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Introduction

The hematopoietic system
Every day, approximately 1x1010 white blood cells, 2x1011 erythrocytes and 4x1011 platelets 
are produced in order to replenish the human blood. The production of these large amounts 
of blood cells is a tightly regulated hierarchical process initiated by a limited number of 
hematopoietic stem cells (HSCs). HSCs have the capability to self-renew and give rise to 
multipotent progenitors that further differentiate into the different blood lineages including 
the lymphoid, erythroid and myeloid lineage (Figure 1) [1-5]. This classical hematopoietic 
hierarchy has been revised and refined as a result of new insights from single cell transplant 
studies with mouse hematopoietic stem/progenitor cells (HSPCs) [6-8]. HSPC compartments 
can be defined by differences in their plasma membrane (PM) proteins expression. The 
HSC compartment consists of dormant and activated HSCs, whereby dormant HSCs can be 
activated upon injury or granulocyte colony stimulating factor (G-CSF) treatment in example 
[9, 10]. The MPP compartment can be subdivided into four different subsets including MPP1, 
MPP2, MPP3 and MPP4. MPP1 cells are still multipotent but have lost their self-renewal 
capacity and engraftability, especially in secondary transplants [11]. MPP2 and MPP3 cells 
are primed towards the myeloid lineage and MPP4 cells are lymphoid primed (Figure 1) [12]. 
Transplantations studies revealed that regenerating HSCs have increased output of myeloid-
primed MPP2 and MPP3 cells compared to steady-state hematopoiesis. These regenerating 
HSCs also showed reduced reconstitution in secondary recipients. The authors suggest that 
genetic reprogramming of these HSCs results in temporal loss of self-renewal in order to 
generate increased numbers of myeloid-primed progenitors [12]. Another hypothesis could 
be that a second transplantation of HSCs within a short period of time results in cumulative 
stress, which imposes loss of HSC self-renewal and engraftability. 

Most of what we know about HSPCs has been inferred from transplant studies, which 
might not necessarily reflect the real physiological conditions under which HSCs operate 
since they impose a lot of stress on HSCs. In vivo tagging approaches like transposon 
tagging, barcoding and Cre-based labeling allow for the evaluation of the HSC fate under 
less stressful non perturbed conditions. Doxycycline-dependent transposon tagging in the 
Sleeping Beauty lineage-tracing mouse model revealed that HSCs were rarely dividing during 
native hematopoiesis of adult mice. The majority of mature blood cells was generated by 
a diverse pool of fairly long-lived proliferative progenitors [13]. The same lineage-tracing 
model also revealed that HSC fate in steady-state hematopoiesis is predominately along the 
megakaryocytic lineage with only limited lympho-erythromyeloid output [14]. In addition, 
inducible genetic marking of HSCs by Tie2-driven Cre recombinase also showed limited 
contribution of HSCs to steady-state hematopoiesis [15]. Perturbation of the hematopoietic 
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Figure 1. Schematic overview of the hematopoietic tree 
Hierarchical tree of differentiating self-renewing HSCs into fully differentiated mature blood cells. HSC; 
Hematopoietic stem cell. MPP; Multipotent Progenitor. MkEP; Early Megakaryocyte Erythroid Progenitor. CMP; 
Common Myeloid Progenitor. CLP; Common Lymphoid Progenitor. MEP; Megakaryocytic-Erythroid Progenitor. 
GMP; Granulocyte-Monocyte progenitor.

system by 5-fluoruracil resulted in increased progenitor output by HSCs. Combined, these 
data suggest that a large number of long-lived MPPs are the actual drivers of steady-state 
hematopoiesis and that only very incidentally and/or upon stress signals HSCs become 
active. Whether these mouse models can recapitulate the every-day stress imposed to the 
human bone marrow (BM) in steady-state hematopoiesis remains elusive.

These observations show that the hematopoietic hierarchy as illustrated in Figure 1 
is a simplified rigid version whereas in fact it is more complex and flexible depending on 
the requirements at a certain time. This fluidity of the hematopoietic hierarchy has been 
further elaborated by a series of studies that performed index sorting of immature HSPC 
compartments followed by single cell RNA sequencing [16-19]. These studies indicated that 
within the PM protein defined HSPC compartments, a continuous differentiation is ongoing 
as defined by gradually changing gene expression profiles. It is of great importance to 
unravel the complexity of normal hematopoiesis in order to understand the vulnerabilities 
in the system that might result in malignancies like leukemia.

