including CD69, JUN, FOS,
CXCL2 and CXCLS. Specifically, high CD69 expression in human LSCs were
characterized by adequate self-renewal'**. JUN has been previously reported to support
AML through the regulation of the unfolded protein response (UPR) in AML cells,
through the cooperation with ATF3 which supports AML cells'*®. Amongst the genes
associated with the bone lining, several chemokines were detected as well. CXCLZ2
benefits AML cells while in a hypoxic environment, which is the case for the bone .
Moreover, CXCLZ2 together with IL-If increases the phosphorylation and subsequent
activation of GATA-2 TF, which regulates the expression of genes responsible for
proliferation'®®. CXCLS/IL-8 and its receptors (CXCR1, CXCR2) have been implicated
to contribute to several inflammatory diseases, through the regulation of disease
associated processes like fibrosis and tumorigenesis'®®. Specifically, in AML CXCLS/IL-
8 is upregulated and induces cell growth through the activation of ERK1/2 signalling
pathway!*.
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Figure 47 Differential expression analysis of AML cells residing in the bone versus the marrow.
Volcano plot depicting the differentially expressed genes between bone lining and bone marrow
in LSCiow AML cells (A) and LSCuign AML cells (B). Y axis denotes the p.adj (p-values were
adjusted for multiple comparisons using the Bonferroni correction method), the horizontal
dotted lines represent p.adj = 0.05. X axis denotes the log2FC, with the vertical dotted lines
representing the absolute log2FC = 1. (C) Scatter plot displaying the log2FC between bone
and marrow in the 2 different AML conditions, Pearson correlation r = 0.81.

Overall, this analysis indicate that AML cells in the BM display distinct transcrip-
tional profiles depending on their surrounding microenvironment. AML cells in the bone
lining were characterized by elevated expression of genes associated with AML self-re-
newal, support as well as poor disease prognosis. These findings highlight the importance

of studying cancer cells while accounting for the microenvironment.
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2.2.10 Distinct localization of HSPC-derived subsets in the bone

I next sought to investigate whether HSPC-derived hematopoietic subsets localize
to different regions of the bone. One of the key regulators of HSPCs localisation in the
bone is oxygen gradient, since HSPCs are mainly located in the hypoxic regions of the
bones'.

specialized niches through the production of cytokines like /L7 ', CXCL12 " and

Moreover, stromal cells are mainly located in the bone lining and form

SCF?. The secretion of such molecules leads to their interplay with the hematopoietic
subsets.

While several studies have addressed HSPC localisation in the different niches,
often using live imaging methods", little is known regarding the distinct localisation of
different HSPCs maturation stages. To explore this question, I performed differential
expression analysis of CB-CD34" HSPCs in the bone lining versus the marrow. When
looking into the human derived HSPCs and their localisation in the bone, differential
distribution of the distinct clusters was detected.

Differential expression analysis of the HSPCs revealed overexpression of neutrophil
markers (S700A8, S100A9, S100A12) in the bone lining compared to the marrow (Figure
48 A). A comparable pattern was observed when comparing the fraction of cells per
cluster between the two niches (Figure 48 B). Neutrophils have been reported to reside
in the BM in quiescent reserves adjacent to blood vessels, poised to be mobilized into
the bloodstream since they are the first responders to inflammation'"".

Additionally, HSPCs residing in the bone lining overexpressed B cell markers,
including /GLC1, IGLC2 and IGKC (Figure 48 A), though when looking into the
fractions of the different B cell progenitors the results were ambiguous since Immature
B cells were enriched in the bone lining while small preB cells (sB) were enriched in the
marrow (Figure 48 B). Even though the understanding of BM niches in the context of
B cell development has significantly improved using cell-deletion studies and microscopy,
such studies have been limited to one specific cell type and may not have taken into
account cellular ecosystems. Therefore, interpreting these findings is challenging due to
the lack of established knowledge in the existing literature. In particular, the
extravascular compartment around the vascular sinusoids in the BM has been reported
to be enriched in B cells and play a critical role in positive selection of B cells'*®. Early
stages of B cell maturation require osteoblasts and CAR cells, while later maturation
stages are promoted by /L-7 secreting stromal cells as well as sinusoidal ECs. Depletion
of osteoblasts leads to decrease of pre-pro-B and pro-B cells'. On the other hand,
promyelocytes and LMPPs were enriched in the marrow (Figure 48 B).
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Figure 48 HSPC distribution in the bone.

(A) Volcano plot depicting the differentially expressed genes between hematopoietic stem and progenitor
cells (HSPCs) residing in the bone lining versus those in the bone marrow. Y axis denotes the p.adj (p-
values were adjusted for multiple comparisons using the Bonferroni correction method), the horizontal
dotted lines represent p.adj = 0.05. X axis denotes the log2FC, with the vertical dotted lines representing
the absolute log2FC = 1. (B) For every HSPCs cluster, the fraction of their localisation in the bone lining

in comparison to the marrow is illustrated.

Overall, the distinct localization of HSPCs within the BM suggested by this anal-
ysis, highlights the importance of the BM microenvironment in regulating hematopoiesis

as well as the maintenance of the immune system.

2.2.11 Effect of LSCuign and LSCw AML cells on huMSCs
In Section 2.2.7 it was suggested that high LSC burden in AML may hinder the

development of the osteo-lineage while simultaneously promote fibrotic signatures in the

BM microenvironment. While the NSGW41 mouse models are appropriate for studying
human hematopoiesis, evident by the expression of molecules which support
hematopoiesis in the BM niche (Figure 38), they cannot be used to interrogate the direct
interactions between human stromal cells and human tumors. Therefore, I wanted to
validate these findings by examining the impact of LSCs on human derived MSCs using
in vitro co-cultures. MSCs are multipotent and can differentiate into various cell types
including osteoblasts, adipocytes and fibroblasts!!.

MSCs were isolated from primary BM aspirates of 4 AML patients after allogeneic
stem cell transplantation (alloSCT; see Methods, Section 4.7). MSCs were then co-
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cultured for 48 hours with either LSCyy, or LSCiow AML lines prior to scRNA-seq using
the 10X Genomics platform (Figure 49).
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Figure 49 Schematic overview of in vitro co-cultures of BM derived MSCs with LSCyi and
LSCiow AML cells.
Bone marrow aspirates were collected from 4 AML patients post alloSCT and cells were put in culture

after processing (See Methods, Section 4.7). Non-adherent cells were removed while adherent cells were
passaged for 3-4 passages prior to co-culture with AML cells. AML-MSCs co-culture lasted 48h and MSCs
were then subjected to scRNA-seq using the 10x Genomics platform. (Middle) Immunofluorescence
staining for CD90 (red) and DAPI (cyan) on primary mesenchymal stromal cells mono-cultured for 5

days. Scale bar 50um.

This dataset consisted of 11,555 single cells, with an average number of 1,556 cells
per patient and 6,146 cells per condition. Differential expression analysis between the
two conditions revealed 46 DE genes (MAST '; p.adj < 0.05 after Bonferroni correction
and log2FC > 0.25). Among the genes differentially expressed, cell migration-inducing
and hyaluronan-binding protein ( CEMIP) and matrix metalloproteinase 1 and 3 (AMMP1,
MMP3) were found upregulated on MSCs co-cultured with LSCrin AML. These proteins
are known to degrade the extracellular matrix, thus remodelling the extracellular matrix
environment'”. Notably, MMPs have been implicated in multiple cancers, including
AML*. These findings are in line from the in vivo observations from Section 2.2.7,
which show that the BM of mice transplanted with LSCueg AML is enriched with
remodelled fibroblasts, associated with gene sets like TGF-f signalling and ECM

glycoproteins.
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Figure 50 Impact of LSCs on huMSCs in vitro.

Volcano plot illustrating the differentially expressed genes of mesenchymal stromal cells (MSCs)
co-cultured with LSCiy (yellow) and LSChign AML (pink). Horizontal dotted line represent p.ad;]
= 0.05 (p-values were adjusted for multiple comparisons using the Bonferroni correction
method) and vertical dotted line represent absolute log2FC = 0.2.

2.2.11 Synopsis

Ultimately, the observations presented this Section provide a holistic view on the
AML induced remodeling of the BM microenvironment, with respect to LSCs. This was
accomplished by analyzing the expression patterns of thousands of individual cells using
scRNA-seq, which enable the high-resolution mapping of rare BM resident populations.

By mapping these cells, I was able to detect phenotypic and compositional changes
to be associated with increased LSC burden. Specifically, I observed an expansion of the
adipo-lineage progenitors, decline of the osteoblasts, disruption of the vasculature and
altered fibrotic landscape. These observations provide a deeper understanding of the
LSC-induced pathological characteristics of the BM niche.

Section 3.2 will provide a more detailed discussion of the findings presented in

Section 2.2.
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CHAPTER 3: DISCUSSION

The results presented in this thesis broaden the understanding of the interplay
between acute myeloid leukemia (AML) and two main components of the bone marrow
(BM) microenvironment; the immune (Section 2.1) as well as the non-hematopoietic,
stromal microenvironment (Section 2.2).

In Chapter 3, I further investigate these findings and elaborate on their broader
implications in AML immunotherapy, the underlying molecular mechanisms of successful
therapy, the role of the tumor microenvironment and its relevance not only in AML but

also in other cancers.