Acute myeloid leukemia
Acute myeloid leukemia (AML) is a genetic disease initiated by a series of genetic alterations 



12

1

Chapter 1

in immature stem/progenitor cells of the hematopoietic system [20]. This results in excessive 
growth of immature myeloid blasts that lack the capability to differentiate into fully 
functional blood cells, whereby normal hematopoiesis is compromised. In approximately 
60% of the patients one or multiple cytogenetic aberration are found of which translocations 
8;21 (AML1-ETO), 15;17 (PML-RARA), 9;22 (BCR-ABL), rearrangements of 11q23 (mixed-
lineage leukemia (MLL) fusions) and inversion 16 (CBFB-MYH11) are most common [21]. 
Additionally, next generation sequencing of 200 de novo AML cases revealed that on average, 
AML cells have only 13 mutations of which 5 are recurrently mutated in AML [22]. The 
combination of cytogenetic abnormalities and genetic mutations allowed classification of 
many different AML subtypes. However, this did not result in dramatic changes in treatment 
strategy over the last 30-40 years, as first line treatment for the majority of patients still 
relies on “7+3” induction therapy with 7 consecutive days cytarabine and an antracycline 
for the first 3 days. In case of intermediate and poor risk AMLs, this is often followed by 
an allogeneic hematopoietic stem cell transplant [21, 23, 24]. Although therapies have not 
changed significantly over the years, 5-year overall survival increased from ~15% in the early 
90’s to ~30% in the last couple of years likely as of improved health care [25].

Three clinical subtypes of AML can be described including de novo AML, therapy-related 
AML (tAML) and secondary AML (sAML) [23, 26]. The largest group consists of patients that 
did not have any myeloid malignancies prior to the AML development and are called de novo 
AMLs. tAML defines patients that have been previously exposed to cytotoxic agents, which 
introduced genetic alterations. tAML patients have an inferior outcome compared to de novo 
AML patients as of complex cytogenetics and/or TP53 mutations [27, 28]. It is speculative 
to think that exposure to cytotoxic agents is directly causative for these genetic aberrations, 
however, precise mechanisms remain unclear. Nevertheless, in some cases TP53 mutations 
can already be detected before start of the first treatment. This would support a model 
whereby age-related TP53 mutations in HSCs already exist in healthy individuals but that 
these small population of TP53 mutated HSCs preferentially emerge after chemotherapy 
treatment, even though this can take up to 7 years after initial treatment [29, 30]. The 
last AML subtype is sAML; these patients develop an AML after myelodysplastic syndrome 
(MDS) or myeloproliferative neoplasm (MPN). Sequencing of paired samples from patients 
with MDS that progressed into a sAML revealed that the preexisting MDS clone was always 
present in the sAML, although additional mutations were obtained in the majority of 
patients [31-33]. A subset of mutations including SRSF2, SF3B1, U2AF1, ZRSR2, ASXL1, EZH2, 
BCOR, and STAG2 that are often observed in MDS are specifically found in sAML patients 
suggestive for the fact that these sAML might have different characteristics compared to de 
novo AML patients [33, 34].

The classical model of the development of MDS, MPN or de novo AML starts with initial 
pre-leukemic mutation(s) in the HSC compartment, which results in a clonal advantage over 
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Figure 2. Classical model of the development of MDS, MPN or de novo AML
Healthy HSCs gain pre-leukemic founder mutations, which result in a proliferative advantage and thereby clonal 
expansion. Subsequently, secondary driver mutations in the pre-leukemic clone can result in transformation into 
MDS, MPN or de novo AML and their disease characteristics.

non-mutated HSCs. In time, these pre-leukemic clone(s) can obtain additional mutations 
that in the end results in transformation into MDS, MPN or AML (Figure 2) [35-38]. The 
existence of pre-leukemic mutations in HSCs, which is described as clonal hematopoiesis 
of intermediate potential (CHIP), the incidence in healthy individuals, the risk to progress 

towards AML and the clinical implications of CHIP will be introduced in the next paragraphs 
[39]. Like in healthy hematopoiesis, AML is hierarchical with self-renewing quiescent 
leukemic stem cells (LSCs) that give rise to highly proliferative leukemic blasts [40-43]. Next 
generation sequencing technology revealed a second level of complexity whereby multiple 
genetically distinct subclones can co-exist within one AML patient (Figure 3) [31, 44-46]. 
Therefore, treatment strategies should aim to eradicate all AML subclones including their 
respective LSCs in order to prevent relapse of disease. And despite the fact that we are able 
to retrospectively identify distinct AML subclones with deep sequence technology, we are 
unable to study these subclones as viable cells as we lack tools to dissect distinct subclones. 
In addition, many in vitro and in vivo studies performed in the past did not take this clonal 
heterogeneity into account, which could have affected the outcome of these experiments 
if the subclonal repertoire de novo was not maintained in the AML model that was used. 
Initial evidence for clonal preference in the models we use to study AML has been observed 
in patient-derived xenograft (PDX) mouse models in which the genetic mutational profile as 
well as the specific PDX model used can be determinative for the engraftability of an AML 
clone [45, 47, 48]. It remains unclear what specific factors would determine engraftability 
and whether subclones outcompete or support each other.

Despite the large heterogeneity within and between AML patients, around 70% of the 
patients do get into complete remission (CR) after chemotherapy treatment, however, 
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Figure 3. Clonal heterogeneity in AML
Within individual AML patients, multiple genetically distinct subclones can co-exist. Presumably, each clone is 
maintained by a small population of LSCs, which differ in their interactions with the BM microenvironment and 
treatment sensitivity.

approximately two third of these patients develop relapse of disease accompanied with a 
poor 3-year overall survival between 10-20% [49-51]. By definition, CR is determined by BM 
blasts <5%, the absence of circulating blasts with Auer rods, the absence of extramedullary 
disease and restored levels of neutrophils and platelets [52, 53]. Over the past years, more 
attention has been given to minimal residual disease (MRD) in patients that are under 
CR. MRD can be addressed either by real-time PCR-based approaches, next generation 
sequencing or by aberrant PM protein expression, referred to as leukemia-associated 
phenotype (LAP), and MRD positivity has been associated with increased relapse frequency 
[54-58]. The sensitivity of MRD detection varies between 1:1000 to 1:106, depending on the 
detectability of genetic aberrancies and the specificity of the PM proteins used to determine 
a LAP [54, 57]. Current challenges in determining MRD include clonal heterogeneity within 
AML patients whereby the de novo clone often differs from the relapsing clone, the 
sensitivity of PCR-based methods to detect rare LSC clones, the presence of CHIP mutations 
that do not per se predict relapse of disease and the limited number of specific AML PM 
markers [55, 59].

Clonal Hematopoiesis of Intermediate Potential
CHIP is defined by the presence of somatic clonal mutations in genes that are recurrently 
mutated in hematologic malignancies with a variant allelic frequency (VAF) of at least 2%, 
without the presence of a hematological malignancy [39]. Genetic analysis of large cohorts 
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of individuals showed increased CHIP frequency with age, with the majority of mutations 
found in DNMT3A, JAK2, TET2 and ASXL1 [36, 38, 60, 61]. CHIP mutations in JAK2 are in most 
cases isolated events thereby suggesting that this mutation alone is sufficient to develop 
into an MPN including polycythemia vera, thrombocythemia and myelofibrosis [62, 63]. In 
contrast, mutations in DNMT3A, TET2 and ASXL1 are only weak drivers and need secondary 
hits in order to transform into and MDS or AML [38]. Intriguingly, CHIP clones can remain 
at similar VAF for years without progressing into hematological malignancy. Moreover, 
the majority of patients with CHIP mutations (99-99.5%) do not develop a hematologic 
malignancy [39, 64]. Why do only some individuals with CHIP mutations progress into MDS 
or AML whereas the majority remains disease-free? What is the result of CHIP mutations 
in epigenetic modifiers on the epigenetic landscape and cell fate? What other factors 
drive clonal expansion and leukemic transformation and does CHIP increase the chance to 
give relapse of disease? Studies that address these questions will give us insight in clonal 
hematopoiesis and disease initiation. 