3.1 The remission status of AML patients post alloSCT is associated with a

distinct single cell signature of bone marrow T cells

Allogeneic stem cell transplantation (alloSCT) is a highly efficient immunotherapy
and is often the main curative approach for AML patients. The success of this therapy
strategy relies on the ability of transplanted immune cells, particularly T cells, to
recognize and attack leukemia cells. However, patients often relapse potentially due to
the failure of the graft immune cells to recognize AML. The identification of graft-versus-
leukemia (GvL) activity in individual patients is challenging and requires monitoring of
immune cell function as well as the leukemia burden. After alloSCT, T cell reconstitution
is a critical step for establishing effective GvL activity. The hypothesis of this study was
that the reconstitution of specific T cell subsets, may be associated with better clinical
outcomes in AML patients. To investigate this hypothesis, I performed single-cell RNA-
sequencing (scRNA-seq) of bone-marrow residing T and CD34" cells sorted from day
+100 bone marrow aspirates of AML patients who stayed in complete remission (CR)
or suffered relapse (REL) shortly after sampling.

This study established a reference map of donor-derived bone marrow T cells post
alloSCT and proposes G protein—coupled receptor 56 (GPR56) dynamics as a surrogate

for the extent of antigen encounters post alloSCT.

3.1.1 BM reconstitution after alloSCT and therapy outcome

Following alloSCT, HSPCs and T cells mature and repopulate the BM. The
recovery of immune subsets following SCT differs, with innate immunity cells recovering
earlier than T and B cells, which can take up to two years for full reconstitution®”. Other
post-transplantation factors, such as the use of immunosuppressive therapies, contribute

to the delayed recovery of the immune system, which may result in relapse™.
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Even though there is an understanding in T cell reconstitution after alloSCT, there
have not been many studies utilizing scRNA-seq, an unsupervised method, which could
enhance our understanding in this field. Recently, using scRNA-seq researchers mapped
the donors” HSPCs reconstitution after alloSCT, revealing that already one day after
alloSCT, HSPCs illustrated a bias towards erythrocyte/megakaryocytic lineages'™. In
addition, a subset of neutrophil progenitors expressing elevated levels of S100 genes has
been linked to a lower risk of developing acute GVHD, indicating the importance of
studying HSPCs dynamics after alloSCT'!.

The results of this thesis expand our current understanding of BM reconstitution
after alloSCT, since a holistic approach was followed in order to map the single cell
landscape 100 days post alloSCT. It is shown that both lymphoid (preB, pre/proT) and
myeloid lineage progenitors exist, with the latter being consisted of both megakaryocyte-
erythrocyte progenitors (MEP) and monocyte-dendritic progenitors, suggesting that the

1

previously reported erythrocyte/megakaryocytic lineage bias'! is rebalanced 100 days
after alloSCT. In addition, T cells were differentiated towards both CD4" and CD8" T
cells. Of note, CD4" T cells were observed to be less mature and harder to assign to
known cell types, potentially due to the delayed reconstitution of CD4" T cells.

After the characterisation of the BM landscape in alloSCT, further exploration of
the composition between complete remission (CR) and relapse (REL) patient samples
illustrated the association of altered population abundances with therapy outcomes.

Initially, the presented analysis suggested that altered BM composition may be
associated with therapy outcome. In short, relapse was associated with increased naive
T cell and Treg cells, as well as a decline of highly cytotoxic subsets, including CD8"
effector clusters and yd'T cells. Relapse samples showed a decrease in MEP and the most
immature MLP among donor-derived HSPCs. This decrease occurred despite no higher
blast infiltration being observed at the time of sampling, which indicates that healthy
hematopoiesis was hindered by competition for specific niches or paracrine signalling
from rare AML cells. This phenomenon has been documented in other studies as well*%.
At the time of sampling two of the CR patients had incomplete donor chimerism, and
one was minimal residual disease (MRD) positive for NPM1 mutation. However, these
patients were eventually MRD negative with full donor chimerism, indicating that the
GvL effect, rather than preceding chemotherapies, was responsible for preventing relapse.

An association between higher y8T cell content and better outcome post alloSCT
has previously been described'. However, in that case the y8T cell content was

estimated in the grafts prior to transplantation, while in this thesis their presence was

detected after three months of contact with immunosuppression and patient cells.
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Clinical trials with y8T cells as salvage therapy are ongoing (e.g. NCT03790072), but
their safety and efficacy as cellular therapy remain to be determined. Despite y8T cells'
significant role in alloSCT, there is a lack of studies mapping their reconstitution after
alloSCT, with limited insights associating them with GVHD! . Therefore, this thesis,
which successfully profiled them using scRNA-seq, is important for gaining a

fundamental understanding of their role.

3.1.2 Monitoring alloSCT therapy outcome using BM gene signatures

Additionally, the results presented in this thesis highlight gene signatures, which
could serve as biomarkers for monitoring therapy outcome. Interestingly, some of these
signatures were specific to particular cell subsets, while others were shared across all
subsets suggesting a systemic effect.

The relapse-associated T cell signatures were defined by changes in gene expression
and transcription factor (TF) activity. These signatures were found to be enriched for
inflammatory signaling pathways such as TNF-alpha (FOS/JUN'"%) and NF-kB
signalling (REL, NF-kB1/NF-xB2, RELB), as well as an immunosuppressive
microenvironment (CREM). In line, NF-kB has previously been associated with
dysfunctional T cells in renal cell carcinoma'®. TFs driving these pathways were found
more active in REL samples in all cell types (CD4*, CD8" and HSPCs) but with distinct
regulons, indicating that a general pro-inflammatory milieu might exist in the bone
marrow of these patients potentially hampering GvL and favouring leukemia promoting
clues. STATI, IRF1 and ELF1 were found to be more active in REL CD8" T cells and
HSPCs and regulate IFN response genes, suggesting a generalisable inflammatory
response to correspond to poor outcome samples. Inflammatory signatures in the bone
marrow have been previously associated with poor survival in AML patients'.
Importantly, the identification of such signatures can be utilized to further stratify
patients who may need alternative treatment, since inflammation is critical for several
aspects of AML, including chemoresistance'®.

In contrast, CR CD8" T cells were mainly characterized by a highly cytotoxic gene
signature, potentially regulated at a transcriptional level by the TF 7TBX21. Among the
target genes of 7BX21, the adhesion GPCR GPR56 was detected. In addition to its
implications in lymphocyte cytotoxicity'™, GPR56's presence as a cell surface molecule
indicating its potential for further clinical research. One of the advantages of focusing
on specific surface molecules for clinical research is the ease of measurement through

flow cytometry.

75



Chapter 3: Discussion

3.1.3 Discrepancies between RNA and protein

Single-cell technologies have revolutionized our understanding of cell identity,
diversity, and function. However, the transcriptome does not always correlate well with
the proteome, and many genes show a poor correlation between RNA and protein
levels'®. This discrepancy may arise from multiple factors, including post-transcriptional
regulation, protein turnover, and technical noise in scRNA-seq. Therefore, it is important
to validate scRNA-seq results with protein-level measurements using techniques such as
flow cytometry or immunohistochemistry. Combining RNA and protein data is critical
for accurately characterising cell phenotypes and functions, and for translating scRNA-
seq findings into clinical applications.

In the present thesis, scRNA-seq analysis revealed ADGRG1/GPR56 at the RNA
level to be associated with therapy outcome. To further corroborate these findings,
GPR56 levels were analysed at the protein level using flow cytometry analysis, which
revealed similar patterns between both modalities.

Protein levels directly reflect cellular functions, since proteins are the main effectors
in cellular processes. A direct way of studying these discrepancies between RNA and
protein is CITE-seq (cellular indexing of transcriptomes and epitopes by sequencing),
which is a single cell proteomics technique that combines transcriptome sequencing with
the detection of cell surface proteins or other epitopes using oligonucleotide-labelled
antibodies”. In addition, single-cell proteomics using mass spectrometry (MS) based
methods have made significant advancements in the past years, allowing for the
quantification of proteins at the single-cell level. Single-cell proteomics still faces several
limitations, including technical challenges such as low throughput and high costs, as well
as difficulties in obtaining high-quality single cells and accurately quantifying low-

abundance proteins.

3.1.4 Exploring the mechanism and clinical implications of GPR56

One of the signatures that was found to be associated with complete remission
following alloSCT was GPR56 expression on CD8" effector memory T cells. GPR56 is
known to be lowly expressed in the lymphocytes of murine models, hence making
mechanistic studies challenging'. Though, various studies have identified its association
with specific functions. Combining these findings with the results presented in this thesis
represents an important first step in understanding its underlying mechanism.

GPR56, which is encoded by the ADGRGI gene, is a typical G protein coupled

receptor, known to act together with CD81'%%. It is involved in several developmental
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processes, including those in the central nervous system, male reproductive system, the
immune system as well as tumorigenesis'”. In addition, GPR56 has been previously
identified as an LSC marker in AML®*, where its expression on leukemic blasts is
associated with poor outcome.