Multiple studies focused on the effect of CHIP mutations in DNMT3A, TET2 and IDH1/2 
on the epigenetic landscape. DNMT3A is a DNA methyltransferase that is commonly mutated 
in CHIP and AML. Knockout of Dnmt3a in mice resulted in reduced methylation of HSC 
regulatory genes and thereby increased HSC self-renewal [65]. A heterozygous mutation 
in the catalytic domain DNTM3A at position 882 (R882H) is the most frequently observed 
mutation in AML [66]. This specific mutation resulted in focal hypomethylation of CpG islands 
in promoter regions, though, only modest gene expression differences were observed [67]. 
Mutations in Dnmt3a resulted in minimal expansion of the primitive stem/progenitor cells 
but not in overt AML unless secondary mutations like Nucleophosmin 1 (Npm1) or Fms-like 
tyrosine kinase 3 (Flt3) were introduced [68, 69]. Different hypotheses for transformation 
of DNMT3A-mutated CHIP clones have been proposed. If DNTM3A-mutated HSCs have a 
minor clonal advantage of over healthy HSCs, this will result in a slowly expanding DNMT3A-
mutated stem cell pool. Some studies suggest that clonal expansion might be accelerated 
by stress events [70, 71]. A bigger pool of DNMT3A-mutated stem cells increases the chance 
of obtaining a secondary mutation in a DNMT3A-mutated HSC simply as of increased cell 
numbers. Alternatively, DNMT3A mutations might lead to difference in the epigenome and 
prime cells for secondary mutations. Similar to DNMT3A, mutations in TET2 result in a minor 
increase of the immature hematopoietic stem progenitor pool [72]. Intriguingly, the function 
of TET2 is opposite to DNTM3A as TET2 hydroxylates 5-methylcytosine, which results in 
both passive and active demethylation of the DNA [73]. It has been proposed that mutations 
in TET2 result specifically in hypermethylation of active enhancers of tumor suppressor 
genes, resulting in increased clonal expansion and leukemia predisposition [74]. Mutations 
in IDH1/2 result in the conversion of α-ketoglutarate (α-KG) into 2-hydroxyglutarate (2-HG), 
which is a competitive inhibitor of TET2, thereby resulting in similar phenotypes as TET2 
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mutated clones [75, 76]. Alternatively, it has been suggested that increased levels of 2-HG 
inhibit α-KG-dependent alkB homolog DNA repair enzymes . This results in impaired DNA 
damage repair and thus support tumorigenesis [77]. 

Somatic leukemia-associated mutations discriminate CHIP clones from healthy 
hematopoietic clones but the biological consequences of these mutations are largely 
unknown. Most studies showed that CHIP mutations in epigenetic modifiers often result 
in subtle differences in the epigenome and transcriptome. Further explore the biological 
consequences of recurrent AML mutations in CHIP clones might identify more substantial 
differences compared to healthy clones. It will be of importance to understand these 
differences to gain insight in clonal expansion and malignant transformation of CHIP clones.

The (leukemic) bone marrow microenvironment
Hematopoiesis, CHIP and MDS/AML development have been introduced without introducing 
the role of the BM microenvironment, while the secretome and adhesion molecules of 
cells within the BM microenvironment directly impact on these processes [78-81]. The BM 
microenvironment, also known as “BM niche”, is crucial for steady-state hematopoiesis and 
HSC maintenance. Multiple different cell types can be found within the BM niche including 
hematopoietic cells, mesenchymal stromal cells (MSCs), endothelial cells, non-myelinating 
Schwann cells, CXC-chemokine ligand 12 (CXCL12) abundant reticular cells (CARs), 
adipocytes, osteoclasts and osteoblasts [79, 82-84]. Cellular organization and the secretion 
of growth factors like stem cell factor (SCF), CXCL12, interleukin-3 (IL3) and thrombopoietin 
(TPO) define distinct areas within the BM [79, 83]. In example, TPO has been shown to be 
critical for HSC maintenance and quiescence in the BM niche [85, 86]. Tpo knockout in adult 
mice or blocking the TPO signaling by interfering with the TPO receptor (MPL) resulted in loss 
of quiescence and reduced stem cell numbers. Similarly, SCF and CXCL12 have been shown 
to be critically important for stem cell maintenance [87]. In contrast, IL3 is dispensable for 
steady-state hematopoiesis but plays an important role in proliferation and differentiation 
along the myeloid lineage [88, 89]. 

The identification of an HSC niche was given a boost by the discovery of signaling 
lymphocyte activation molecule (SLAM) markers, which allowed the identification of mouse 
HSCs with only 2 antibodies [90]. Staining longitudinal sections of dissected long bones 
from mice with these and other markers could trace HSCs within their microenvironment. 
Conditional deletion of CXCL12 in different cell types within the niche showed that HSCs 
reside within the perivascular niche (close to vasculature) and not within the endosteal niche 
(close to the bone) as was thought previously [82, 91, 92]. In addition, the perivascular niche 
has been divided into an arteriolar (close to arteries) and sinusoidal (close to sinusoids) 
niche and although the majority HSCs remain in the arteriolar niche, some studies do also 
find a small fraction of HSCs within the perivascular niche [79, 90, 93, 94]. Whether these 
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HSCs are intrinsically different or whether they are in different states of the cell cycle is not 
fully understood.

Similar to healthy hematopoiesis, myeloid malignancies including MDS, MPN and AML 
reside in a complex and dynamic “leukemic” niche [81, 95, 96]. Genetic mutations in healthy 
HSCs that result in CHIP, MDS or AML are well-documented, however, it is less clear whether 
these mutations are imposed by the microenvironment and whether malignant clones 
expand as a consequence of changes within the BM niche. Definite evidence for niche-
induced leukemogenesis in human is limited; however, several studies in mice propose an 
important role the niche in MDS and AML initiation [97-101]. For instance, it has been shown 
that upregulation of Jagged-1 on non-hematopoietic cells, either by conditional deletion 
of IкBα or constitutive activation of β-catenin, can increase Notch signaling in HSCs and 
subsequently result in myeloproliferative disease [97, 98]. In addition, it was found that the 
direct interaction of FOXO1 with β-catenin is important for the upregulation of Jagged-1 on 
osteoblasts [99]. Alternatively, loss of the Sbds gene as well as activating mutations in Ptpn11 
in murine MSCs and osteoprogenitors resulted in changes of the BM microenvironment 
and as a consequence the development of myeloid malignancies [100, 101]. These studies 
suggest that alterations of cells within the BM niche can facilitate malignant transformation. 
Oppositely, other studies have proposed a model where myeloid malignancies change the 
BM niche to their own benefit [80, 102, 103].

It has been shown that MPNs remodel the endosteal bone marrow niche by increasing 
the production of MSC-derived osteoblastic cells that are remodeled into myelofibrotic cell 
as a consequence of increased transforming growth factor β (TGFβ) and pro-inflammatory 
signaling molecules including interleukin-1 (IL1) and tumor necrosis factor α (TNFα) [80]. 
This resulted in an environment that negatively affected HSC maintenance whereas LSCs of 
these MPNs were not affected. Intravital microscopy of mice injected with MLL-AF9-driven 
AML revealed that AML cells degraded the BM vasculature, especially in the endosteal 
region. As a consequence, this resulted in reduced capacity to support healthy HSCs [102, 
103]. Furthermore, many pro-inflammatory cytokines including IL1, interleukin-6 (IL6), 
TNFα and interferon γ (IFNγ) are upregulated in AML and support leukemogenesis whereas 
anti-inflammatory proteins including TGFβ and interleukin-10 (IL10) have been shown to 
counteract leukemogenesis [104]. Precise mechanisms that explain how this cytokine milieu 
supports leukemic cells or abrogates healthy hematopoiesis during different disease stages 
are poorly understood. In summary, the most likely scenario is that both the BM niche as 
well as the AML itself play important roles in the initiation and maintenance of disease. 

Humanized xenograft mouse models
Despite the fact that murine models do not fully represent human hematopoiesis and 
leukemogenesis, the majority of the studies that try to mimic the BM microenvironment 
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complexity make use of transgenic mouse models. One way to study human hematopoiesis 
and leukemogenesis in a more physiological and therapeutically relevant way is to make use 
of (humanized) xenograft mouse models. Therefore, immunodeficient mice were developed 
allowing human engraftment in the mouse BM [105]. Initial models included Nude mice that 
were depleted of T-cells, severe combined immunodeficient (SCID) mice that were depleted 
of T- and B-cells and non-obese diabetic (NOD)/SCID mice that were depleted of both the 
adaptive and innate immunity including a reduced natural killer (NK) cell function [106-108]. 
Further improvements were made by mutating the common-gamma-chain (also known as 
interleukin-2 receptor gamma (Il2rƴ)) that resulted in NOD/SCID/ƴC- (NOG) mice that were 
quickly succeeded by NOD/SCID/Il2rƴ-/- (NSG) mice. They both lack all immune components 
including NK cells but differ in their Il2rƴ (mutated versus null-allele respectively) [109, 110]. 
Engraftability of HSCs and LSCs improved as a consequence of these modified xenograft 
mouse models. Still,  approximately 50% of primary AML patient samples did not engraft 
or had engraftability of less than 1 percent human CD45 positive cells in the BM [111]. 
Moreover, engraftment studies of healthy HSCs and MLL rearranged leukemias showed a 
biased towards the lymphoid lineage in these mice [112-115]. These data suggest that the 
mouse BM microenvironment still lacks important factors that determine engraftability and 
mixed-lineage output in case of MLL rearranged leukemias.