There have been several studies of GPR56 in the context of the immune system,
though such studies have been mainly conducted in murine models. Here, gene regulatory
network analysis suggested TBX21 as a potential TF regulating ADGRG1/GPR56
expression, as well as several cytotoxic molecules. To this date, no direct link has been
made between TBX21 and ADGRGI. The HOBIT/ZNF683 TF, which according to
literature is expressed in terminally differentiated lymphocytes, has been previously
proposed to regulate GPR56 expression in human NK cells'?. HOBIT is expressed in
CD4" and CD8" T cells'?. Knockdown of ZNF683 resulted in GPR56 downregulation in
NK-92 cells, while ectopic expression of HOBIT induced GPR56 expression in Jurkat
cells"?. In addition, TGF-f signalling and HOBIT induce the expression of GPR56 in
cytotoxic lymphocytes'™. In the present thesis, HOBIT was detected as a marker of
relapse enriched CD8" hobit subset which expressed low levels of ADGRGI, as well as
CR enriched CD8" mem. 2 cluster which expressed high levels of ADGRGI. Gene
regulatory network analysis did not reveal any direct connection between Hobit and
ADGRGI. However, it is unclear whether this observation is due to biological factors or
limitations of the method used to infer gene regulatory networks®. SCENIC infers TF
to gene connections based on co-expression networks and upstream TF motif analysis.
Therefore, it is possible that a connection may not appear due to technical limitations
such as insufficient expression levels of a given TF.

The exact role and mechanism of GPR56 in T lymphocytes is still under
investigation'"'®?, Here, I showed that GPR56 is mainly expressed in CD8" and CD4*
TEMRA cells, which is in line with previous studies''’. In addition, at both RNA and
protein level GPR56 is co-expressed with cytotoxic molecules like GZMB and PRF1, but
not classical exhaustion markers like PD-1. In addition, in collaboration with the
Schmidt group, me and my colleagues present evidence that GPR56 expression on T
cells occurs only upon antigen encounter in a CD33-directed CAR-T/HL-60 model,
making GPR56 an excellent candidate for marking alloreactivity. However, in order to
directly associate GPR56 with higher killing potential further mechanistic studies are
needed. One possible strategy would be to co-culture AML cells with either GPR56" or
GPR56" CD8* T cells and compare the fraction of remaining AML cells between these

two conditions.
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The role of GPR56 has been studied in various cell types. GPR56 has been
implicated in the control of neural progenitors and melanoma cell migration'® and is
expressed in microglia, which are myeloid lineage derived macrophages of the central
nervous system'®. Knockout mice with a conditional deletion of microglial Adgrgl
showed increased TNF production in microglia'®. In line with these previous findings, a
TNF signalling signature was detected to be higher in REL across all cell lineages, while
ADGRG1/GPR56 was downregulated. In addition, GPR56 overexpression has been pro-
posed to reduce the migratory capacity of NK-92 and primary T cells'!!. Mechanistically,
it has been found that GPR56 enhances reciprocally inhibiting signalling pathways and
thus drives both, a highly proliferative Wnt"s"TGF-B" and a stem cell-enriched, slowly
cycling, Wnt"TGF-B"¢" compartment, thus maintaining self-renewal and preventing
exhaustion of the LSC pool'®. Whether GPR56 functions in a similar way in T cells to
maintain self-renewal, would have to be addressed in functional T cell studies.

In order to substantiate clinical claims of these findings, analysis in larger patient
cohorts is necessary. Flow cytometry analysis performed on an independent cohort of
139 AML patients revealed the temporal progression of GPR56 levels after alloSCT.
This analysis showed that the fraction of GPR56" CD4" and CD8" T cells increases after
transplantation, beyond the levels of non-transplanted individuals, suggesting GPR56 as
a hallmark of the alloreactivity. This increase already occurs early on after alloSCT,
during immunosuppression, even though on a lower level compared to later time points,
when immunosuppression is reduced. Donor-derived T cells recognize “foreign” cells
regardless of whether they are healthy or leukemia cells. LSCs may be recognized and
eradicated more efficiently when more antigen encounters occur. This indicates that an
increase in the number of GPR56" T cells could help facilitate this process. Here it is
shown that distinct thresholds are necessary for CMV-sero-positive and -negative
patients, given that CMV-positive patients elicit an increase of GPR56 expression. This
is in line with previous findings which report that CMV-specific T cells become and
maintain GPR56 positivity'!!.

Identification of the factors that promote GPR56 upregulation as well as those that
create the inflammatory and immunosuppressive environment present in REL samples
could aid in the development of small molecules that enhance GvL effects while
minimizing the risk of relapse. Importantly, the classification of relapse versus remission
poses a complex challenge due to the dynamic nature of the disease, where a patient's

current relapse status may not persist indefinitely. This complexity can hinder the

possibility of drawing confident conclusions regarding clinical outcomes.
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This study implicates GPR56 in CD8" cytotoxicity, therapy outcome as well as
the ability to recognize and eliminate foreign cells. Therefore, monitoring GPR56
expression on T cells may serve as a valuable tool to assess the level of recognition of

non-self-antigens following alloSCT.

3.1.5 Balancing GvL Effect and GVHD after alloSCT

AlloSCT is based on the principle of using immune cells from a healthy donor to
attack and eliminate AML cells in the patient. However, this approach can lead to a
situation where transplanted immune cells not only attack cancer cells but also healthy
tissues of the recipient, resulting in graft-versus-host disease (GVHD). The severity and
frequency of GVHD are major limiting factors for alloSCT, and many efforts have been
made to address this complication®. The paradox between the GvL effect and GVHD
arises because the same immune cells that target AML cells can also cause tissue damage
in the host. Thus, in order to achieve optimal clinical outcomes after alloSCT a balance
between GvL and GVHD needs to be achieved. Several strategies, such as T-cell
depletion, pharmacologic prophylaxis, and regulatory T cell therapy, have been
developed to reduce GVHD without compromising the GvL effect®.

Various populations of regulatory cells have been studied to gain a better
understanding of the immunologic aspects of alloSCT and their translation to clinical
practice'®®. Tregs and NK-T cells have been studied extensively in the context of GVHD
modulation, while myeloid-derived suppressor cells, mesenchymal stem cells, and
regulatory B cells are also believed to play a significant role in post-transplant immune
regulation'®. For example, in mice it was shown that CD4" CD25% FoxP3" Tregs
suppress lethal GVHD while maintaining graft-versus-tumour activity'®.

Tregs are frequently implicated in immune modulation, since their main function
is to suppress the activation and proliferation of other T cells”. In this thesis, it was
shown that Tregs are enriched in patients that suffered from early relapse. Alongside
with this enrichment, CD8" T cells were found to be characterized by an
immunosuppressive phenotype, suggesting that the complex interplay between these
immune components are instrumental in therapy outcome.

In this thesis, 7BX21 was identified as a driving TF of alloSCT T cells in CR,
regulating the expression of cytotoxicity (GZMB, NKG7) as well as T cell activation
(CXC3R1) molecules. Recent studies have established a link between TBX21 and graft
outcome and organ rejection. After kidney transplant, patients that suffered from acute
cellular rejection, were characterized by elevated expression of 7BX21 in alloreactive

CD8" T cells'™. This example illustrates that in order to improve the outcomes of
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alloSCT, researchers should draw their attention to other transplantation models and
organ rejection. By doing so, researchers may gain a better understanding into the
mechanisms of immune rejection and to devise strategies to prevent or treat such

complications.

Even though this study provides initial indications that elevated expression of
GPR56 may be associated with therapy outcome, further investigation using larger
patient cohorts with longitudinal monitoring is necessary to ascertain the significance of
GPRb56 dynamics in clinical diagnosis. It would be beneficial to understand the factors
that directly contribute to GPR56 upregulation as well as to the inflammatory and
immunosuppressive environment observed in relapse patients, which could ultimately

aid in developing small molecules which promote GvL while preventing relapse.
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3.2 Single cell profiling of xenograft mouse models unveil the bone marrow

microenvironment remodeling in Acute Myeloid Leukemia

Acute myeloid leukemia (AML) resides in the bone marrow and promotes
remodelling of the niche towards a leukemia permissive microenvironment. While several
studies have attempted to study the impact of AML to the BM niche, such studies are
often limited in one cell type, relying on in vitro models or AML mouse models. To date,
there have been limited studies studying the potential influence of leukemic stem cells
(LSCs), a fraction of which can escape therapy, on the bone marrow (BM) niche,
highlighting a need for further research in this area.

Therefore, the second aim of this thesis was to profile changes in the BM stromal
microenvironment induced by LSC burden during AML disease establishment and
progression. To do so, I performed scRNA-seq on the BM niche of xenograft mouse
models transplanted with human AML cells, characterized by either high or low LSC
burden (LSChign and LSCiey respectively). In order to account for differences associated
with the presence of human cells in the mouse, mice transplanted with CB derived CD34*
HSPCs were included in the analysis. CB derived CD34" HSPCs are characterized by
increased proliferation capacity than those derived from BM or PBMCs, and therefore
were advantageous for obtaining sufficient amounts of cells for downstream assays'™.
Lastly, the findings in the xenograft models were later validated using in vitro co-cultures

of patient derived stromal cells.

3.2.1 Challenges of humanized mouse models

The immunocompromised NSGW41 mouse strain used in this study lacks
functional B cells, T cells, and NK cells®. This strain has been widely used as a recipient
for human cell engraftment, such as human HSPCs as well as AML cells®®, and, along
with other NSG strains, are often utilized in preclinical research for hematopoetic
malignancies. However, these models have several limitations, which may influence their
ability to accurately recapitulate human disease.

For instance, the mouse microenvironment may not be capable of fully supporting
the growth of human cells. In addition, the use of immunocompromized mice can limit
the study of immunotherapeutic agents that depend on a functional immune system.
Despite these limitations, xenograft mouse models remain a valuable tool in AML
research, and ongoing efforts to refine these models will continue to enhance their utility
in preclinical research.