The lack of a human niche and the absence of human specific growth factors and 
adhesion molecules might be reasons why it still remains challenging to engraft primary 
AML cells in NSG mice. Therefore, NSG mice have been “updated” by introducing important 
human growth factors among which are TPO, IL3, SCF, macrophage colony stimulating factor 
(M-CSF) and granulocyte macrophage colony stimulating factor (GM-CSF) [116-119]. The 
latest murine models that express human cytokines are the NSGS mice (NSG with transgenic 
expression of SCF, GM-CSF and IL3) and the MISTRG mice (NSG mice with a knock-in of 
M-CSF, IL3, GM-CSF, TPO and a “don’t eat me” signal named signal regulatory protein 
alpha (SIRPα)). The availability of these human growth factors improved engraftment of 
AML significantly [118-120]. Engraftment does not solely depend on the availability of 
important growth factors but also on direct adhesion with components of the human 
microenvironment. Therefore, ectopic human BM niche xenograft mouse models were 
developed by implanting human MSCs on carrier materials like matrigel, scaffolds and 
sponges subcutaneously in NSG mice [48, 121, 122]. Similar to the NSGS and MISTRG mice, 
improved engraftability was observed including engraftment of previously non-engrafting 
good risk AMLs. Additionally, these models allow genetic editing of individual proteins that 
are expressed on non-hematopoietic cells of the BM niche. Knockdown of specific adhesion 
molecules and PM receptors expressed on supportive niche components might improve our 
understanding of the role of individual PM proteins in the human BM niche. Alternatively, one 
could study the role of individual cytokines within the BM niche by genetically overexpress 
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secreted proteins like IL1, IL3, TNFα, IL6 and IFNƴ. Studies that combine the presence of 
non-hematopoietic niche components and important human growth factors might further 
improve the engraftability of AML (sub)clones in these humanized BM niche mouse models.

Leukemia-enriched PM proteins
PM proteins play a central role in the interaction of healthy and leukemic cell populations 
with their microenvironment. They are involved in receptor signaling, direct adhesion and 
transportation of molecules over the membrane. It is therefore not surprising that PM 
proteins are widely studied and that majority of therapeutics utilize membrane proteins to 
alter cellular signaling and survival [123]. PM proteins are also important for steady-state 
hematopoiesis and leukemogenesis. Signaling molecules that determine stem cell fate 
like SCF, TPO, IL3 and CXCL12 can only induce downstream signaling if the corresponding 
receptors are expressed. Identifying unique PM proteins for AML cells has been a focus 
of many studies and resulted in the identification of multiple unique and enriched PM 
proteins in AML compared to healthy individuals including IL3 receptor alpha chain (IL3RA, 
also known as CD123) [124], T-cell immunoglobulin and mucin-domain containing 3 (TIM3) 
[125], CD44 [126], CD47 [127], CD96 [128], CD99 [129], C-type lectin domain family 12 
member A (CLEC12A, also known as CLL1) [130]  and IL1 receptor accessory protein (IL1RAP) 
[131]. Many of these proteins are currently used as targets for antibody-based therapies, 
however, the role in AML for many of these upregulated proteins is not well understood 
[132]. CD47 is known as a “don’t eat me” signal that can bind directly to SIRPα expressed on 
macrophages thereby preventing phagocytosis [127]. Upregulation of this protein on AML 
cells might therefore be a mechanism to prevent clearance of AML cells by immune cells. 
Higher levels of CD123 result in increased proliferation and higher phosphorylation of signal 
transducer and activator of transcription 5 (STAT5) upon stimulation with the CD123 ligand 
IL3 thereby supporting expansion of the leukemic blast population [133]. CD99 is thought to 
play a role in cellular adhesion although exact mechanisms and interaction partners remain 
unclear [134]. Also, the exact molecular function of other described leukemia-enriched PM 
proteins remains largely unknown.