In order to address some of these challenges, I compared the BM landscape of the

NSGW41 strain to that derived from the commonly used C57BL/6J strain, the latter of
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which has been previously profiled and is the basis of our current understanding of the
BM microenvironment. For that, I first characterized the single cell landscape of the BM
niche of NSGW41 mice and then performed horizontal integration with publicly available
C57BL/6J datasets, which determined that there was striking overlap between the
stromal cell populations of the different mouse strains. These results suggest that lack
of immune cells in NSGW41 mice does not significantly affect the cellular states and
identity of the BM stromal niche. Of note, to this date no published scRNA-seq dataset
has outlined the non-hematopoietic landscape of the BM niche in NSGW41 mice.

3.2.2 Implication of ECs in the AML microenvironment

ECs are their main component of the BM vasculature and are subcategorized to
arteriolar, which are tightly packed around the blood vessels and sinusoidal, which are
less dense and are responsible for the trafficking of large molecules'™.

In this thesis I showed that transplantation of human CB-CD34" HSPCs had a
minor impact on the EC compartment, which only showed a slight decrease of the EC
arteriolar clusters. On the other hand, AML resulted in expansion of sinusoidal ECs as
well as depletion of arteriolar subsets, while LSCs did not have significant impact. These
results are consistent with previous studies, which have demonstrated that AML cells
can infiltrate blood vessel walls and disrupt their structure, causing weakened or leaky

171

blood vessels'™. Moreover, AML cells can also secrete cytokines and other signaling

molecules, which may contribute to the abnormal formation of blood vessels'™.

ECs have been implicated in disease progression and metastasis of several cancers
other than AML'™. In a healthy situation they are responsible for angiogenesis, immunity
as well as trafficking of small molecules and cells, which can be exploited during

"1 The link between tumour growth, metastasis

tumorigenesis and metastatic conditions
and angiogenesis has been first proposed by Judah Folkman in 1971'™. Importantly, ECs
research has been exploding in the recent years due to the advances in isolating these
cells from primary tissue and the advancement of single cell technologies.

Studies focusing on the ECs in several cancers have pinpointed several cancer
associated signatures. In lung cancer, ECs have been found to downregulate genes
involved in pro-inflammatory stimulation, chemotaxis like CCL2 and CCLI1S as well as
immune cell homing and recruitment of immune cells (/CAMIN)'™. VEGF, which
regulates angiogenesis, has been proposed as a potential therapeutic target for several
cancers'™. In a clinical trial for metastatic colorectal cancer, the use of Bevacizumab

which targets VEGF led to increased survival, although it was discontinued due to

toxicity and hypertension, a well-established side effect of VEGF blockers'™.
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In this thesis, several of the cancer associated EC signatures were identified to be
associated with EC subsets enriched in AML, including VEGFA signalling'™. This
finding highlights the recurrent nature of the tumor microenvironment (TME) across
different cancers. Signatures related to immune regulation from ECs, like recruitment of
immune cells, were not detected in the present dataset, potentially due to one of the

underlying challenges of the model which lacks a mature adaptive immune system.

3.2.3 Molecular signatures of cancer associated fibroblasts in AML

Fibroblasts are present across all tissues and one of their most common functions
is the production of extracellular matrix (ECM), which facilitates cytokine and growth
factor trafficking and is essential for the maintenance of tissue structure!™. In addition,
they are versatile and able to quickly respond to environmental cues, including the
presence of cancer cells. In this case, the crosstalk between cancer cells and fibroblasts
leads to the activation of the latter, which are often termed as cancer associated
fibroblasts (CAFs)'™. Even though the existence of CAFs in the tumour
microenvironment is widely accepted, their exact role still remains debatable. They can
secrete growth factors and cytokines which stimulate cancer cell proliferation, promote
angiogenesis, lead to immune suppression and induce fibrosis, which may lead to scarring
and functional loss of the affected area'™.

In this thesis, when investigating the impact of AML and LSCs on mesenchymal
cells and fibroblasts, an AML-induced imbalance between the osteo- versus the adipo-
lineage was detected. Adipo-lineage bias was determined based on the presence of adipo-
CARs (adipocyte progenitors), since the high lipid content of adipocytes makes it
challenging to isolate them. These results are complementary with previous studies, since
adipocytes have been reported to support AML blast proliferation in vivo and in vitro'™.

Remarkably, the presented results illustrate the relationship between LSC burden
and the remodelled stromal niche. In short, increased LSC burden was associated with
further decrease of the osteo-lineage as well as the expansion of fibroblast clusters
characterized by increased TGF-f signalling, ECM glycoproteins, suggesting an LSC

induced ECM remodelling in the leukemic bone marrow (Figure 51).
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Figure 51 Schematic summarizing the proposed model of the altered BM stromal landscape in
AML.

Acute myeloid leukemia (AML) remodels the bone marrow (BM) microenvironment. The presence of AML
results in a notable increase in sinusoidal endothelial cells (ECs) and a reduction in arteriolar subsets as
well as an imbalance between osteo- and adipo-lineage. While leukemic stem cells (LSCs) did not exten-
sively impact the ECs, their presence resulted in further decline of the osteo-lineage and expansion of

fibroblasts characterized by an altered fibrotic phenotype.

In order to define the driver of these changes, the cellular communication landscape
was inferred, and detected /L-1f and TGF-f as top candidates to induce transcriptional
changes to the fibroblasts in AML. In the bone marrow, fibroblast activation protein
(FAP) expression is upregulated after stimulation by /L-18 and TGF-f". Cancer
associated fibroblasts (CAFs) upregulate FAP in several cancers, which is a protease
located on the cell-surface, known to influence components of the ECM. It has often
been utilized as a marker for stroma that supports tumour growth'™ and it has been
shown in mice with lung carcinoma that depletion of FAP™ CAFs can lead to tumour
necrosis and tumour eradication by the immune system!™.

However, in the dataset presented here FAP expression was not detected, which
limited the ability to draw conclusions regarding its presence in AML CAFs. One of the
identified downstream targets of TGF-f here was transgelin ( 7ag/n), which is known to
regulate osteoblastic and adipogenic differentiation'®. In addition, 7agin regulates ECM
stiffness during ovarian cancer progression'®. Thus, the link between TGF-8 and 7Tagln
may explain the observed phenotypes of BM resident fibroblasts in AML.

It is important to note that the interaction between AML cells and the BM stromal
microenvironment is bidirectional. Here, the impact of AML cells to the stroma was

primarily investigated since the ultimate goal was to understand how AML remodels the
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microenvironment. In future studies it would be valuable to address whether and how
the altered stroma may benefit AML, and examine whether the BM stroma could be
targeted in order to improve therapy outcome.

To build on the findings presented in Section 2.2.7, further research could validate
the altered population abundances outlined in this section using fluorescent microscopy.
Several studies have successfully used imaging to spatially map the BM resident cell

types in normal mice*'* as well as AML models'®*!%,

3.2.4 Validating humanized mouse model findings in vitro

While studies in primary human samples are clinically more relevant, it is chal-
lenging to establish causal relationships due to the variability associated with low control
over the experimental conditions. Thus, researchers in hematology mainly rely on
alternative models, including humanized mouse models®, in vitro co-cultures® and more
recently 3D human BM organoids®.

After delineating the altered stromal landscape of the non-hematopoietic BM niche
using humanized mouse models, I sought to investigate the resemblance of these findings
in the human setting. The motivation behind this approach was that mouse models do
not fully replicate the complexity of human disease. Therefore, I performed in vitro co-
cultures of patient derived MSCs with LSChig or LSCiow AML. The results presented in
Section 2.2.11, illustrate that MSCs exposed to AML cells with higher LSC burden
decrease their potential towards osteo-lineage, thus validating the findings presented in
Section 2.2.7. In addition, MSCs exposed to LSCug AML overexpress matrix
metalloproteinases AAMPI and MMPY9, known to degrade the ECM'". In addition,
inhibition of MMPs including MMPY, reduces the expansion of AML and improves the
response to chemotherapy'. Showing that this phenotype is caused by therapy resistant
LSCs, warrants further investigation of AML-induced phenotypes while considering LSC
burden.

A strategy to determine the underlying signalling causing these transcription
alterations as well as the changes in population abundances is to quantify the secretion
of cytokines upon coculture of AML cells with the BM stroma. Secreted cytokines, which
include interferons, interleukins as well as chemokines modulate the behaviour of cell
types, making them excellent candidates for the LSC induced BM remodelling. The
landscape of the secreted cytokines, known as secretome, can be quantified by several
methods, including colorimetric or fluorescent ELISA based methods (enzyme-linked

immunosorbent assay), such as Luminex assays'!%,
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3.2.5 “To bone or to marrow, that is the question.” HAMLet

As proposed in Section 2.2.8, AML cells express cytokines associated with increased
LSC burden that may be secreted and thus impact the stroma (e.g., IL-18, TGF-B1). In
addition, depending on their localization in different bone regions they exhibit altered
transcriptional profiles. These two points emphasize the significant relationship between
AML cells and their stromal microenvironment.

Distinct stromal BM cell types may contribute to the immune escape of AML
cells'®. Since these cell types are more abundant in the bone lining, the phenotype of
differentially localized AML cells was assessed. For example, bone lining residing AML
was characterized by higher expression of C'D69, known to regulate the self-renewal of
AML cells'*? as well as CXCLZ2 which together with /L-1f regulates cell proliferation'®.