Interestingly, secondary mutations in AML patient are often observed in signaling 
receptors or proteins involved in the downstream signaling resulting in constitutive 
activation of these pathways independent of binding growth factors. This makes AML cells 
less dependent on extrinsic cues from there surrounding tissue. For example, an internal 
tandem duplication (ITD) in the FLT3 receptor resulted in constitutive activation and 
induction of STAT5 target genes [135]. Similarly, activating mutations in RAS genes resulted 
in constitutive activation of the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) pro-
survival signaling pathway regardless of any receptor activation upstream [136, 137].

In general, most studies focus on the targetability of leukemia-enriched PM proteins 
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and less attention is payed to the exact molecular function of these overexpressed proteins. 
To understand the maintenance and progression of AML it will be of importance to also 
address the latter part to better understand the progression of AML and maintenance of 
LSCs, even though downstream signaling networks might be very complex to understand.

Scope of this thesis

Next generation sequencing technology identified a subset of genes recurrently mutated 
in AML [22]. Additional studies revealed a second level of complexity, whereby multiple 
genetically distinct subclones can co-exist within individual AML patients and, although the 
existence of multiple genetically distinct subclones is evident, tools to dissect and study 
these subclones are lacking [31, 42, 44, 45].  The stepwise improvement of xenograft mouse 
models currently allows the evaluation of the majority of different AML subtypes, however, 
these models still lack the existence of some important human growth factors. Neither has 
it been fully clear whether the clonal heterogeneity of AML patients is preserved  in these 
models [48, 114, 121]. This thesis focuses on the PM surfaceome of AML cells in order 
to study clonal heterogeneity in AML. In addition, it evaluates and further develops our 
previously established humanized xenograft mouse model.

In chapter 2 we tried to further improve our previously established humanized xenograft 
mouse model to better recapitulate the MLL rearranged leukemias, as the current model 
is lymphoid biased mostly developing acute lymphoblast leukemias [48, 114]. Therefore, 
we genetically engineered MSCs to produce IL3 and TPO, two important growth factors 
for myeloid differentiation and HSC maintenance respectively. We evaluated stem cell 
maintenance and myeloid output of both healthy cord blood (CB) CD34+ cells as well as 
MLL-AF9 transformed CB CD34+ cells in vitro and in vivo.

Clonal heterogeneity within AML patients is one of the current challenges in treatment 
strategies, as resistant subclones can escape chemotherapy and give relapse of disease. In 
chapter 3, we performed a label-free quantitative proteome analysis on a large cohort of 
primary AML patient samples and compared this with healthy HSPCs to identify leukemia-
enriched PM proteins. A combinatorial approach comparing the expression of a large panel 
of leukemia-enriched PM proteins within individual AML patients allowed the identification 
and isolation of genetically distinct subclones. We studied the biological characteristics of 
these individual subclones in more detail and evaluated the expression of leukemia-enriched 
PM proteins in paired de novo and relapse samples. This allowed us to speculate on possible 
utilities of leukemia-enriched PM protein to treat MRD in CR.
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One of the PM proteins we found specifically expressed on AML CD34+ but not healthy CD34+ 
cells was IL1RAP. Previously, IL1RAP has also been described as a potential target for AML 
and chronic myeloid leukemia (CML) treatment [131, 138]. The majority of studies focused 
on the targetability of IL1RAP whereas limited studies have looked at the cell-intrinsic role of 
IL1RAP and its role in the leukemic BM niche [139-142]. Chapter 4 studies the role of IL1RAP 
expressed on primary AML cells in context of the BM niche and normal hematopoiesis. We 
perform extensive transcriptome analysis in primary AML after activation of the IL1-IL1RAP 
pathway. Subsequently, we studied the effect of the IL1-induced secretome on proliferation 
and maintenance of AML and normal HSCs in context of a stromal layer of MSCs.

Finally, Chapter 5 summarizes and discusses the findings of this thesis in context of the 
current literature. Future perspectives, potential research strategies and implication will be 
discussed, supported by preliminary data. Finally, we provide the major conclusions that can 
be drawn from the work presented in this thesis.
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