As a follow up, associating the aforementioned signatures with the overall survival
of AML patients may assist in estimating their clinical implications in prognosis. Such
questions can be addressed by performing survival analysis using curated, publicly
available bulk RNAseq datasets, from databases like TCGA Research Network:
https://www.cancer.gov/tcga. In short, these analyses aim to examine the differences
between transcriptional differences and time of death (overall survival, OS) or the time

). Kaplan-Meier plots can be used to

of AML relapse (relapse free survival, RFS
visualize survival curves, while Cox proportional hazards regression analysis to identify
the effect of certain variables on the estimated survival. An important aspect while
selecting a dataset to perform this analysis is the number of individuals included in the
study, in order to achieve sufficient statistical power, as well as how many individuals
have information about the follow-up time and time of deaths'™. In addition, the
preparation of the sample and the feature tested warrants detailed examination, since
different cell types are in different abundance in a tissue. For example, the BM consists
primarily of hematopoietic cells. Thus, when assessing the prognostic power of a
fibroblast derived feature, which is part of the 0.1% of non-hematopoietic cells in the
BM?, the non-specific expression into other cell types should be considered.

Despite these challenges, numerous studies have successfully used survival analysis
to evaluate the broader implications of their findings. A recent study utilized single cell
technologies as well as survival analysis of 2 bulk RNA-seq datasets of adult (Alliance)
and pediatric (TARGET-AML) patients. This approach demonstrated a subset of
inflammation genes, termed iScore, to be associated with AML survival risk®’. In
addition, single cell analysis of the T cell landscape of AML patients detected GZMK™
CD8" T cells to be enriched in patients responding to PD-1 blockade therapy”. This
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signature was associated with better outcomes in AML patients from the TCGA cohort,

illustrating again the power of these analyses™.

3.2.6 Leveraging cross-cancer insights to advance cancer treatment

Studying the different niches or microenvironments in which cancer cells reside, is
crucial for understanding the complex nature of cancer. Cancer cells do not exist in
isolation but rather interact with the surrounding cells, tissues, and structures. Each
niche presents a unique set of environmental conditions that can influence tumour
growth, survival, therapy response, even metastasis. Recently, Lomakin et al 2022
marked a pivotal moment in understanding the impact of niches in cancer, by elucidating
the spatial organisation of metastatic subclones in the TME, showing that genetically
distinct clones locate in separate niches with distinct properties in the lymph node'®.

The underlying genetic as well as phenotypic heterogeneity of cancer cells is a well-
established concept across several cancer types. Cancer cells exist in different states in
the tumour. A recent study from the Yanai group defined recurrent cancer cell states
among different cancers, subdivided into 16 transcriptional modules consisting of several
genes'™. These signatures include interferon production, hypoxia and epithelial to
mesenchymal transition (EMT)"!. Cancer states induce changes to their environment.
For example, IFNy production from cancer cells leads to interferon response and
inflammation but also suppresses the expression of matrix metalloproteinases (MMPs),
which degrade the ECM'. Moreover, it mitigates fibrosis through the inhibition of TGF-
BR signalling'®. However, chronic inflammation often leads to fibrosis, which occurs
when the synthesis of new collagens is faster than its degradation'. Therefore, a link
between inflammation and ECM remodelling has been hypothesized, though it needs to
be further corroborated.

Another example of a cancer associated state is hypoxia. Cancer cells in the hypoxic
region of a tumour are often more resistant to radiation and chemotherapy than cells in
areas with sufficient oxygen supply'®. Importantly, such phenotypes are shared between
very distinct cancer types. In glioblastoma, which is the most aggressive brain tumour,
cancer cells reside in peri-arteriolar niches in the brain, similarly with the HSCs in the
BM'". Researchers have identified 17 biomarkers to be indicative of the hypoxic
periarteriolar ecosystem, both in the HSCs niches in the BM as well as in the
glioblastoma stem cell niches in the brain, providing an unexpected link between the
two'L,

Single cell analysis is a powerful tool which allows researchers to better understand

the heterogeneity within a given tissue. The difficulty of scaling up and analysing a
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larger number of cells still remains a challenge. In contrast, imaging techniques like
multiplexed immunofluorescence can provide an overview of a million cells or more in a
single sample'?. Such methods are also able to provide spatial information about the
cells within the tissue, which is lost in scRNA-seq experiments. This spatial information
can be critical in understanding the interactions between cells within a tissue and their
roles in disease processes, like cancer. Several computational approaches allow the
inference of cellular communications from scRNA-seq data'®®, but such inferences would
have to be further validated.

Importantly, solid tumors have well defined tumor boundaries, while circulating
cancers like AML lack a specific location and are dispersed throughout the blood, making
their analyses in the spatial context more challenging. Hence, the spatial landscape of
the TME has been mainly characterized in solid tumors. For example, imaging mass
cytometry on patient samples with glioblastoma revealed distinct cellular neighborhoods
associated with survival, which lead to the identification of a specific subset of myelop-
eroxidase (MPO)-positive macrophages which related to long term survival'®.

While imaging-based techniques have significant advantages in the analysis of
cellular profiling, they also face several challenges, including the number of features
which can be simultaneously profiled'”?. Another challenge is the segmentation of
individual cells, which can be particularly challenging for cells with complex morphology
(i.e. neurons), or in tissue sections with high cell density (i.e. high tumour burden) or in

sections with high levels of background immunofluorescence!®.

In conclusion, studying the TME is critical to gain a deeper understanding of ma-
lignancy and subsequently develop more effective therapies. Owing to the recent ad-
vancements in single-cell and multiplexed imaging technologies as well as computational
analyses, we have the opportunity to gain novel insights into this complex ecosystem
and unravel the interactions between tumor cells with the TME, which may lead to new

targets for intervention, potentially improving outcomes for cancer patients.
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CHAPTER 4: MATERIALS AND METHODS

The methods outlined in this Chapter were used in both Results’ sections. Project

specific procedures are specified as Section 2.1 or Section 2.2.

4.1 Freezing and thawing of cells

Cells were frozen in freezing medium (Appendix Table 10, 10% DMSO in fetal
bovine serum, FBS; Sigma-Aldrich, #F5724) at a concentration of 10°/ml and aliquoted
into vials. The cells were placed in a freezing container at a cooling rate of 1°C/min in
a -80°C freezer.

Samples were thawed in a 37°C water bath and cells were recovered in warm thaw-
ing medium containing Iscove’s modified Dulbecco’s medium (IMDM; Thermo Fisher
Scientific, #21980065) supplemented with 20% fetal bovine serum (FBS; Sigma-Aldrich,
#F5724) and 10pg/mL DNase I (Sigma-Aldrich, #DN25) in the case of AML samples
(Section 2.2.11) as well as primary bone marrow (BM) samples (Section 2.1). In the case
of mesenchymal stromal cells (MSC) samples, thawing medium contained Dulbecco’s
Modified Eagle Medium (DMEM, Thermo Fisher Scientific, #21885108) instead of
IMDM. The protocol for MSC cell isolation is outlined in Section 4.7.

4.2 BM cell isolation for scRNA-seq (Section 2.1)

Frozen ficoll-processed primary BM samples of 6 AML patients (Table 4) were
thawed and then stained using CD45-Pacific blue (Biolegend #304029), CD3-PerCP
(Biolegend #344814), CD34-APC (BD biosciences #555824). Cells were sorted using
BD FACSAria Fusion into CD34" and CD3" fractions. Prior to sorting, cells were stained
with Caspase 3-FITC and collected in the FACS tubes coated with 10% FBS and
collection buffer with 1x PBS and 0.04% RNAse-free Bovine Serum Albumin (BSA;
Invitrogen #AM2616).
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Figure 52 Representative gating scheme for FACS prior to the scRNA-seq analysis.
Strategy used to isolate CD3* T cells and CD34" HSPCs from bone marrow aspirates of AML patients

prior to scRNA-seq using the 10x Genomics platform.

Table 4: Patient characteristics of samples that underwent scRNA-seq. CR: Complete Remis-
sion; REL: Relapse.

Group Sex  Donor Days post BM blasts% Chimerism AML_ type Conditioning
sex alloSCT (BM) chemotherapy
REL M M 107 5% 94% donor de novo Thio/Flu/Treo/
ATG
REL F F 101 5% 96% donor de novo HAM/TBI
4Gy/Cy/Flu
REL F M 106 5% 90% donor sAML Treo/Flu/ATG
CR M M 95 <5% 100% donor de novo Thio/Flu/Treo/
ATG
CR M M 99 <5% 100% donor ~ AML MRC  Treo/Flu/ATG
CR F F 98 <5% 98% donor de novo Treo/Flu/ATG

4.3 Intracellular flow cytometry analysis (Section 2.1)

For the intracellular analysis of GZMB and PRF1 (Section 2.1.9), PBMCs of 10
AML patients post alloSCT were used. Unless stated otherwise, after each step samples
were washed with FACS buffer (Appendix Table 10, 1x PBS supplemented with 2%
FBS; 1200rpm/5min/RT). After thawing, cells were incubated for 15 minutes in room

temperature with Zombie yellow (Zombie Yellow: Biolegend, #423103) according to
manufacturer’s protocol), followed by a 15 minute at room temperature staining with
cell surface antibodies (GPR56-PE, Biolegend #358204; CD3-BUV750, CD8-BUV396).
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Cells were then permeabilized using BD Permeabilizing solution 2 (BD Biosciences
#340973) for 10 minutes at room temperature and then washed with FACS buffer (1000
g/5 minutes/room temperature). Finally, samples were stained for GZMB (GZMB-PE-
Cy5, Biolegend, #372226) and PRF1 (PRF1-PacBlue, Biolegend, #353305) for 15

minutes at room temperature. Flow cytometry analysis was done at FACSymphony.
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Figure 53 Representative gating scheme for flow cytometry analysis of intracellular cytotoxic
markers on peripheral blood mononuclear cells (PBMCs) samples of 10 AML patients (Section
2.1.9).

4.4 Extracellular flow cytometry analysis (Section 2.1)

Staining for flow cytometry analysis was performed similar to Section 4.2. Data
were acquired using BD LSRII, Canto and FACSymphony flow cytometers. Data were
analysed using BD FACS Diva 8.0/9.0 and Flowjo X (Treestar Inc.) softwares.

For the analysis presented in Section 2.1.9: GPR56 dynamics after alloSCT, the
antibody overview is in Table 5. The gating strategy for this analysis is in Figure 54.
For the analysis presented in Section 2.1.9: GPR56 is co-expressed with cytotoxic
molecules, the antibody overview is in Table 6. The gating strategy for this analysis is

in Figure 55.

Table 5: List of antibodies used for flow cytometry analysis presented in Section 2.1.9.

Target Fluorophore Company Cat. No.
CD3 FITC BD biosciences 555916
CD8 APC BD biosciences 555369
CD4 APCH7 BD biosciences 560158

GPR56 PE Biolegend 358204
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Figure 54 Flow cytometry analysis gating scheme for results presented in Section 2.1.9.

Figure provided by Xizhe Wang. TCM: Central memory T cellls, TEM: CD45RA+ effector memory T

cellsy TEMRA: CD45RA+ effector memory T cells.
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Table 6: List of antibodies used for flow cytometry analysis of extracellular activation markers
presented in Section 2.1.9.

Target Fluorophore Company Cat. No.
CD3 BVT750 BD biosciences 747058
CD8 BUV395 BD Horizon 563795
CD4 BUV496 BD Horizon 612936

GPR56 PE Biolegend 358204
CD27 BUVT737 BD Horizon 612829

CD107a PE-Cy7 Biolegend 328618
PD-1 APC Biolegend 329908
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Figure 55 Representative gating scheme for flow cytometry analysis of activation markers on
Peripheral blood mononuclear cells (PBMCs) samples of 10 AML patients (Section 2.1.9).

4.5 scRNA-seq sample and library preparation

Single-cell RNA sequencing (scRNA-seq) was performed using the 10x Genomics
platform, which enables high-throughput profiling of gene expression in individual cells.
10x technology utilizes microfluidics and a gel bead-in-emulsion (GEM) approach to
capture RNA from single cells. These beads are uniquely barcoded since they are coated
with oligonucleotides that contain a cell barcode as well as unique molecular identifiers
(UMI), which are used for distinguishing PCR duplicates. Single cells are encapsulated
with the uniquely barcoded beads as well as lysis buffer, allowing the capture of the cell’s
mRNA. Once captured, the beads undergo reverse transcription (RT) to generate cDNA

libraries that are further amplified and sequenced using Illumina sequencing technology.
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Figure 56 Overview of the 10X Genomics scRNA-seq protocol.
Single cell suspension is loaded onto the 10x Genomics Chromium microfluidics device, which partitions

the cells into individual gel beads in emulsion (GEMs). Each GEM contains a single cell, a unique barcode,
and a bead coated with oligonucleotides specific to that barcode. GEMs are processed to lyse the cells and
capture the RNA transcripts. The captured RNA is reverse transcribed into cDNA. The resulting cDNA
is then amplified using PCR. The amplified ¢cDNA library is sequenced using Illumina sequencing
technology. The resulting sequencing data are analysed to identify and quantify the expression levels of

genes in each individual cell. Created using Biorender.com.

Single cells per sample were used as an input to 10X Genomics single-cell 3" Gene
Expression v3 assay. Libraries were prepared based on manufacturer’s instructions.
Sequencing was performed using Illumina NextSeq 500 (Section 2.1) and [lumina
NextSeq 2000 (Section 2.2).

4.6 Isolation of cord blood HSPCs (Section 2.2)

Cord blood (CB) samples were incubated for 10 minutes at room temperature with
1:1000 DNase 1 (Sigma-Aldrich, #DN25) and were then resuspended with CB-HSPCs
resuspension buffer (Appendix Table 10, 11; 1% BSA & 10mM EDTA in 1xPBS) by a
factor 1:2. They were then subjected to mononuclear cell (MNC) isolation using 15ml
Ficoll Hypaque density gradient (Thermo, #GE17-1440-02) per Sepmate isolation tube
(STEMCELL, #85450). The diluted blood was added and centrifuged
(800g/15min/RT). After centrifugation, the supernatant was further diluted with
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resuspension buffer and centrifuged again (300g/5min/RT). The pellet, which contained
the CB-MNCs, was resuspended CB-HSPCs resuspension buffer.

After MNC isolation, CD34" HSPCs were isolated by immunomagnetic separation
using CD34" MicroBeads (Miltenyi Biotec, #130-046-502). The method is based on the
positive selection of HSPCs using columns coated with CD34 antibody. Every 3 x 108
MNCs, 100ul of FcR blocking reagent was added along with 100ul CD34 magnetic
microbeads. The suspension was incubated for 30min/4°C, diluted with CB-HSPCs re-
suspension buffer to 10ml and centrifuged (300g/10min/RT). Afterwards, the pellet was
resuspended in 500ul CB-HSPCs buffer. The column previously got rinsed 2 times with
500ul CB-HSPCs buffer. The CD34- MNCs suspension was run through the column,
while the CD34" remain bound. Elution of the CD34" cells happened in the absence of
a magnetic field, using 1ml of CB-HSPCs bulffer.

4.7 Bone Marrow MSC isolation & In vitro co-cultures (Section 2.2)

Bone Marrow aspirates were subjected to a ficoll density gradient (similarly to
Section 4.6) in order to obtain mononuclear cells (MNC)*. Bone marrow MNCs were
plated using MSC medium (Appendix Table 10) containing Dulbecco’s Modified Eagle
Medium (DMEM, Thermo Fisher Scientific, #21885108) supplemented with 10% human
platelet lysate (hPL; PanBiotech, #P40-29050). Non-adherent cells were removed from
the culture after 3 days and MSCs were allowed to expand till they reached 90% conflu-
ency (1-2 weeks in passage 1). MSCs were then trypsinized (Trypsin 10x, Sigma-Aldrich,
#59427¢) and passaged at a seeding density 20.000 cells/cm?.

MSCs were seeded into 6-well tissue-culture plates at a seeding density of
40.000cells/cm?. After reaching 80-90% confluency, AML cells were added on top at a
seeding density of 20.000cells/cm? AML cells were cultured in IMDM (Thermo Fisher
Scientific, #21980065) supplemented with 15% BIT (bovine serum albumin insulin
transferrin, Stem Cell Technologies, #09500), SCF 100ng/mL (Stem cell factor; Shen-
andoah, #100-04), FLT-3 Ligand 50ng/mL (Fms-related tyrosine kinase 3 ligand; Shen-
andoah, #100-21), IL-3 20 ng/mL (Interleukin 3; Shenandoah, #100-80), G-CSF 10
ng/mL (Granulocyte-colony stimulating factor; Shenandoah, #100-72), 100 puM pB-
mercaproethanol (Gibco, #21985023), 50 pg/ml Gentamicin (Thermo Fisher Scientific
#15750060) and 10 pg/mL Ciproflaxin (GenHunter #Q902-10ML). /n vitro co-culture
lasted for 48 hours. MSCs were then trypsinized and were subjected to scRNA-seq, sim-

ilarly to Section 4.5.
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4.8 Mouse Xenotransplantation (Section 2.2)

Mouse experiments were approved by Animal Care and Use Committees of the
German Regierungsprisidium Karlsruhe fir Tierschutz und Arzneimitteliiberwachung.
Mice were maintained in individually ventilated cages at the German Cancer Research
Center (DKFZ), Heidelberg, Germany. NOD.Cg-Kit"*’/Prikdc<lI2rg™""/WaskJ
(NSGW41) mice were used for xenotransplantation. AML cells and CB-CD34" HSPCs
were intravenously injected in female NSGW41 mice, of age between 8-10 weeks old.
AML cells were provided by Dr. Swati Garg and CRISPR/Cas9 knock out lines were
generated as previously described in Garg et al., 2019%.

4.9 Mouse bone preparation and cell isolation for scRNA-seq (Section 2.2)

Hips, femurs and tibiae were isolated and cleaned from surrounding tissue. Then,
the bone marrow (BM) was flushed out using Roswell Park Memorial Institute (RPMI
1640, Sigma-Aldrich, #R8758) supplemented with 2% FBS and the bone linings were
then digested.

To isolate the cells from the bone lining, bones were crushed in RPMI 1640
supplemented with 2% FBS and were then digested with 2 ml Digestion Buffer contain-
ing 2mg/ml collagenase IV (ThermoFisher Scientific, #17104-019) and 1 mg/ml dispase
in Hank’s Balanced Salt Solution (HBSS; ThermoFisher, #14175-053) for 10 minutes at
37 °C. The digestion was later blocked using FACS buffer (1X PBS with 2% FBS, Ap-
pendix Table 10). This step was repeated twice and the digested medium was then
centrifuged. In order to discard red blood cells, pelleted cells were treated with ACK
lysing buffer (Gibco, #A1049201) for 10 minutes at room temperature. After adding 2
ml of FACS buffer, lysis was stalled and hematopoietic cell depletion was performed
using CD45 microbeads (Miltenyi Biotech, #130-052-301) for 15 minutes on ice and were
then filtered through magnetic LS columns. Cells were then incubated with a staining
mix containing specific antibodies described in Table 7 before being FACS sorted into
collection tubes containing 1x PBS and 0.4% BSA (Appendix Table 11).

In addition, flushed BM samples were used to isolate human HSPCs, human AML
and mouse HSPCs. Similarly to the bone lining, cells were subjected to red blood cell
lysis using the ACK lysing buffer (Gibco, #A1049201) and hematopoietic cell depletion
using CD45 microbeads (Miltenyi Biotech, #130-052-301). The resulting cells were split
and incubated with separate staining cocktails (Table 7), depending on the target
population. FACS was performed with BD FACSAria Fusion Cell Sorter.
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Table 7: List of antibodies used for the isolation of cells from mouse bones, prior to scRNA-

seq.
Source Sorted Target Fluorophore Company Cat. No.
population

Bone Lining Mouse stroma mPDFGR PE-Cy7 eBioscience 2071282
mTer119 FITC Invitrogen 1989148

mCD41 FITC BD Pharmingen 9281961

mCD45 FITC eBioscience 11045182

mCD200 Alexa700 BD Horizon 565546

mCD31 BV421 Invitrogen 562939
mCD71 PE eBioscience 12071183

hCD45 BVT11 Biolegend 563685
hCD34 APC-Cy7 Invitrogen 47034942

Bone Marrow Mouse blood CD150 PE-Cy7 Biolegend 115914
CD48 FITC Biolegend 103404

lineage: Ter119 Alexa700 Biolegend 475921

lineage: CD11b Alexa700 Invitrogen 2106095

lineage: B220 Alexa700 eBioscience 2283174

lineage: CD4 Alexa700 Invitrogen 4313129

lineage: Grl Alexa700 Invitrogen 4313597

lineage: CD8a Alexa700 Invitrogen 4329739

Scal APC-Cy7 BD Pharmingen 560654

CD34 BV421 BD Horizon 624336

cKit BVT11 Biolegend 105835

Human CD19 PE-Cy7 BD Biosciences 557835

HSPCs/AML CD3 FITC BD Biosciences 555332

CD45 Alexa700 Biolegend 304023

CD45RA APC-Cy7 Biolegend 304128

CD34 BV421 BD Biosciences 562577

CD33 PE BD Biosciences 555450

All All Zombie BV570 Biolegend 423103

4.10 Hashing using TotalSeq-B Ab (Section 2.2)

TotalSeq-B antibodies with oligonucleotides conjugates contain a capture sequence
("Capture Sequence 1"). This sequence is compatible with the capture sequence of the
Single Cell 3' v3 Gel Bead oligos. The barcode sequence conjugated to the antibody is
then sequenced, allowing the extraction of sample origin information. The TotalSeqB
antibodies and their sequence used in this project are listed in Table 8. Hashing
antibodies were added to the FACS staining cocktail from Section 4.9, in order to achieve

sample deconvolution.
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3'-AACGATCCTGGCCGGAATTTCG- I
Feature  TruSeq Read 2

Capture Sequence 1

Barcode

TotalSeq-B Antibody-oligonucleotide conjugate

Figure 57 Cartoon illustrating TotalSeq-B antibody conjugated with an oligonucleotide. Pro-
vided by 10X Genomics.

Table 8: List of TotalSeqB hashing antibodies used in this study.

Species Product Company Cat No. Barcode Sequence

Mouse TotalSeq™-B0301 anti-mouse Hashtag 1 Biolegend 394631 ACCCACCAGTAAGAC
Mouse TotalSeq™-B 0304 anti-mouse Hashtag 4 Biolegend 155839 AAAGCATTCTTCACG
Mouse TotalSeq™-B 0305 anti-mouse Hashtag 5 Biolegend 155839 CTTTGTCTTTGTGAG
Human TotalSeq™-B0251 anti-human Hashtag 1 Biolegend 394631 GTCAACTCTTTAGCG
Human TotalSeq™-B0252 anti-human Hashtag 2 Biolegend 394633 TGATGGCCTATTGGG
Human TotalSeq™-B0253 anti-human Hashtag 3 Biolegend 394635 TTCCGCCTCTCTTTG
Human TotalSeq™-B0254 anti-human Hashtag 4 Biolegend 394637 AGTAAGTTCAGCGTA
Human TotalSeq™-B0255 anti-human Hashtag 5 Biolegend 394639 AAGTATCGTTTCGCA
Human TotalSeq™-B0256 anti-human Hashtag 6 Biolegend 394641 GGTTGCCAGATGTCA

4.11 Immunofluorescence (Section 2.2)

MSCs cultured on coverslips were allowed to fix for 10min/RT using 4% PFA,
then permeabilized using 0.1% TritonX (Sigma-Aldrich, #T8787-50ML) for 10min in
RT. Cells were blocked using 2% BSA for 45min/RT and afterwards probed with
primary antibody for 1h/RT. After washing with PBS, cells were probed with secondary

antibody dye-conjugated antibodies for 45min/dark/RT and mounted using Prolong

Gold anti-fade mounting medium. Slides were analysed using Olympus FV3000 confocal

microscope and Fiji software was used for creating the projections of the z-stacks. The

reagents used are listed in Table 9.

Table 9: Materials used for immunofluorescence experiments.

Company Cat. No.
Anti-CD90 / Thyl antibody Abcam ab181469
Goat anti-Mouse IgG (H+L) Highly Cross-Adsorbed Secondary Invitrogen A-11032
Antibody, Alexa Fluor 594
Pierce ™ 16% formaldehyde (w / v), methanol-free Thermo 28908
prolong diamond mounting medium with DAPI Invitrogen P36966
Thermo Scientific™ Frosted Microscope Slides, Cut Thermo AAAAO000001##12E
Poly-L-Lysine Solution (0.01%) EMD Millipore  A-005-C
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4.12 Western Blot (Section 2.2)

Cells were thawed and centrifuged (1200rpm/5min/RT), then resuspended in
1xPBS and centrifuged again. Then, they were incubated in RIPA lysis buffer (Ther-
moFisher, #89900) containing protease inhibitors (Sigma-Aldrich, #11836170001) for 30
minutes on ice. Following centrifugation, the supernatant, which contained the cells’
protein lysate was transferred into a new tube and resuspended in 4x NuPage LDS
Sample Buffer (Invitrogen, #NP0007). Samples were then incubated at 95°C for 10
minutes before separation on a NuPage 4-12% Bis-Tris gel (Invitrogen, #NP0322BOX)
using electrophoresis (10 min at 80 V followed by 1h at 120 V). The separated proteins
were then transferred to a nitrocellulose blotting membrane using a blotting chamber
(100V/1h/4°C) and stained with Ponceau. Membrane was washed with PBST and then
incubated overnight with primary antibody diluted in 5% milk powder in PBST
(GAPDH: GeneTex 101 #GTX627408; HLF: Abnova #HO00003131-M04). The
membrane was then washed three times with PBST and incubated with secondary
antibody diluted in 5% milk powder in PBST for 1 hour at RT (HRP tagged anti-mouse
Dianova, #115-036-062 and anti-rabbit Dianova, #111-165-144). Finally, the membrane
was washed three more times with PBST prior the analysis of the resulting data. The
exposed membranes were imaged using GE Healthcare Life Sciences, Amersham™ Im-
ager 600. Detailed overview of all the buffers used can be found in Appendix Table 10,
11.
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4.13 scRNA-seq data analysis

4.13.1 Preprocessing and quality control

Reads were aligned to the GRCh38 (v.2020-A), mml0 (v.2020-A-2.0.0) and
barnyard (GRCh38 and mm10, v.2020-A) reference genome (depending on the dataset)
and quantified using cellranger count (10x Genomics, v.3.0.1). For the downstream
analysis T used Seurat v3'. Cells with less than 200 genes and more than 10-15%
mitochondrial genes per cell were excluded from the downstream analysis. In the case of
Section 2.1, the expression data across cells were corrected for ambient RNA using

soup X%,

4.13.2 Normalization, dimensionality reduction and clustering

Following quality control and prior to dimensionality reduction, raw counts were
normalized in order to account for the sequencing depth per cell and per sample. For
that I used SCTransform, a method for normalisation and variance stabilisation for
scRNA-seq data!'®™. Briefly, UMI counts are modelled under a regularized negative
binomial model in order to remove the variation due to sequencing depth. Variances are
adjusted based on pooling information across genes with similar expression levels. The
model outputs residuals which are the normalized expression.

On the SCT assay (SCTranstorm output), I performed principal component
analysis (PCA) and then uniform manifold approximation and projection (UMAP) on
the first 50 principal components. Ribosomal, mitochondrial, sex chromosome genes and
transcripts were excluded from the variable features. Cells were then grouped into
clusters using the Louvain algorithm, using FindClusters function. To define the
clustering resolution of the aforementioned function Clustree was used (resolution =
1.5)17,

Marker genes of the unsupervised clusters were identified using Seurat’s
FindMarkers function on the RNA assay. Genes considered were detected in at least
50% of cells per cluster (min.pct=0.5). Differentially expressed genes between clusters
were identified using Wilcoxon Rank Sum test.

In Section 2.2, hashing antibody barcodes were used in order to multiplex multiple
samples in one experiment. Seurat’s H7Odemux function with default parameters was

used to determine sample origin.
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4.13.3 Comparison with publicly available data

In order to further validate that the unsupervised scRNA-seq clusters’ annotation
was accurate, I performed LabelTransfer'™ analysis between the in house datasets
produced with high quality publicly available ones. This approach involves executing
SCTransform function for separately normalising each dataset, followed by the
execution of PrepSCTIntegration which ensures all Pearson residuals are calculated.
Lastly, data integration is performed by running with FindIntegrationAnchors and
IntegrateData functions, with normalization.method = "SCT".

For Section 2.1 the publicly available dataset used was a CITE-seq dataset of
peripheral blood mononuclear cells (PBMCs)'2. For Section 2.2, the dataset discussed
in Dolgalev and Tikhonova 2021'* was used, which consists of three previously published

C57BL/6J datasets?12212,

4.13.4 Demultiplexing single cells based on genotypes

In order to cluster cells by genotype and distinguish individuals I used souporcell®.
This method relies on variants identified in scRNA-seq or scATAC-seq data, without
prior knowledge of the genotypes. These were then mapped to common variants based
on common variants from the 1000 genomes project, filtered for variants of minor allele
frequency (MAF) greater than 5x10**. In order to determine matching individuals from
different experiments, souporcell’s shared samples.py script was used.

In the scRNA-seq data, the sex of the individuals was defined qualitatively based
on Xist (females) and RPS4Y1 (males) expression.

4.13.5 SCENIC TF activity analysis

The pySCENIC workflow® was run using an in-house constructed Snakemake
pipeline. For gene regulatory network (GRN) inference, GRNBoost2 algorithm from the
Arboreto package was used'®. SCENIC analysis was performed on the raw scRNA-seq
data. For predicting the transcription factor (TF) regulons, human v9 motif collection
was used, hg38  refseq-r80  10kb up and down tss.mc9nr.feather and
hg38  refseq-r80  500bp up and 100bp down tss.mc9nr.feather databases from
cisTarget (https://resources.aertslab.org/cistarget/). The output AUC scores per cell
and GRN were used for visualization and downstream analysis.

Assignment of target genes to known functions in Figure 20 was performed using
publicly available gene sets (IFN:
HALLMARK_ INTERFERON_ GAMMA RESPONSE,

HALLMARK INTERFERON ALPHA RESPONSE; Activation: Gene ontology, cell
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activation involved in immune response and regulation of immune effector process, TNF:

HALLMARK TNFA_ SIGNALING_ VIA NFKB).

4.13.6 Differential expression & Differential TF activity analysis from scRNA-seq data

For differential expression (DE) analysis between conditions, Seurat’s FindMarkers
function was used on the RNA assay, with the method MAST, an algorithm suitable for
DE analysis from single cell data'®. The analysis identified DE genes between conditions
in all cell populations (p.adj < 0.05 & log2FC > 0.5, p-values were adjusted for multiple
comparisons using the Bonferroni correction method).

To identify differentially active TFs, the output of the SCENIC algorithm was
utilized (Section 4.13.5). SCENIC reconstructed a GRN and inferred TF activity at a
single cell level. Since the inferred SCENIC TF activity scores consist of low values,
following variable distributions per TF, it was challenging to conclude on a meaningful
statistical test to detect differences in these scores. Thus, I followed an alternative
approach outlined in Figure 19 A, where I used Fisher's exact test to first test for the
enrichment of condition specific DE genes over all the TF target genes, extracted from
the SCENIC GRN (p.adj < 0.05 after Bonferonni correction).

Functional analysis of DE genes was performed using ClusterProfiler'®. The
ClusterProfiler’s functions applied (with default parameters) were enrichGO for Gene
ontology enrichment analysis, compareCluster for KEGG pathway analysis, enricher
function for Molecular Signatures Database MSigDB?***" (Hallmark collection) and
enrichPathway for pathway annotation from ReactomePA?”. The background gene-set
was defined as all the genes expressed in the dataset. P values were adjusted using
Benjamini-Hochberg and the cutoff was set to 0.05.

For endothelial cell specific functional enrichment analysis, gene set variation
analysis (GSVA) 2® on 615 endothelial cells’ related gene sets selected from the MSigDB

database. This gene set was first presented in Kallucka et al. 2020 was used'®.

4.13.7 Pseudotime analysis (Section 2.1)

Pseudotime was calculated on the conventional CD8" T cells subsets (CD8" NV,
CD8" eff. 1 and 2, CD8" mem. 1, 2 and 3) using Monocle3™. Pseudotime was calculated
using the SCT assay, which contains the normalized and variance stabilized RNA count
data'®. Prior to the analysis, single cells across patients were aligned using align cds
function. Afterwards, the function learn graph was executed with the use partition

argument set to True. CD8" NV cells were set as the starting point.
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203 which is an alternative dimensionality reduction algorithm, were

Diffusion maps
computed on the SCT assay using Partition-based graph abstraction (PAGA), a python

based package for single cell analysis®.

4.13.8 Cell to cell communication analysis (for Section 2.2)

NicheNet method was used in order to determine intercellular communication

between cell clusters!®

. This method predicts associations between ligands (sender cells)
and target genes (receiving cells) of interacting cells, by combining the expression data
with prior knowledge regarding ligand-receptor interactions as well as downstream GRN.

To create a prior model of ligand-target gene regulatory potential, Niche/Net in-
tegrates ligand-receptor and signaling data sources into a ligand-signaling network and
it similarly generates a separate gene regulatory network. A weight of each data source
is assigned automatically based on its contribution to the final model, using mlirMBO’s
model-based optimization'®. The ligand-signaling network is used for calculating the
importance for every target gene, Personalized PageRank'®. Ligand-target genes regula-
tory potential scores are acquired by multiplying the ligand-regulator signaling scores
with the adjacency matrix of the weighted gene regulatory network'.

After the generation of the prior model, ligand activity scores are calculated as
the Pearson correlation coefficient between the ligand-target regulatory potential and
the target gene response. That way, NicheNet prioritizes ligand—target links in the query
dataset (Figure 58)'.

In Section 2.2.8, the analysis was performed using
nichenet_seuratobj aggregate() function, on the RNA assay, with the parameters
expression_ pct = 0.05 and lfc_cutoff = 0.2. Ligand-target, ligand-receptor and weighted
networks matrices used were the default ones. In the case of inferred interactions between
human and mouse cells, species gene conversion was performed using Nichenet’s function

convert__human to mouse symbols.
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Ligand-receptor and signaling data sources
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4.13.9 Cell type composition analysis

Apart from changes in gene expression and TF activity, analysis concerning the
cell type compositional changes between conditions was performed. Per sorted
population, or gate, the enrichment of every unsupervised cluster was estimated using
Fisher’s exact test. P-values were adjusted for multiple comparisons using the Bonferroni
correction method. Per condition, a cluster was considered enriched when log2 odds ratio

(log20R) was greater than 0 and with a p.adj < 0.05.
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Appendix

APPENDIX
Appendix Table 10: Buffers and media composition.
Buffer Composition
Resuspension buffer (CB-HSPCs isolation) 1% BSA & 10mM EDTA in 1xPBS

PBST buffer
Transfer buffer (Western blot)
Mesenchymal Stromal cells (MSC) medium

9.55 g PBS to 1 liter of water + 1ml Tween 20

3.03 g Tris, 14.3 g of glycine, 200 ml of MeOH to 1 liter of water
DMEM low glucose, 10% hPL, 0.1% Ciproflaxin, 0.1%
Gentamicin, 0.2% Heparin

Thaw medium 20% FBS in DMEM

Freezing medium 10% DMSO in FBS

Appendix Table 11: List of commonly used chemicals.

Product Company Cat. No.
Bovine Serum Albumin (BSA) Sigma-Aldrich A9647
Ethylenediaminetetraacetic Acid Sigma-Aldrich E5134
(EDTA)
10X Dulbecco’s Phosphate Buffered Sigma-Aldrich 56064C-50L
Saline (PBS)
Tween 20 Gerbu Biotechnik 2001
Tris Sigma-Aldrich 17132101
Glycine Carl Roth 39082
MeOH Carl Roth 46272
Powdered Milk Carl Roth T1452

Appendix Table 12: List of reagents used for cell culture.

DMEM: Dulbecco’s Modified Eagle Medium, IMDM: Iscove’s modified Dulbecco’s medium, RPMI:
Roswell Park Memorial Institute, FBS: Fetal Bovine Serum, hPL: human platelet lysate.

Product Company Cat. No.

DMEM low glucose, GlutaMAX ™ Supplement, ThermoFisher 21885108

pyruvate

IMDM ThermoFisher 21980065

RPMI Sigma-Aldrich R8758

FBS Sigma-Aldrich F5724

hPL PanBiotech P40-29050

Ciproflaxin Genhunter Q902

Gentamicin ThermoFisher 15750060

Heparin Sodium 25000 ratiopharm (vials) Ratiopharm

Trypsin solution 10x Sigma-Aldrich 59427c

CD34" Microbead kit Miltenyi Biotec 130-046-702

PBMC (Lympho) Spin Medium Pluriselect 60-00092-10

SepMate STEMCELL 85450
Technologies

Cell Count Kit with trypan blue Bio-Rad 1450003
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Cryo 1°C Freezing container Nalgene 5100-0001
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